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Abstract

Neuroendocrine (NE) cells comprise ~1% of epithelial cells in benign prostate and prostatic 

adenocarcinoma (PCa). However, they become enriched in hormonally-treated and castration-

resistant PCa (CRPC). In addition, close to 20% of hormonally-treated tumors recur as small cell 

neuroendocrine carcinoma (SCNC), composed entirely of NE cells, which may be the result of 

clonal expansion or lineage plasticity. Since NE cells do not express androgen receptor (AR), 

they are resistant to hormonal therapy and contribute to therapy failure. Here, we describe the 

identification of glypican-3 (GPC3) as an oncofetal cell surface protein specific to NE cells in 

prostate cancer. Functional studies revealed that GPC3 is critical to the viability of NE tumor cells 

and tumors displaying NE differentiation and that it regulates calcium homeostasis and signaling. 

Since our results demonstrate that GPC3 is specifically expressed by NE cells, patients with 

confirmed SCNC may qualify for GPC3-targeted therapy which has been developed in the context 

of liver cancer and displays minimal toxicity due to its tumor-specific expression.
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Introduction

Prostate Cancer (PCa) is the most common non-cutaneous malignancy in men and the 

second most common cause of cancer-related mortality[1]. Although most men diagnosed 

with with primary prostate cancer have adenocarcinomas, treatable by radical prostatectomy 

or radiation therapy [2,3], a subset of men develop biochemical recurrence followed by 

metastasis requiring systemic therapy to suppress tumor growth[4]. Since the majority 

of tumor cells of adenocarcinoma glands are luminal-type cells and androgen receptor 

(AR)-dependent[5], a commonly used treatment is hormone therapy to suppress androgen 

production or inhibit AR activity [6]. Although this treatment is initially successful, 

all hormonally-treated tumors eventually recur as castration-resistant PCa (CRPC) which 

responds temporarily to newer drugs such as enzalutamide and abiraterone that further 

inhibit AR signaling, but therapy failure is inevitable, eventually leading to death [6].

The vast majority of cells that comprise adenocarcinomas are luminal-type cells, expressing 

AR and prostate-specific antigen (PSA), although ~1% of the cells are neuroendocrine (NE) 

cells, which do not express AR and are resistant to hormone therapy [7–9]. Following 

hormone therapy, NE cells are observed to become enriched in the tumor cell population 

which may be due to lineage plasticity or clonal expansion [10]. Furthermore, after 

AR-targeted therapy, ~17–30% of patients develop small cell neuroendocrine carcinoma 

(SCNC), comprised entirely of NE cells [11]. Effective, durable therapy should target NE 

cells as well as luminal tumor cells which is an urgent unmet clinical need. As a result, it is 

important to identify molecular targets on NE cells.

Our laboratory has previously shown that CXCR2 is expressed on NE cells of the prostate, 

and that this is a suitable therapeutic target for PCa displaying NE differentiation [12,13]. 

Although targeting CXCR2 can result in tumor regression, there is significant risk for 

neutropenia as this protein is also highly expressed by circulating neutrophils[14]. We 

therefore wanted to identify other proteins specific to NE cells that are both critical to 

disease progression and whose targeting carries less side effects.

We have successfully identified glypican-3 (GPC3) as a cell-surface protein specifically 

expressed by NE cells of the prostate. GPC3 is a heparan sulfate proteoglycan (HSPG) that 

is only expressed during embryogenesis but not in normal adult tissue [15]. Interestingly, 

it is aberrantly expressed by some tumors including hepatocellular carcinoma (HCC) and 

yolk sac tumor of the testis and ovary [16]. Targeting GPC3 has been studied in the context 

of liver cancer [17–21], where clinical trials show minimal toxicity [22]. Herein we have 

thoroughly characterized the expression of GPC3 in PCa using multiple molecular-based 

methods and demonstrate its critical function to tumor viability. Mechanistically, GPC3 

regulates intracellular calcium levels which is critical to NE cell function. The results of this 
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study set the premise for targeting GPC3 as a novel therapeutic strategy to treat advanced, 

therapy-resistant PCa.

Materials and methods

Study design

The objective of this study was to demonstrate another useful biomarker and therapeutic 

target for NE cells of the prostate. Liquid chromatography-mass spectrometry (LC/MS) 

was used to study the metabolic signature of the previously described LNCaP/CXCR2 

cell line. Potential targets and findings were then validated in vitro and in human tissue 

data using multiple molecular methods. Previously published and publicly deposited 

mRNA-sequencing and single-cell sequencing data [23, 4] were used to determine 

GPC3 expression status in human NE cells. Human tissue slides representing hormone-

sensitive adenocarcinoma and CRPC-adenocarcinoma were obtained from Duke University 

Department of Pathology. SCNC cases were obtained as a gift from Dr. Liang Cheng, 

MD of the Department of Pathology and Laboratory Medicine, Indiana University. All 

human tissues were de-identified and the use of anatomic materials was approved by Duke 

University’s Institutional Review Board.

Various functional studies were carried out in vitro and in vivo to demonstrate GPC3 

function and mechanism of action in NE cells of the prostate. Experimental mice were 

maintained on a regular diet in a pathogen-free setting on a 12-h light/dark cycle with 

continuous access to food and water. The number of animals used for the xenograft study 

was determined by a power calculation and all animal work was conducted in accordance 

with the NIH Guidelines of Care and Use of Laboratory Animals [25] and approved by the 

Duke Institutional Animal Care and Use Committee (Protocol #: A055–22-03)

Cell culture

LNCaP, C4–2, 22RV1, DU-145, and PC-3 cells were cultured in RPMI 1640 medium 

(ThermoFisher (Waltham, MA, USA)) supplemented with 10% fetal bovine serum (Corning 

(Glendale, AZ, USA), and 1% penicillin-streptomycin stock solution (ThermoFisher). 

LAPC4 cells were maintained in IMDM medium (ThermoFisher), also supplemented 

with fetal bovine serum and penicillin-streptomycin. NCI-H660 cells were maintained 

in Advanced DMEM/F-12 (ThermoFisher) supplemented with 1X B-27 supplement 

(ThermoFisher), 10 ng/ml FGF2 (Peprotech (Cranbury, NJ, USA)), 10 ng/ml EGF 

(Peprotech), 1X Glutamax (ThermoFisher) and 1X penicillin-streptomycin (ThermoFisher). 

LNCaP-CXCR2 cells were generated as previously described[13] and maintained in RPMI 

1640 medium, supplemented with 400 μg/ml Geneticin (ThermoFisher), 10% fetal bovine 

serum, and 1% penicillin-streptomycin stock solution.

Metabolite extraction and liquid chromatography-mass spectrometry (LC-MS)

Metabolite extraction was carried out according to a protocol established by the Locasale 

Laboratory at Duke University. In brief, 1×106 cells/well were plated in a standard 6-well 

plate (3 wells per group) with 2 ml culture medium per well. After 24 h, plates were placed 

on dry ice, medium was aspirated and 80% HPLC grade methanol/water (extraction solvent) 
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was added to each well. Plates were then transferred to –80 °C for 15 min for enzyme 

deactivation. Subsequently, cells were scraped into the extraction solvent and centrifuged for 

10 min. Supernatants were collected and vacuum concentrator was used at room temperature 

for 4 h. Dry pellets were obtained and sent for LC-MS analysis.

Single cell sequencing and data analysis

Six patient samples were collected at Duke University Hospital representing the spectrum 

of PCa (hormone-sensitive adenocarcinoma (4), localized CRPC (1), metastatic CRPC (1), 

and SCNC (1)), as previously published[24, 26]. Single cells were encapsulated into single 

droplets using Chromium Controller (10X Genomics (Pleasanton, CA, USA)) following 

the manufacturer’s protocol. Libraries were sequenced on a NovaSeq 6000 S2 as 150-bp 

paired-end reads by NantOmics LLC, Culver City CA, USA; or on a NovaSeq 6000 S1 

as 100-bp paired-end reads by the GCB Sequencing and Genomic Technologies Core at 

Duke University. The CellRanger (10X Genomics) analysis pipeline was used for sample 

demultiplexing, barcode processing, and single cell 3’-gene counting to generate a digital 

gene-cell matrix. The gene expression matrix was then processed and analyzed using Seurat 

under the R software environment [27]. Mitochondrial and ribosomal genes were removed 

from the gene expression matrix. Violin plots were used to visualize clusters of cells that 

passed quality control. Clusters were associated with cell types based on canonical marker 

genes as described previously [24].

Immunohistochemistry and immunofluorescence

All tissues were stained using a BioCare Medical (Concord, CA, USA) Intellipath 

autostainer. Sections were deparaffinized, rehydrated, and boiled for 40 mins in citrate 

buffer pH 6 (Azer Scientific, Cat # ES35535) followed by cooling for 20 min. An 

antibody to GPC3 (Diagnostic Biosystems (Pleasanton, CA, USA), Cat # Mob561) was 

incubated at a dilution of 1:2000 for 60 min at room temperature (RT). Detection was 

accomplished with the DAKO (Glostrup, Denmark) Universal Polymer System for 30 min 

followed by a hematoxylin counterstain. For immunofluorescence, antibodies to GPC3 

(Diagnostic Systems, Cat # Mob561) and CHGA (Novus Biologicals (Centennial, CO, 

USA), Cat # NB120–15160) were incubated at RT for 60 min at dilutions of 1:2000 and 

1:20,000, respectively. Conjugated secondary antibodies (AlexaFluor 488, Thermo Fisher, 

Cat #: A11001 and AlexaFluor594, ThermoFisher, Cat #: A11037) were incubated at RT 

for 30 min at dilutions of 1:500. Fluorescent antibody-labeled slides were counterstained 

with DAPI, and images were obtained in a single plane on a Zeiss upright 180 confocal 

microscope.

Flow cytometry

1×106 cells from each cell line (LNCaP, LNCaP/CXCR2, LAPC4, C4–2, 22RV1, PC-3, 

DU-145, and NCI-H660) were harvested, washed twice with PBS, re-suspended in staining 

buffer (PBS + 0.2% FBS) and blocked (FcR Blocking Reagent, Miltenyi Biotec (Bergisch, 

Germany), Cat #: 130–059-901). Cells were then incubated with an antibody to GPC3 

(Diagnostic Biosystems, Cat # Mob561) at a concentration of 1 μg/ml for 30 min at 4 °C. 

Following incubation, cells were washed twice with PBS, re-suspended in staining buffer, 

and incubated with PE-conjugated secondary antibody (BD Biosciences (Franklin Lakes, 
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NJ, USA), Cat # 550083) at a concentration of 1 μg/ml for 30 min at 4 °C. Following 

two washes with PBS, cells were re-suspended in staining buffer and 30,000 events were 

recorded for each tube using a BD LSRII Cell Analyzer. All data was further processed 

using FlowJo software.

RT-qPCR

Total RNA was extracted using an RNeasy Mini Kit (Qiagen (Germantown, MD, USA)) 

following the manufacturer’s instructions. In brief, cells were lysed in Trizol reagent 

followed by chloroform extraction and ethanol precipitation. Reverse-transcription and 

qPCR was performed using a qScript One-Step SYBR Green RT-qPCR kit (QuantaBio 

(Beverly, MA, USA)) following the manufacturer’s instructions. All primer sequences are 

listed in supplementary materials, Table S1. Data was collected and analyzed using a ViiA 7 

Real-Time PCR instrument (Applied Biosystems (Waltham, MA, USA)).

Western blotting

Total protein was extracted from cells using RIPA buffer (Sigma Aldrich (St. Louis, MO, 

USA)) supplemented with phosphatase and protease inhibitor cocktail (ThermoFisher). 

Lysates were cleared by centrifugation and protein concentration was determined using a 

BCA Assay Kit (ThermoFisher, Cat #: 23227). Equal amounts of total protein were resolved 

using 12% SDS-polyacrylamide gels, transferred to PVDF membranes, and blocked with 

5% non-fat milk powder. Primary antibodies against GPC3 (Diagnostic Biosystems, Cat 

# Mob-561, 1:200), SYP (Santa Cruz Biotechnology (Dallas, TX, USA), Cat # sc-17750, 

1:100), p-CAMKII (Cell Signaling Technology (Danvers, MA, USA), Cat # 12716, 1:500), 

CAMKII (Cell Signaling Technology, Cat # 3362, 1:500), HSP90 (BD Biosciences, Cat #: 

610418, 1:2000), and β-actin (Cell Signaling Technology, Cat # 4970, 1:1000) were used. 

HRP-conjugated secondary antibody (BioRad (Hercules, CA, USA), Cat #172–1011, Cat 

#170–6515, 1:3000) were then used and the antigen-antibody reaction was visualized by 

enhanced chemiluminescence assay (Thermo Fisher, Cat #: 34096).

Gene silencing and overexpression

GPC3 knockdown was achieved by stable transduction with an shRNA lentivirus. 

Lentiviral plasmids expressing shRNAs were purchased from Sigma Aldrich (shGPC3 

1: TRCN0000078561, shGPC3 2: TRCN0000315782, shCAMK2D: TRCN0000000475, 

shCTRL: SHC001) and infected into cells. After 48 h, cells were grown with 1 μg/ml 

puromycin until only resistant cells remained (0.3 μg/ml puromycin selection used for 

NCI-H660 cells). GPC3 overexpression was also achieved by stable transduction with 

lentivirus and a corresponding empty vector was used as negative control. In brief, a GPC3 

human tagged ORF clone was purchased from Origene (Rockville, MD, USA) (Cat #: 

RG205911). A stop codon was introduced by site-directed mutagenesis and GPC3 was 

cloned into a Gateway entry vector using restriction enzymes. Using clonase recombination, 

the GPC3 ORF was inserted into a CMV-driven lentiviral expression plasmid containing a 

puromycin-resistant gene. All lentiviral transduction vectors were generated by transfection 

of 293T cells with helper plasmids using the Mirus (Madison, WI) TransIT System (Cat 

#: MIR6000), following the manufacturer’s protocol, with collection of medium at 48 

h (for GPC3 overexpression, medium was collected at 24, 48, and 72 h followed by 
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ultracentrifugation). Knockdown or overexpression was confirmed using RT-qPCR and 

western blotting.

Cell proliferation/Viability assays

For LNCaP/CXCR2, cells were seeded in 0.2 ml medium in a 96-well plate (3,000 cells/

well, 4 wells/group). After 24 h, cell confluency was measured daily for 7 days using 

an Incucyte Live Cell Imaging System. For BrdU incorporation, cells were seeded in a 

6-well plate (1×105 cells/well, 3 wells/group) and incubated for 72 h. Following incubation, 

cells were pulsed with BrdU and further incubated for 1 h. Cells were then permeabilized 

and stained using a FITC-BrdU kit (BD Biosciences, Cat #: 559619), following the 

manufacturer’s protocol. Data was collected using a BD LSRII Cell Analyzer. All data was 

further processed using FlowJo software. For NCI-H660, cells were trypsinized to dissociate 

cells for 1 min and then plated in 0.2 ml medium in a 96-well, round-bottom plate (2,000 

cells/well, 6 wells/group). The plate was then immediately centrifuged for 5 min (300 x 

g, RT) to allow single cells to aggregate at the center of each well. The area (μm2) of the 

aggregates was monitored and calculated with daily measurements over a period of 13 days 

using an Incucyte Live Cell System (Sartorius (Göttingen, Germany)). For the Calcein AM 

viability assay, cells were plated in a 6-well plate (1×106/well, 3 wells/group) and incubated 

for 72 h. Following incubation, cells were harvested and stained with Calcein AM dye 

according to manufacturer’s protocol (ThermoFisher, Cat #: C1430). Data was collected 

using a BD LSRII Cell Analyzer and all data was further processed using FlowJo software.

Xenograft study

Ten immunocompromised male NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice were 

obtained from the Division of Animal Laboratory Resources at Duke University. 6 ×104 of 

NCI-H660/shCTRL or NCI-H660/shGPC3 cells were suspended in media containing 50% 

Matrigel (Corning) and inoculated subcutaneously bilaterally into the flanks of six-week old 

NSG mice, as described previously[13]. Once tumors were palpable, they were measured 

twice a week using a caliper and the volume was calculated over time (volume (mm3) = 

(length x height2)/2). At 54 days post-implantation, mice were euthanized using CO2 and 

xenografts were harvested and weighed.

mRNA sequencing and analysis

Total RNA from LNCaP/CXCR2/shCTRL and LNCaP/CXCR2/shGPC3 was extracted as 

described above and library preparation/subsequent sequencing was performed by Novogene 

(Sacramento, CA, USA) In brief, sequencing libraries were generated using an NEBNext 

Ultra RNA Library Prep Kit for Illumina (NEB (Ipswich, MA, USA)) following the 

manufacturer’s protocol, and index codes were added to attribute sequences to each sample. 

The clustering of index-coded samples was performed on a CBot Cluster Generation 

System using PE Cluster Kit cBot-HS (Illumina (San Diego, CA, USA)), following the 

manufacturer’s protocol. After cluster generation, the library preparations were sequenced 

on an Illumina platform and paired-end reads were generated. Raw data (reads) in FASTQ 

format were processed through fastp and clean reads were obtained by removing reads 

containing adapter and poly-N sequences and reads with low quality from raw data. After 

mapping to reference genome, differential expression analysis was performed using DESeq2 
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R package. The resulting P values were adjusted using Benjamini and Hochberg’s approach 

for controlling false discovery rate (FDR). Genes with an adjusted P value < 0.05 found by 

DESeq2 were assigned as differentially expressed. Enrichment analysis with differentially 

expressed genes was performed using Enrichr [28].

Intracellular calcium measurements

NCI-H660/shCTRL, NCI-H660/shGPC3, LNCaP/CXCR2/shCTRL, LNCaP/CXCR2/

shGPC3, LNCaP, and LNCaP/GPC3 cells for [Ca2+]i measurements were plated in a 6-well 

plate (1 × 106 cells/well, 3 wells/group) and incubated for 48 h. Following incubation, 

cells were loaded with a Cal-520 AM dye and further incubated for 30 min, following 

the manufacturer’s protocol (Abcam (Cambridge, UK), Cat #: ab233472). Cells were then 

harvested, and data was collected using a BD LSR11 Cell Analyzer. All data was further 

processed using FlowJo software.

IP3 competitive ELISA

Equal number of cells were harvested from NCI-H660/shCTRL, NCI-H660/shGPC3, 

LNCaP/CXCR2/shCTRL, LNCaP/CXCR2/shGPC3, LNCaP, and LNCaP/GPC3 cultures 

and protein lysates prepared as described above. Protein yield for each group of cells was 

quantified using BCA Assay Kit (ThermoFisher, Cat #: 23227) and quantitative competitive 

ELISA was then performed using an IP3 ELISA Kit (MyBioSource (San Diego, CA, 

USA), Cat #: MBS2515875) following the manufacturer’s protocol. Data was collected on a 

micro-plate reader set to 450 nm and final IP3 concentration was normalized to total protein.

Quantitation and statistical analyses

T tests were used to test differences between means of continuous variables for two groups. 

All p values <0.05 were considered statistically significant (p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***), p < 0.0001 (****). For IHC analysis of human tissue, whole-slide tissue cases 

were quantified by H-score according to the following formula: 3 x percentage of strongly 

staining cells, 2 x percentage of moderately staining cells, and 1 x percentage of weakly 

staining cells. Neurite length quantification in LNCaP/GPC3 model was performed using the 

single neurite tracer (SNT) function of ImageJ. All statistical analyses were conducted using 

GraphPad.

Results

PCa cell lines with NE phenotype express glypican-3

We have previously published that CXCR2 expression in LNCaP cells induces an 

NE phenotype, including resistance to ADT and up-regulation of NE markers[13]. To 

understand the molecular mechanisms underlying this lineage switch, we conducted a 

metabolite profiling study comparing LNCaP (luminal phenotype) to LNCaP/CXCR2 (NE 

phenotype) to study metabolic changes that occur intracellularly. Our results showed 

alterations in the levels of many metabolites comprising a number of different pathways 

including glycolysis, pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) 

cycle (Figure 1A). Although the levels of most metabolites were comparatively decreased, 
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the levels of metabolites involved in the hexosamine biosynthesis pathway (HBP) were 

significantly up-regulated (p < 0.001) (Figure 1A,B).

The HBP represents a minor pathway where ~2–5% of consumed glucose is converted to 

UDP-N-acetylglucosamine rather than continuing on through glycolysis to be converted 

to pyruvate[29]. These nucleotide sugars are then commonly utilized to donate N-

acetylglucosamine to processes such as O-GlcNAcylation and N-linked glycosylation, as 

well as in the synthesis of glycosaminoglycans (GAGs), such as heparan sulfates. To 

determine whether O-GlcNAcylation was up-regulated, we studied the mRNA levels of the 

rate-limiting enzyme, O-GlcNAc transferase (OGT), and our results showed no significant 

difference between LNCaP and LNCaP/CXCR2 cells (supplementary material, Figure S1A). 

We also observed no significant difference in the expression of oligosaccharyltransferase 

(STT3A, STT3B), the enzyme central for co-translationally attaching N-glycans to a 

growing peptide. (supplementary material, Figure S1A). We next determined whether 

proteins that utilize acetylglucosamine (heparan sulfate proteoglycans) in their GAG 

structures were up-regulated. We performed an RT-qPCR screen for all HSPG genes and 

observed that GPC3 was significantly up-regulated (relative fold-change >20, p < 0.001), 

providing explanation for increased HBP activity (Figure 1C,D, supplementary material, 

Figure S1B). As glypican-3 (GPC3) is a cell-surface oncofetal antigen which is not 

expressed in normal adult tissue[16], we confirmed this finding using flow cytometry to 

demonstrate its expression on the cell surface, and demonstrated that LNCaP/CXCR2 cells 

were positive for GPC3 while LNCaP cells were largely negative (Figure 1D,E).

We next characterized GPC3 expression in PCa cell lines representing different disease 

stages (LNCaP, LAPC4, C4–2, 22RV1, and NCI-H660). By western blot analysis, we 

found an absence of protein expression in cell lines representing hormone-sensitive 

adenocarcinoma (LNCaP and LAPC4) and weakly detectable protein expression in CRPC-

adenocarcinoma (CRPC-adeno) cell lines (C4–2 and 22RV1). NCI-H660, the PCa cell line 

which models SCNC, displayed high expression of GPC3 (Figure 1F). Flow cytometric 

analysis of these cell lines (supplementary material, Figure S1C) showed that hormone-naïve 

adenocarcinoma cell lines contained very small proportions of GPC3+ cells (LNCaP = 

0.63%, LAPC4 = 0.21%), while the proportions were higher in CRPC cell lines (C4–2 = 

4.54%, 22RV1 = 8.61%). SCNC cell line, NCI-H660, uniformly expressed GPC3 (100%). It 

is well known that LNCaP cells develop NE phenotype in vitro following 7–14 days ADT 

or enzalutamide treatment [30]. To determine whether cells up-regulate GPC3 during this 

process, we treated LNCaP cells with 10 μM enzalutamide or vehicle (DMSO) for 1 and 

2 weeks and looked for cell-surface GPC3 expression by flow cytometry. We found that 

LNCaP cells gradually become positive for GPC3 (vehicle treatment = 0.9%, enzalutamide 

treatment, 1 week = 17.6%, enzalutamide treatment, 2 weeks = 34.5%), further supporting 

that GPC3 is associated with NE phenotype (supplementary material, Figure S1D). Overall, 

the expression pattern of GPC3 was similar to that of CXCR2 and represents an oncofetal 

protein specifically expressed by NE cells of the prostate.
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Glypican-3 is expressed specifically by NE cells in human PCa tissue

The above results demonstrate that cell lines displaying NE signature (LNCaP/CXCR2 

and NCI-H660) uniformly express GPC3. To determine whether NE cells of human 

PCa also express GPC3, we interrogated our previously published mRNA-sequencing 

dataset for FACS-sorted human luminal and NE cells derived from fresh, human prostatic 

adenocarcinoma tissue which contain a minor component of NE cells[13]. Our data 

showed that GPC3 expression in purified NE cells is much higher (log2FC >3, p < 0.05) 

than in luminal-type tumor cells, with a similar expression pattern to chromogranin A 

(CHGA), a commonly used NE marker (Figure 2A). To further corroborate our findings, we 

performed a single-cell sequencing study [24] where we collected 6 PCa cases including 

primary hormone-naïve adenocarcinoma, locally recurrent CRPC with adenocarcinoma 

morphology (CRPC-adeno), metastatic CRPC with adenocarcinoma morphology (mCRPC), 

and treatment-emergent SCNC with a total of 24,385 single epithelial cells[24]. We found 

that GPC3 expression was restricted to NE tumor cells (SYP-Positive, NCAM1-Positive), 

whereas it was undetectable in the luminal clusters or basal cluster (defined in [24]) 

(Figure 2B). To further corroborate our findings, we interrogated a recently published 

single-cell sequencing dataset deposited by Dong, et al[31] which includes 3 patients with a 

diagnosis of SCNC. Here, 1 of 3 patients displayed significant GPC3 expression, suggesting 

a subset of SCNC tumors express GPC3 (supplementary material, Figure S2). Bulk 

RNA-sequencing datasets[32, 33] have not yet demonstrated significant GPC3 expression 

(supplementary material, Figure S3A,B) which we reason is due to mixed benign and 

adenocarcinoma components because PCa tissue is never pure due to its unique infiltrative 

growth. Interestingly, in lung cancer, bulk RNA sequencing[34] demonstrates significant 

upregulation of GPC3 (supplementary material, Figure S3C) in SCNC relative to non-small 

cell. This potentially indicates GPC3 may be a good target for NE tumors outside of the 

prostate as well and is deserving of further study.

We studied paraffin tissue of CRPC-adeno histology and SCNC, respectively, using 

immunohistochemistry (IHC). This demonstrated scattered GPC3+ tumor cells among the 

more abundant GPC3– cells in CRPC (characteristic of NE and luminal tumor cells, 

respectively) while SCNC was highly positive (Figure 2C). Subsequent immunofluorescence 

(IF) staining of CRPC-adeno tissue demonstrated perfectly concordant expression of GPC3 

with the NE marker CHGA, further proving that GPC3 is expressed by NE cells of the 

prostate (Figure 2D).

SCNC, comprised entirely of NE tumor cells, represents the most lethal histologic variant of 

PCa, with no effective therapy. As GPC3 is only expressed during embryonic development 

and an ideal therapy target, we wished to determine whether a significant subset of human 

SCNC cases are positive and could therefore qualify for GPC3-targeted therapy to treat 

their tumors. We stained 27 whole-slide tissue cases of treatment-emergent SCNC and 

demonstrated that 10/27 (37%) of the SCNC cases were positive for GPC3 while 17/27 

(62.9%) were negative (Figure 2E, supplementary material, Figure S4A,B)). In contrast, 

whole slide hormone-naïve or castration resistant adenocarcinomas contained rare, scattered 

GPC3 positive cells (supplementary material, Figure S4A), consistent with the presence of 

a minor component of NE cells in such tumors. Finally, we explored two patient-derived 
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xenograft (PDX) tumor lines that represent SCNC (LTL-545 and LTL-352) where it was 

observed that one of the two lines had significant GPC3-positivity while the other was 

entirely negative (supplementary material, Figure S4C).

At this time, it is unknown exactly why some NE cells express GPC3 while others do not. 

Using our sc-RNA seq data, we further classified our NE cells into 8 clusters and found that 

GPC3 expression was not unique to any specific NE cluster in our dataset (supplementary 

material, Figure S5). However, GPC3 expression was observed to be extremely low in 

one of the clusters (C7). Pathway analysis demonstrates that the GPC3-high clusters are 

particularly enriched for pathways involved in DNA repair, as well oncogenic pathways 

(mTOR, IL-6/JAK/STAT3, E2F, MYC) and N-glycosylation relative to the GPC3-low 

cluster. However, future studies would be needed to confirm these findings as well as 

determine the exact role of GPC3 in these processes.

Taken together, our data indicate that a significant subset of patients with prostatic SCNC 

express this oncofetal protein and could potentially qualify for GPC3-targeted therapy, 

which has already been developed for liver cancer[22]. However, this finding could allow for 

the first time the development of a low toxicity, molecularly-targeted approach for patients 

with SCNC.

Glypican-3 is critical to the viability of NE cells and SCNC

GPC3 is a cell surface HSPG which can sequester growth factors and ions to regulate a 

variety of signaling processes[35]. Due to this function, we hypothesized that GPC3 could 

have significant effects on NE cell viability. To examine this, we stably knocked down 

GPC3 expression in LNCaP/CXCR2 cells using two lentiviruses expressing a short hairpin 

RNA (shGPC3 1 and shGPC3 2. shGPC3 1 was chosen for remainder of studies) (Figure 

3A). This cell line, engineered by our lab, displays NE phenotype[13] and expresses GPC3 

(Figure 1C–E). Although no changes in lineage marker expression (CHGA, SYP, NSE, AR, 

PSA) were observed, we observed a significant (p < 0.01) decrease in cell proliferation 

as determined by daily measurements of confluency (Figure 3B). We performed a BrdU 

incorporation study, which showed a reduction of cells in the S-phase (LNCaP/CXCR2/

shCTRL = 31.4%, LNCaP/CXCR2/shGPC3 = 21.2%) and a higher degree of apoptosis 

(LNCaP/CXCR2/shCTRL = 16.0%. LNCaP/CXCR2/shGPC3 = 30.8%) as determined 

through 7-AAD staining for total DNA (Figure 3C). Since LNCaP cells are well established 

to develop NE phenotype after 14 days of AR signaling inhibition[30] and demonstrate 

upregulated GPC3 (supplementary material, Figure S1D) we further knocked down GPC3 in 

long-term (>1 month) androgen deprived cells and observed a significant growth suppressive 

effect (supplementary material, Figure S6). These results suggest that GPC3 may have a role 

in maintaining NE cell viability.

As SCNC represents the most lethal form of PCa, we explored whether knockdown of 

GPC3 in NCI-H660 cells (Figure 3D) can result in decreased viability. Here, we performed 

a Calcein AM flow cytometric assay, where the fluorescence of the dye taken up correlates 

positively with cell viability, and our results demonstrate a significant (p < 0.001) decrease 

in cell viability in NCI-H660/shGPC3 relative to control (Figure 3E). Since these are 

suspension cells which grow in aggregates, we further performed a 3D aggregate growth 
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assay by plating an equal number of cells of either NCI-H660/shCTRL or NCI-H660/

shGPC3 (2,000 cells/well, 4 replicates per group) and inducing aggregate formation through 

centrifugation. Aggregate growth over time was significantly (p < 0.001) suppressed in 

NCI-H660/shGPC3 relative to cells expressing non-targeting control, consistent with our 

results from the Calcein AM viability assay (Figure 3F).

A major question with any gene associated with NE phenotype is whether or not it 

can induce lineage plasticity (i.e. cause luminal cells to transdifferentiate to NE cells). 

As LNCaP is the classic cell line for modeling NE transdifferentiation[30], we stably 

overexpressed GPC3 in LNCaP cells (supplementary material, Figure S7A) and tested for 

NE marker expression as well as studied morphology. Although there was no significant 

change in the expression of luminal or NE-defining markers, we observed a significant 

morphology change, consistent with neurite outgrowth (supplementary material, Figure 

S7B,C), which has been reported previously in other studies[36–39]. Since PC-3 cells 

represent a cell line with NE characteristics but is not true SCNC-derived, we overexpressed 

GPC3 to observe whether its expression is able to enhance NE marker expression. 

Interestingly, in this cell line, we observed significant upregulation of both SYP and ENO2 
(NSE), two classic NE markers (supplementary material, Figure S7D). Overall, our results 

indicate that GPC3 may have a role in promoting NE transdifferentiation; however, its 

specific effect likely depends on the genetic background of the cells and the expression of 

collaborating factors which have yet to be identified.

To explore whether GPC3 knockdown can inhibit SCNC tumor growth in vivo, we 

performed a xenograft study where we subcutaneously injected both flanks of 10 mice with 

NCI-H660 cells (60,000 cells/injection) expressing either non-targeting shCTRL or shGPC3. 

Our results demonstrated a significant (p < 0.01) decrease in tumor growth rate over the 

experimental period (54 days) (Figure 3G) and resected tissue showed a significant (p < 

0.01) decrease in average tumor weight (shCTRL = 1.22 g, shGPC3 = 0.460 g) and Ki-67 

positivity (Figure 3H–J). Collectively, these results indicate that GPC3 is vital to NE tumor 

cell viability and may be an important contributor to SCNC.

Glypican-3 is associated with Ca2+-regulated kinases

Our results showed that GPC3 is expressed specifically by NE cells and is critical to 

cell viability. To explore mechanisms for how GPC3 contributes to NE cell function, we 

took an unbiased approach and performed mRNA-sequencing on LNCaP/CXCR2/shCTRL 

and LNCaP/CXCR2/shGPC3 cells. Analysis of the list of all statistically significant (p < 

0.05) differentially expressed genes, revealed that several genes associated with calcium 

regulated/dependent kinases were downregulated in the LNCaP/CXCR2/shGPC3 group 

relative to control (Figure 4A). We then analyzed sc-RNA seq data to determine if any 

calcium-regulated/dependent kinases were associated with SCNC. Here, we found that two 

CAMKII isozymes, encoded by CAMK2B and CAMK2D, were associated with the NE cell 

cluster. CAMK2B demonstrates NE-cell specific expression and CAMK2D has its highest 

expression in NE cells (Figure 4B). In analyzing our NE clusters, we observed CAMK2B 
and CAMK2D correlate with GPC3-high status of NE cells. Negligible expression was 

found in the GPC3-low NE cluster (C7) (supplementary material, Figure S8). Furthermore, 
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in the dataset deposited by Dong, et al [31] both CAMK2B and CAMK2D were highest 

in the GPC3-positive SCNC case (P2) with very low/negligible expression in the GPC3-

negative cases (P5 and P6) (supplementary material, Figure S8). Considered together, this 

data indicates that GPC3 correlates with CAMK2 in human PCa.

CAMKII is a calcium-dependent kinase which autophosphorylates to become constitutively 

active upon binding to a Ca2+/Calmodulin complex[40]. There are four isozymes: CAMK2A 

(alpha), CAMK2B (beta), CAMK2D (delta), and CAMK2G (gamma). The alpha isozyme is 

neuron-specific while the beta, delta, and gamma forms are expressed and active in various 

peripheral tissue types and disease settings[41]. To explore whether our findings in human 

tissue can be observed in PCa cell lines, we studied the expression of the various CAMKII 

isozymes across three major PCa cell lines representing hormone-sensitive adenocarcinoma 

(LNCaP), CRPC-adeno (C4–2), and SCNC (NCI-H660) by RT-qPCR. Although the alpha 

isozyme was undetectable across all cell lines tested, the beta, delta, and gamma isozymes 

all showed highest expression in NCI-H660 with lower expression in the adenocarcinoma 

lines (LNCaP and C4–2), an expression pattern similar to that of GPC3 (Figure 4D). 

We further tested LNCaP/CXCR2 and LNCaP/GPC3 and found that the delta isozyme in 

particular (CAMK2D) was up-regulated in LNCaP/CXCR2 and LNCaP/GPC3, relative to 

LNCaP (Figure 4E). However, all isozymes were high in NCI-H660 (Figure 4D), indicating 

that CAMKII may be an important kinase in the progression of SCNC.

Glypican-3 regulates [Ca2+]i to affect CAMKII activation in SCNC

Structurally, GPC3 has negatively charged (anionic) heparan sulfate chains which may be 

involved in the recruitment of positively charged cations, such as Ca2+, to the plasma 

membrane. We sought therefore to determine whether GPC3 regulates cytosolic calcium 

which may then affect substrate availability to activate Ca2+-regulated/dependent kinases, 

such as CAMKII. To do this, we performed a flow cytometric assay where we loaded cells 

with a Cal-520 AM dye, which becomes highly fluorescent when complexed to cytosolic 

calcium. Quantification of the resulting fluorescence (median fluorescence intensity, MFI) 

revealed that knockdown of GPC3 significantly decreased cytosolic Ca2+ in both NCI-H660 

and LNCaP/CXCR2 cells but overexpression increased Ca2+ in GPC3-negative LNCaP cells 

(Figure 5A). To determine if GPC3 is recruiting Ca2+ to the plasma membrane or mediating 

Ca2+ release from intracellular stores, we performed a competitive ELISA experiment to 

measure whether IP3, the product of PLC hydrolysis, was affected by GPC3 modulation. 

PLC signaling is the major mechanism for release of Ca2+ from intracellular stores, driven 

by IP3 binding to IP3-receptor (IP3R) on the ER surface[42, 43]. Our results show no 

significant difference in IP3 levels in all of our models (supplementary material, Figure 

S9), suggesting that GPC3 mediates [Ca2+]i through increased recruitment to the plasma 

membrane rather than increased release from the ER. Importantly, calcium has a vital role 

in maintaining neuronal morphology/function[44] and this may be a critical mechanism to 

maintaining the viability of NE cells.

As NCI-H660 represents SCNC and has the highest levels of GPC3 and CAMKII, 

we performed western blot analysis to determine if autophosphorylation of CAMKII 

is decreased with GPC3 knockdown. Our results demonstrate a significant decrease in 
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phospho-CAMKII relative to cells expressing non-targeting control (Figure 5B, Figure 

3J), indicating that GPC3 affects the activity of CAMKII. To confirm that CAMKII is 

functionally important in SCNC, we knocked down the expression of CAMK2D, the 

isozyme with strongest correlation with GPC3 in cell lines, and observed a marked 

decrease in cell viability (supplementary material, Figure S10A,B). To determine whether 

NCI-H660 is vulnerable to CAMKII inhibition, we treated cells with CAMKII inhibitor 

(KN-93 phosphate) or control (KN-92 phosphate) and performed a 3D aggregate growth 

assay to observe growth over time. Here, we observed marked suppression of tumor cell 

growth (supplementary material, Figure S10C), providing further evidence that CAMKII 

is important for SCNC growth and viability. Collectively, our results show that GPC3 

controls CAMKII activation in SCNC, likely due to its ability to regulate cytosolic Ca2+, and 

represents an important signaling axis for SCNC.

Discussion

NE tumor cells are present throughout the spectrum of PCa but have not been well studied 

due to their rarity in most clinical settings. Current therapeutic strategies focus on targeting 

AR, which is not expressed by NE cells, resulting in enrichment of NE cells in the tumor 

population and the development of SCNC in a significant number of patients[9]. As such, 

there is an urgent, unmet need to identify targets for NE cells so that they can be targeted 

early in the disease process before significant expansion occurs leading to therapy resistance 

and disease progression.

Our laboratory has developed a robust system to isolate NE cells from fresh human PCa 

tissue[13], allowing us to successfully identify GPC3 as a novel biomarker for prostatic 

NE cells and SCNC. Furthermore, we have demonstrated that GPC3 is critical for NE 

cell viability and SCNC growth and have identified an important signaling axis for 

SCNC (supplementary material, Figure S9B), which has not been previously reported. 

Although GPC3 overexpression in LNCaP cells was unable to induce lineage plasticity 

alone, a significant morphology change consistent with neurite outgrowth was observed. 

Interestingly, in PC-3 cells, overexpression of GPC3 induced significant upregulation of 

SYP and ENO2 (NSE), two classic NE markers. Future studies would be needed to 

determine which specific factors in combination with GPC3 can induce lineage plasticity 

as well as the mechanism of action.

Since GPC3 is not expressed in normal adult tissue[15], its targeting is safe which has 

been demonstrated in several ongoing clinical trials of HCC [22]. Useful modalities include 

therapeutic antibodies, peptide vaccines, and CAR-T cells[22]. Due to the success of many 

of these earlier trials, GPC3-targeting drugs continue to be improved. For example, a 

bispecific antibody targeting GPC3 and CD47 demonstrates a long serum half-life and was 

highly effective at preventing HCC growth in xenograft models[45, 46]. An immunotoxin 

shown to be highly effective at targeting GPC3 in HCC (HN3-T20) has been modified to 

have an albumin-binding domain (HN3-ABD-T20), resulting in a 45-fold extended serum 

retention time and effective tumor regression at one-tenth the dose of the original form[46, 

47]. GPC3 CAR-T cells co-expressing IL-15 and IL-21[46, 48] or IL-17 and PH-20[46, 49] 

were highly efficacious against HCC growth with minimal toxicity in vivo. Although several 
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of these newer agents are still in the preclinical stage, it expected that these developments 

will continue and that several of these will be translated to clinic. Since SCNC is the 

most lethal form of PCa without any effective therapy, our findings make GPC3-targeting 

using these many agents a promising future direction. Our mechanistic studies show that 

intracellular calcium is regulated by GPC3 and that SCNC has high levels of CAMKII 

expression and activation. Although there have been early reports attempting to elucidate 

the role of CAMKII in PCa[50–52], it has not been previously linked to NE cells or SCNC 

as all of these studies have been carried out in models representing luminal phenotype. As 

calcium and CAMKII activity are critically important for maintaining neuronal phenotype 

and morphology, the results of our study highlight the close resemblance of NE cells to 

neurons in regards to intracellular signaling. In addition to targeting GPC3, these results 

show that SCNC is also vulnerable to CAMKII inhibition, which may offer another novel 

therapeutic direction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cell lines with NE phenotype display up-regulated GPC3. (A) Heat map showing metabolite 

changes between LNCaP and LNCaP/CXCR2. (B) LC/MS results showing metabolite 

abundance of UDP-N-acetylglucosamine between LNCaP and LNCaP/CXCR2. (C) RT-

qPCR results showing GPC3 relative expression between LNCaP and LNCaP/CXCR2. (D) 

Western blot analysis shows upregulation of GPC3 in LNCaP/CXCR2 relative to LNCaP (E) 

Flow cytometric analysis showing GPC3 surface expression between LNCaP and LNCaP/

CXCR2. (F) Western blot analysis of GPC3 expression across PCa cell lines of different 

phenotype. Statistics: t-test with p < 0.05 considered significant. p < 0.0001 (***), p < 

0.00001 (****).
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Figure 2. 
GPC3 is expressed on human NE cells of the prostate. (A) mRNA-seq results of FACS-

sorted luminal and NE cells from prostatic adenocarcinoma (n = 3) demonstrating GPC3, 

CHGA, and KLK3 expression. (B) sc-RNA seq results from human PCa cases (n = 6) 

showing GPC3, SYP, and NCAM1 expression in different cell clusters throughout the 

spectrum of PCa. (C) Representative IHC image showing GPC3 expression in CRPC-adeno 

and SCNC (scale bar, 50 μm). (D) IF images showing GPC3 and CgA co-expression in 

CRPC-adeno tissue. (E) Circle chart demonstrating percentage of SCNC cases that were 

positive for GPC3 by IHC. Statistics: t-test with p < 0.05 considered significant. p < 0.05 

(*).
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Figure 3. 
GPC3 is critical to the viability of NE cells and SCNC. (A) RT-qPCR demonstrating GPC3 

knockdown in LNCaP/CXCR2. (B) Growth curve comparing LNCaP/CXCR2/shCTRL 

versus LNCaP/CXCR2 /shGPC3. (C) BrdU Incorporation of LNCaP/CXCR2/shCTRL 

versus LNCaP/CXCR2/shGPC3. (D) RT-qPCR demonstrating GPC3 knockdown in NCI-

H660 cells. (E) Quantification of MFI values from Calcein AM viability assay comparing 

LNCaP/shCTRL versus LNCaP/shGPC3, LAPC4/shCTRL versus LAPC4/shGPC3, and 

NCI-H660/shCTRL versus NCI-H660/shGPC3. (F) 3D aggregate growth curve comparing 

NCI-H660/shCTRL versus NCI-H660/shGPC3. (G) Tumor growth rate of NCI-H660/

shCTRL and NCI-H660/shGPC3 xenografts. (H) Images of resected xenograft tissue from 

mice inoculated with NCI-H660/shCTRL versus NCI-H660/shGPC3 cells. (I) Final tumor 

weights of resected NCI-H660 xenograft tissue. (J) Representative image demonstrating 

GPC3, Ki-67, and p-CAMKII expression in resected xenograft tissue (scale bar, 200 μm). 

Statistics: t-test with p < 0.05 considered significant. p < 0.01 (**), p < 0.00001 (****).
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Figure 4. 
GPC3 is associated with CAMKII. (A) Heat map showing genes commonly overexpressed 

with Ca2+-regulated kinases (ARCHS4 Kinases Coexpression Database) are significantly 

(p < 0.05) down-regulated in LNCaP/CXCR2/shGPC3 relative to LNCaP/CXCR2/shCTRL. 

(B) sc-RNA seq results from human PCa cases (n = 6) showing CAMK2B and CAMK2D 
expression in different cell clusters. (C) RT-qPCR showing CAMKII isozyme expression 

across PCa cell lines of different phenotype. (D) RT-qPCR showing CAMK2D expression 

in LNCaP/CXCR2 and LNCaP/GPC3 relative to LNCaP. Statistics: t-test with p < 0.05 

considered significant. p < 0.0001 (***).
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Figure 5. 
GPC3 regulates [Ca2+]i to control CAMKII activation in SCNC. (A) Quantification of MFI 

values from Cal-520 AM assays demonstrating [Ca2+]i in NCI-H660/shCTRL versus NCI-

H660/shGPC3, LNCaP/CXCR2/shCTRL versus LNCaP/CXCR2/shGPC3 and LNCaP/EV 

versus LNCaP/GPC3. (B) Western blot analysis showing CAMKII activation status in 

NCI-H660/shCTRL versus NCI-H660/shGPC3. Statistics: t-test with p < 0.05 considered 

significant. p < 0.05 (*), p < 0.01 (**), p < 0.0001 (***).
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