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Abstract

Activation of the epidermal growth factor receptors EGFR (ErbB1) and HER2 (ErbB2) drive the 

progression of multiple cancer types through complex mechanisms that are still not fully 

understood. In this study, we report that HER2 expression is elevated in bone metastases of 

prostate cancer independently of gene amplification. An examination of HER2 and NF-κB 

receptor (RANK) coexpression revealed increased levels of both proteins in aggressive prostate 

tumors and metastatic deposits. Inhibiting HER2 expression in bone tumor xenografts reduced 

proliferation and RANK expression while maintaining EGFR expression. In examining the role of 

EGFR in tumor-initiating cells (TIC), we found that EGFR expression was required for primary 

and secondary sphere formation of prostate cancer cells. EGFR expression was also observed in 

circulating tumor cells (CTC) during prostate cancer metastasis. Dual inhibition of HER2 and 

EGFR resulted in significant inhibition of tumor xenograft growth, further supporting the 

significance of these receptors in prostate cancer progression. Overall, our results indicate that 

EGFR promotes survival of prostate TIC and CTC that metastasize to bone, whereas HER2 

supports the growth of prostate cancer cells once they are established at metastatic sites.
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Introduction

Prostate cancer is the most prevalent cancer in men in the United States with an estimated 

180,890 new cases in 2016 and an estimated 26,120 deaths from metastatic disease (1). 

Significant roles for the ErbB family receptors (EGFR (HER1), HER2, HER3 and HER4) 

have been suggested in prostate tumorigenesis and progression for a number of years, but the 

molecular mechanisms by which ErbB family members support the disease progression and 

metastasis is not fully understood. Aberrant activities of HER2 and EGFR have also been 

associated with development of castration resistant disease, possibly due to compensation 

for the loss of androgen signaling (2–5). Like prostate cancer, breast cancer is a hormone 

sensitive/refractory disease, and both share common sites of metastases, such as bone. 

Importantly, adjuvant treatment with HER2 inhibitors has reduced the recurrence rate by 

over 50% in women suffering from breast cancer (6). Based on our findings here that ErbB 

receptor proteins are over-expressed in metastatic prostate cancer, it may be prudent that 

patients suffering from advanced disease are screened for treatment with ErbB-specific 

inhibitors.

Although the role of HER2 in prostate cancer remains controversial (7), HER2 protein has 

been reported to be overexpressed during prostate cancer progression, and HER2-dependent 

signaling may support the development of castration resistant prostate cancer (CRPC) by 

activating androgen receptor signaling through androgen ligand independent mechanisms 

(5). Recent evidence supporting HER2 function in prostate cancer comes from a 

comprehensive immunohistochemical (IHC) evaluation of HER2 protein in a tumor array 

comprised of 2,525 prostate cancer samples (8). This study revealed significant associations 

between HER2 staining and advancing stage and grade of disease and tumor recurrence with 

only 1 in 2,525 (0.04%) cases exhibiting HER2 gene amplification. It is also known that 

EGFR overexpression is associated with the development of CRPC in patients (4). However, 

EGFR expression is not significantly associated with tumor differentiation, positive margins, 

extra-prostatic invasion, or preoperative prostate-specific antigen (PSA) (4) suggesting that 

EGFR expression only increases during disease progression and in the development of 

castration resistant disease.

The most prominent site of prostate cancer metastasis is the bone, leading to a number of 

morbidities. Members of the ErbB family, in parallel with RANK, play an important role in 

bone remodeling during metastasis (9). A number of osseous tumors are believed to be 

driven by cell signaling pathways involving the NF-κB pathway and in particular through 

the recruitment of the RANK/RANKL signaling pathway (10). Recently, a connection 

between RANK and HER2 has been suggested whereby RANK may support ErbB2-driven 

tumorigenesis through the maintenance of TICs (11). Additionally, we have demonstrated 

that RANK and HER2 are involved in breast cancer bone metastasis (12). RANK, like 
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HER2, has been implicated in cellular migration and plasticity and has emerged as a target 

receptor on the surface of breast cancer stem cells (13).

The intermediate state between primary and metastatic tumors and their ultimate metastases 

are circulating tumor cells (CTCs), those cells that are shed and present in the blood stream 

(14). The clinical significance of CTCs has been shown in multiple cancers, including 

prostate cancer, in which the prognostic values of CTC counts above and below the cut-off 

of 5 CTCs/7.5 mL whole blood have been associated with overall survival (15). Beyond 

enumeration, novel CTC isolation technologies have also enabled further characterization, 

including protein expression by immunofluorescence (16,17).

In the current study, we evaluated the expression of HER2 protein in metastatic samples 

obtained from prostate cancer patients and investigated the functional significance of HER2 

and EGFR overexpression in the osseous growth of human prostate cancer cells in vivo. The 

role of EGFR was also examined in the tumor-initiating population of prostate cancer cells, 

where it may support their survival and promote self-renewal in the bone microenvironment. 

In addition, results from patient samples suggest that EGFR may also have a role in the 

survival of CTCs in the metastatic progression of prostate cancer.

Materials and Methods

Cell culture and inhibitors

LNCaP, MCF7, BT-474, and SK-BR-3 were purchased from American Type Culture 

Collection (ATCC). C4-2B and C4-2B luciferase transduced (C4-2BLuc) cell lines were 

obtained as previously described (18). All cell lines, including luciferase and knockdown 

cell lines were fingerprinted (IDEXX RADIL). Cell lines were cultured in DMEM (Lonza), 

RPMI-1640 (Mediatech), 50% DMEM/50% RPMI, or T-Medium (Gibco), supplemented 

with 10% FBS (HyClone), penicillin-streptomycin-Fungizone, and L-Glutamine (Gibco). 

Cells were kept in a 37°C, 5% CO2-humidified incubator. Lapatinib and afatinib were 

purchased from LC Laboratories. Cetuximab (CTX) and trastuzumab (TZB) were obtained 

from the Cancer Center Pharmacy, University of Michigan. For the generation of lentiviral 

vectors and stable cell lines see Supplementary Data.

Animal models and treatments

All experiments began with 8 week old male NOD/SCID mice from Jackson Laboratories. 

Mice received (right) tibia injections of 5×105 C4-2B cells containing either shVector (n=10) 

or shHER2 (n=10). After 3 weeks, the mice were sacrificed and tibiae (right and left) were 

removed and fixed in 10% formalin. For the inhibitor experiments, each mouse (n=30) 

received an intratibial injection of 1×106 C4-2BLuc cells in their right tibia. Drug treatments 

started the following day for lapatinib (n=10) and trastuzumab + cetuximab dual treatment 

groups (n=10). Untreated control mice (n=10) had the same tibia xenografts. Lapatinib was 

given orally at 100mg/kg five times per week. The inhibitor cocktail (trastuzumab 

[10mg/kg] + cetuximab [3mg/kg]) was given by intraperitoneal (IP) injections three times 

per week. After 7.5 weeks of treatment the mice were sacrificed and tibiae collected in 10% 

formalin. These experiments were based off reports of dose escalation of lapatinib (19–21) 
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and of combinations of inhibitors (22). All animal experiments were approved by the 

Institutional Animal Care and Use Committee.

Immunohistochemistry and tissue microarrays

Prostate cancer tissue microarray (TMA) slides were designated TMA 85 (primary and 

bone) and TMA 142 (primary, lymph node, and liver). TMAs were prepared as previously 

described (23,24). Formalin-fixed paraffin-embedded (FFPE) tissue blocks with tumor 

samples were previously identified by a pathologist and processed as instructed by the IRB. 

Prostate tissue samples were taken from the radical prostatectomy series and the University 

of Michigan SPORE Rapid Autopsy Program (25). Tumors were staged and graded using 

the Gleason system (26). All tissue sections were reviewed by two board certified GU 

pathologists (RS, LK) and scored for stain intensity (0–3), percent positivity, and subcellular 

location.

The tibiae from the mice were decalcified in Decalcifier II (Leica Biosystems) for three 

hours prior to paraffin embedding. Antigen retrieval was performed for NeoMarkers’ 

staining by pretreating with Citrate at pH 6 with microwaving for 10 minutes, cooled for 10 

minutes and washed with water for 10 minutes. There was no pretreatment for Dako staining 

which was stained using the Dako AutoStainer. All tissue sections were cut to 4μm 

thickness. Hematoxylin and Eosin (H&E) staining was analyzed, followed by IHC for the 

following biomarkers in serial sections: anti-HER2 (NeoMarkers Ab-17 1:100), anti-HER2 

(Abcam EP1045Y 1:100), anti-HER2 (Dako A0485 manufacturer spec.), anti-EGFR (Life 

Technologies 31G7 1:100), anti-CK8/18 (Epitomics ac-9002RUO 1:100), anti-pHist3 

(Abcam ab5176 1:500), anti-RANK (R&D Systems 80707 1:500), anti-Ki-67 (Dako MIB-1 

1:200), and anti-E-cadherin (ThermoFisher HECD-1 1:200). For details on tissue imaging 

see Supplementary Data.

Cell viability assay

5,000 C4-2B cells were seeded per well into 96-well plates, and 24 hours later lapatinib was 

added to reach the indicated concentrations. The Titer Blue reagent (CellTiter-Blue Cell 

Viability Assay, Promega) was used to detect cell viability at 1, 24, and 48 hours of 

treatment using a fluorescent plate reader (Molecular Devices tunable SpectraMax M5). This 

assay was conducted as per the manufacturer’s instructions.

Western blotting

Protein isolation and Western blotting were carried out as previously described (27), with 

these primary antibodies: anti-HER2 (NeroMarkers Ab-17) anti-HER2 (Abcam EP1045Y), 

anti-EGFR (NeoMarkers H9B4), anti-αTubulin (Upstate DM1A), and anti-E-Cadherin 

(ThermoFisher HECD-1). Mouse and rabbit HRP-conjugated secondary antibodies (Bio-

Rad) were used and illuminated by ECL (Advansta). One western blot utilized IRDye 680 

goat anti-mouse and IRDye 800 goat anti-rabbit secondary antibodies (LI-COR).

Quantitative flow cytometric analysis

Cell surface HER2 and EGFR were quantified using the Dako QIFIKIT according to the 

manufacturers’ protocol. Three different passages of C4-2B cells were grown in complete T-
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medium without phenol red and detached with TrypLE Express (Gibco). A total of 1×105 

C4-2B cells were analyzed in triplicate. HER2 binding sites were saturated with anti-HER2 

(R&D Systems 191924 10μg/mL) and EGFR sites with anti-EGFR (LSBio 225 10μg/mL) as 

primary antibodies. Alexa Fluor 488 goat anti-mouse IgG (H+L) (Invitrogen 1:400) was 

utilized as the secondary antibody. The median fluorescence intensity (MFI) was analyzed 

by flow cytometry (Accuri BD analyzer) and the number of molecules per cell calculated by 

FlowJo and subsequent extrapolation of the samples’ MFI into a standard curve based on the 

calibration beads MFI.

Cell staining and prostate tumor sphere (prostasphere) formation

C4-2B cells were prepared as described for “QIFIKIT analysis” and profiled by 

fluorescence-activated cell sorting (FACS) with fluorescent-labelled anti-EGFR FITC 

(Abcam ICR10 1:40), anti-HER2 APC (B.D. Neu24.7 1:133), and anti-RANK PE (Abcam 

9A725 1:17) antibodies. Live cell staining of 1×106 cells (per analysis) was carried out in 

staining buffer (RPMI no phenol red with 2% FBS) in a final volume of 200μL. Cells were 

stained for one hour on ice plus ten minutes at RT, washed with 2mL of staining buffer, 

filtered through cell strainer capped tubes (Falcon 352235) then resuspended in 250μL of 

staining buffer with DAPI. FACS was carried out as described previously (12) and cells were 

sorted directly into T-Medium. The MoFlo XDP instrument was utilized for the analysis. 

DAPI was added for selection of viable (vs. DAPI negative) cells where DAPI positive cells 

(no antibody staining) were sorted as viable controls for sphere formation. For positive cell 

staining: EGFRhigh (top 5%), EGFRlow (bottom 5%), HER2high (top 5%), HER2low (bottom 

5%), RANK positive, and RANK negative cells were collected and seeded in triplicate at 

200 cells/200μL (96 well plates) in complete MammoCult medium (STEMCELL 

Technologies). Primary prostaspheres were grown for 10 days followed by disruption with 

trypsin and then re-seeded (200 cells/200μL of MammoCult medium) to develop secondary 

spheres after another 10 days of growth. Spheres were viewed using an Olympus 

CKX41inverted microscope.

Fluorescence in situ hybridization (FISH)

An ERBB2 BAC probe which encoded for the entire gene sequence of the ERBB2 gene 

(introns and exons) was utilized for gene copy number analysis. Labeled probe was 

generated by DNAase treatment of the ERBB2 gene and Nick translation incorporated Dig-

dUTP nucleotides into dsDNA. ERBB2 cDNA was denatured by heat treatment at 75°C to 

produce single strand DNA probe. Fixed tissues (on slides) were denatured with formamide 

at 42°C prior to hybridization with labeled probe. Fluorescent antibody to Dig-dUTP was 

employed for imaging and analysis.

In vivo tumor imaging with firefly luciferase bioluminescence

Mice received intraperitoneal injections of 2mg D-luciferin and were anesthetized. Ten 

minutes after the injection the luciferase signatures were captured using a PerkinElmer IVIS 

Spectrum with Living Image software (v4.2).
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Circulating tumor cell isolation using graphene oxide (GO) Chip

CTCs were isolated from whole blood samples taken from consented prostate cancer 

patients under IRB: HUM52405. Procedures for microfluidic chip fabrication and CTC 

isolation using the microfluidic graphene oxide (GO) Chip have been described elsewhere 

(16). Briefly, tetrabutyl ammonium hydroxide intercalated GO nanosheets grafted with 

phospholipid-polyethyleneglycol-amine were assembled on gold-patterned silicon substrates 

and enclosed in a polydimethylsiloxane (PDMS, Dow Corning Sylgard) chamber. 

Components of a functionalization chemistry could then be introduced to the assembled 

device via Harvard Apparatus syringe pump to ultimately present an antibody against the 

epithelial cellular adhesion molecule, anti-EpCAM (R&D Systems). Whole blood was 

flowed through the device to enable CTC capture, after which the device was washed and 

the cells were fixed. Cells were then permeabilized and stained on-chip with primary 

antibodies against cytokeratin 7/8 (CK, BD Biosciences CAM5.2), CD45 (Santa Cruz 

3H1363), and EGFR (Invitrogen 31G7) with the appropriate secondary antibodies 

(Invitrogen) and the nuclear stain DAPI (Invitrogen). Devices were scanned using a Nikon 

TI inverted fluorescence microscope. Nucleated CK+/CD45− entities were enumerated as 

CTCs.

Statistical analysis

Results of in vitro experiments are presented as mean ± standard deviation or mean ± 

standard error. Student t-test was used to compare continuous variables when there were two 

groups. A paired t-test was used for paired data comparisons. Mouse tumor xenografts 

experiments are presented with means and standard errors of the mean. Pairwise 

comparisons were made using ANOVA within the models at cross-sections and the 

Bonferroni multiple comparisons adjustment was used for pairwise tests. Analyses were 

completed using SAS 9.3 (SAS Institute). The mean values between prostasphere groups 

were compared in ANOVA by Turkey’s multiple comparisons using GraphPad Prism 6.0 

(GraphPad Software, Inc.). Alpha of 0.05 determined statistical significance.

Results

HER2 protein is overexpressed in organ confined prostate cancer

It is known that EGFR is overexpressed in metastatic and castration resistant prostate cancer 

(4); however the evaluation of HER2 protein at this stage of prostate cancer has not been 

investigated. Mechanisms of HER2 overexpression have historically been explained in the 

context of gene amplification, while transcriptional and post-transcriptional mechanisms 

leading to increased HER2 protein have not been critically evaluated. We utilized two 

distinct HER2 antibodies: the first, a cytosolic-specific polyclonal antibody (Dako) and the 

second, two monoclonal antibodies that recognize two cytosolic epitopes (NeoMarkers). 

Both antibodies were used to evaluate HER2 protein in FFPE sections of normal prostate, 

localized prostate cancer, and metastatic prostate cancer. We evaluated H&E stained serial 

sections (Fig. 1Ai and ii) followed by staining with the indicated HER2 antibodies (Fig. 

1Aiii–vi). A direct comparison of both antibodies revealed that the Dako antibody does not 

detect HER2 protein in normal prostate, but that the NeoMarkers antibody detects low levels 

of HER2 located at the basal-lateral junctions of luminal epithelium (Fig. 1Aiii and v). Both 
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HER2 antibodies detected elevated protein in prostate cancer tissue (Fig. 1Aiv and vi) and 

we found that EGFR was expressed in moderate levels in localized (primary) cancer (Fig. 

1Avii and viii). The cytosolic epitopes of both HER2 antibodies and their relative affinity for 

HER2 are shown schematically in Supplementary Fig. S1. The Dako polyclonal antibody 

was designed as a diagnostic reagent to detect high levels of HER2 protein in breast cancer 

specimens containing ERBB2 gene amplification. The more sensitive NeoMarkers antibody 

is able to detect HER2 protein from both amplified and non-amplified sources in paraffin 

embedded tissue. To demonstrate the range of sensitivity of the NeoMarkers antibody, we 

analyzed HER2 protein levels by Western blot analysis from lysates of the ERBB2 amplified 

breast cancer lines BT-474 and SK-BR-3 and compared these to HER2 protein levels from 

10 fold greater loadings of the non-amplified MCF7 breast cancer cells and non-amplified 

LNCaP and C4-2B prostate cancer cells (Fig. 1B). In addition, we evaluated EGFR protein 

levels from these same lysates and found that EGFR is strongly overexpressed in the 

androgen insensitive C4-2B subline compared to its parental line, LNCaP (Fig. 1B).

Assessment of HER2 in localized and metastatic prostate cancer—A 17 patient 

prostate cancer metastasis tissue microarray (TMA 85) was stained with the Dako and 

NeoMarkers HER2 antibodies (Fig. 2A and B). An intensity score (0–3) was assigned to the 

stained core by two board certified GU pathologists (RS and LK). Examination of TMA 85 

revealed that the more sensitive NeoMarkers antibody exhibited a significantly higher 

percentage of staining where 75.57% of all cores scoring 2+3+ compared to a mean staining 

of 40.99% scoring 2+3+ with the Dako antibody. NeoMarkers stained 92% of the bone cores 

with 2+3+ intensity scores. In contrast the Dako antibody stained 46% of the bone cores 

2+3+. The difference in staining intensity (Fig. 2C and D) reflects the antibody 

characteristics described in Supplementary Fig. S1. Shown in Fig. 2E (core 1: i–iv and core 

2: v–viii) are serial sections of two representative patients with bone metastasis from the 

metastasis array in order to characterize the cellular location of HER2 staining with these 

antibodies. Cellular localization of HER2 staining in the bone metastasis cores is described 

as cytoplasmic, membranous or as a combination of both (Fig. 2F). The Dako antibody 

exhibited primarily cytosolic staining in organ confined disease (Fig. 2A) and retained this 

pattern in bone metastasis (Fig. 2B and E). Interestingly, the staining for the NeoMarkers 

antibody changed from a predominantly membrane pattern in early stage disease (Fig. 2A) 

to an intense cytosolic pattern in bone metastasis (Fig. 2B and E). As in previous 

experiments, the NeoMarkers antibody appears more sensitive for the detection of HER2 in 
situ than the Dako antibody. FISH analysis was performed on TMA 85 and TMA 142, 

another prostate cancer array, to determine if ERBB2 gene amplification was present. In 

agreement with the FISH analysis of radical prostatectomy specimens reported by Minner et 

al. (8), all 35 patients’ TMAs had normal ERBB2 copy numbers, thus eliminating gene 

amplification as a mechanism of HER2 and EGFR protein overexpression (Supplementary 

Fig. S2).

Association of RANK and HER2 expression in bone metastasis and the 
requirement of HER2 for osteoblastic growth—The RANK mediated NF-κB 

signaling axis is believed to regulate HER2 expression (28) in supporting cancer stem cells 

in murine models of HER2 expressing breast cancer (29). RANK regulation of HER2 may 

Day et al. Page 7

Cancer Res. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also be important in the metastatic progression of both breast and prostate cancer (28). 

Prostate cancer cells with activated RANK-mediated signaling networks are thought to 

recruit and possibly drive prostate cancer cells to participate in bone and soft tissue 

colonization (30). To determine if a positive relationship exists between RANK and HER2 

expression, we stained serial sections of TMA 85 (metastasis array) with an anti-human 

RANK antibody and the HER2 NeoMarkers antibody. The HER2 NeoMarkers staining 

positively correlated with RANK staining (Spearman correlation = 0.767 as shown in the 

scatter plot of the stains (Fig. 3A and B)). The HER2 Dako staining also positively 

correlated with RANK staining (Spearman correlation = 0.55, graph not shown), but to a 

lesser extent than NeoMarkers. Next, to determine if HER2 protein is required for the 

osseous growth of prostate cancer cells, we knocked down ERBB2 mRNA in C4-2B cells 

using lenti-viral constructs containing ERBB2 specific shRNA sequences (shHER2) or 

scrambled HER2 sequences (scrVec). Reduction of ERBB2 was confirmed by Western blot 

analysis of shHER2 C4-2B cells compared to scrVec and parental (no transduction) control 

cells (Fig. 3C). scrVec or shHER2 C4-2B cells were injected into the tibia of male SCID 

mice and allowed to grow for 5 weeks at which time the tibiae were prepared for IHC 

analysis. The NeoMarkers antibody in scrVec and shHER2 tumors confirmed that the loss of 

HER2 expression was maintained in the knockdown xenografts in vivo (Fig. 3D). EGFR 

levels were unchanged in these tumors. However, levels of the proliferation marker, Ki-67, 

were reduced in parallel with the reduction in HER2 protein expression (Fig. 3E), indicating 

reduced cellular proliferation in these bone xenografts.

The role of EGFR and HER2 in prostasphere formation—To determine if HER2 or 

EGFR play a regulatory role in the tumor-initiating component of prostate cancer metastasis, 

we quantified HER2 and EGFR cell surface expression in C4-2B cells by flow cytometry 

(Fig. 4A). The amount of EGFR (260,000 molecules/cell) on the cell surface was 10 fold 

higher than HER2 (27,000 molecules/cell) on C4-2B cells. This difference could be 

visualized by weak cell surface immunofluorescence using a HER2 specific antibody (Fig. 

4Bi) compared to strong cell surface immunofluorescence using an EGFR specific antibody 

(Fig. 4Bii). We next examined sphere formation in cells that were selected from the top 5% 

of EGFR or HER2 surface expression in comparison with cells selected for the lowest 5% of 

EGFR or HER2 surface expression (Supplementary Fig. S3A). Only high EGFR expressing 

cells were able to produce primary spheres compared with the DAPI negative or viable 

control cells (Fig. 4C and D). In addition, the ability of C4-2B cells to form primary spheres 

was only reduced in low EGFR expressing cells. There was no independent requirement for 

HER2 expression for primary sphere formation as HER2low cells were fully capable of 

sphere formation (Fig. 4C and D). Interestingly, RANK was not required for sphere 

formation as high and low RANK expressing cells did not differ in their capacity to form 

primary and secondary spheres (Supplementary Fig. S3B and C). To confirm that high 

EGFR expression was important for the tumor-initiating potential of C4-2B cells, we 

performed secondary sphere formation assays, which validated the association of high 

EGFR protein on cell surface and the ability to form secondary spheres (Fig. 4C and D). 

Since sphere propagating cells have been associated with tumor-initiating or stem cell-like 

properties in prostate cancer cells (31–34), our findings support the idea that EGFR may 

mediate prostate cancer metastasis by supporting the tumor-initiating cells.
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EGFR is expressed on circulating tumor cells from patients with bone metastasis

Circulating tumor cells (CTCs) may share important characteristics with cancer stem cells, 

such as the capacity for dormancy and the expression of a variety of growth factor receptors, 

including HER2 and EGFR (35–38). To determine if EGFR is expressed on CTCs in 

patients with prostate cancer bone metastasis, we isolated CTCs from whole blood samples 

taken from consented prostate cancer patients using the microfluidic graphene oxide chip 

(16). An antibody against the epithelial cellular adhesion molecule (anti-EpCAM, R&D 

Systems) was used for CTC capture (protocol is depicted in Supplementary Fig. S4) and 

captured CTCs were then stained on-chip with primary antibodies against cytokeratin 7/8 

(CK), CD45, and EGFR (Fig. 5A–C). The clinical characteristics of the 10 patients are 

described in Fig. 5D. All patients exhibited metastatic disease with significant bone 

involvement. CTCs were present in all 10 patients and EGFR staining was detected on CTCs 

in 9/10 patients. A median of 35.5% of CTCs were positive for EGFR staining (Fig. 5E).

Dual inhibition of EGFR and HER2 is cytotoxic to C4-2B cells in culture and in 
intratibial xenografts—The observation that EGFR protein expression was unchanged in 

viable HER2 knockdown cells coupled with the finding that reduction of EGFR expression 

was lethal in C4-2B cells suggested a role for EGFR in the survival of prostate cancer cells. 

C4-2B cells exhibited dose dependent sensitivity to the pan ErbB tyrosine kinase inhibitor 

lapatinib over 48 hours (Fig. 6A). The efficacy of lapatinib and afatinib, a related EGFR/

HER2 tyrosine kinase inhibitor, on the C4-2B cells was associated with a reduction of both 

HER2 and EGFR protein following treatment (Fig. 6B). To further assess a dual role for 

HER2 and EGFR in survival, C4-2B luciferase-expressing xenografts were established in 

NOD/SCID mice. Thirty-four mice were randomized into 3 treatment groups and monitored 

by bioluminescence over 7 weeks. Treatment with lapatinib or a combination of cetuximab 

(anti-EGFR) and trastuzumab (anti-HER2) resulted in smaller tumors at 7.5 weeks post 

treatment (Fig. 6C and E). Significant changes in the expression of several relevant 

biomarkers were also noted in the drug treated xenografts (Fig. 6D). A reduction in HER2 

and EGFR staining reflected target-specific cytotoxicity of the C4-2B cells, while loss of 

cytokeratin 8 (CK8) and RANK revealed that these human tumor cells were completely 

depleted in the tibiae. We observed a near complete reduction of cellular proliferation in the 

shHER2 C4-2B bone xenografts as reflected by loss of Ki-67 staining (Fig. 6D and E). 

Positive staining for murine phospho-Histone H3 (pHist3) indicates that after treatment there 

are still proliferating mouse cells in the marrow. The lack of EGFR and HER2 positive cells 

suggests that ErbB targeting agents have very pronounced eficacy on prostate cancer in the 

tibia xenograft model. This is supported by the H&E stains that show the dual treated tibiae 

have noticeably less tumor cells (Supplementary Fig. S5).

Discussion

Metastatic prostate cancer is a deadly disease that initially responds to docetaxel-based 

chemotherapy and drugs that suppress androgen signaling. While these treatments may offer 

temporary relief, relapse is inevitable, and therapeutic options for treating patients who fail 

primary treatment are very limited. Thus, the search for new therapeutic strategies to treat 

advanced prostate cancer remains of paramount importance. A promising area of 
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investigation focuses on inhibiting specific growth factor signaling pathways that directly 

support the metastatic progression of prostate cancer. Alterations in growth factor receptors 

or their downstream signaling components have been implicated in all human cancers; 

however, the role of these signaling pathways in the progression of prostate cancer has not 

been fully established. Agents that target these molecules with a high degree of specificity 

have been developed and tested in preclinical models and in clinical trials for prostate cancer 

with varying degrees of success.

Previous studies of HER2 overexpression in multiple cancers have reported ranges from 0% 

to 100% in immunohistochemical studies (39–42). These conflicting sets of data are most 

likely due to the use of different immunohistochemistry assays and antibodies. Historically, 

HER2 overexpression has been determined solely by gene amplification and, because of 

this, protein levels of HER2 have not been extensively explored and characterized in prostate 

cancer progression. The histopathological findings from this study demonstrated that the 

overexpression of both HER2 and EGFR proteins are associated with prostate cancer 

progression and bone metastasis. While ERBB2 gene amplification does not appear to play a 

role in the etiology of localized prostate cancer progression (8), this had not been examined 

in metastatic prostate cancer. Hence FISH analysis was used on both TMAs showing no 

instances of ERBB2 gene amplification, although the amplification of EGFR in prostate 

cancer metastasis remains unreported. Therefore, overexpression of HER2 protein may be 

sufficient to support the osseous metastasis of human prostate cancer.

It is now believed that the RANK signaling axis may directly regulate both HER2 protein 

overexpression in breast cancer (28,29) and prostate cancer bone metastasis (30,43). In our 

previous study of metastatic breast cancer, we found that HER2 overexpression was not due 

to gene amplification but was mediated by receptor activation of RANK by RANKL (an 

abundant ligand in the bone microenvironment). This study also showed that HER2 is 

selectively expressed in the cancer stem cells (CSC) and that MCF7 cells growing in mouse 

tibiae express higher levels of HER2 than the same cells grown in other tissues (12). The 

current study demonstrates that there is a significant association between RANK and HER2 

protein overexpression in human samples of prostate cancer bone metastasis, suggesting that 

this same signaling axis may be pertinent to the metastatic progression of both breast and 

prostate cancer.

Additionally, we found that EGFR was overexpressed in prostate cancer cells and that high 

EGFR-expressing cells preferentially formed prostaspheres. The knockdown of HER2 in 

C4-2B cells did not affect the levels of EGFR expression. Our attempts to knockdown EGFR 

were lethal to prostate cancer cells which is not surprising as these lethal EGFR knockdowns 

have been observed in a number of studies (44–46). Taken together this suggests that EGFR 

may function in various aspects of prostate cancer progression including tumor maintenance 

and self-renewal. Several lines of evidence support this view, including the previous 

observations that the addition of EGF to defined media promotes stem cell maintenance (47) 

and that the activation of EGFR increases prostasphere formation (48).

Recent studies suggest that CTCs may contain a highly enriched proportion of CSCs or at 

least exhibit many of the same characteristics (49). It will be critical to establish the 
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molecular basis of the relationship between CTCs and CSCs. Of particular interest to us was 

the relationship between the role of EGFR in prostate TICs and survival of prostate CTCs. It 

is likely that diverse signaling pathways are required to maintain the cells in circulation and 

support them as they reestablish their growth at distant sites. There is an increasing body of 

evidence suggesting that EGFR and HER2 may play such a role (50,51). This is supported 

by the finding that not only is EGFR protein expressed in metastatic prostate cancer (4), but 

that it is required for sphere formation in culture. Due to the described microfluidic isolation 

technology, we were also able to demonstrate that EGFR is expressed in CTCs of men with 

metastatic prostate cancer.

The pivotal role of EGFR family members in multiple cancers has led to the development of 

targeted therapies, including therapeutic antibodies and small molecule inhibitors. Targeting 

HER2 overexpressing breast cancers with trastuzumab, the therapeutic monoclonal antibody 

against HER2, has been proven efficacious. Treatment of HER2-expressing CRPC with 

trastuzumab, had little response (clinical trial report NCT00003740). However, trials using 

cetuximab, erlotinib, and lapatinib have shown a variety of benefits in prostate cancer 

patients that express these targets (52–54) (NCT00728663, NCT00272038, NCT00103194). 

Low patient accrual, late stage of disease and formation of various EGFR family dimers 

(affecting inhibitor binding) are some of the variables that may mask the true effectiveness 

of these drugs. Although some of the ErbB-specific therapeutics used in this study 

previously failed in the clinical setting, our results warrant further consideration for 

repurposing these compounds in combination with other modalities or in the selection of 

candidates based on ErbB status.

In summary, we found that HER2 protein was elevated in CRPC bone metastasis and that 

HER2 expression in these same lesions may be dependent on the expression and activation 

of RANK. Additionally, we observed that EGFR expression in bone metastasis was 

independent of HER2 status and was critical for sphere formation in the TIC component of 

these tumors and was present on the CTCs of patients with metastatic prostate cancer. The 

importance of HER2 and EGFR in the metastatic progression of prostate cancer was 

reflected in the mouse studies where only dual inhibition of both receptors inhibited tumor 

growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HER2 and EGFR are overexpressed in advanced prostate cancer
A, Serial sections of normal prostate (i, iii, v, vii) and prostate cancer (ii, iv, vi, viii) were 

stained with H&E, Dako (Rb.pAb anti-HER2), NeoMarkers (MAb anti-HER2) and ab-15 

(MAb anti-EGFR). B, Western blot analysis of breast cancer (BT-474, SK-BR-3, MCF7) 

and prostate cancer (LNCap, C4-2B, C4-2BLuc) whole cell lysates at either 2μg (HER2 

amplified) or 20μg of cellular protein. Tubulin was used as a loading control.
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Figure 2. Evaluation of HER2 staining in a prostate cancer metastasis TMA
A, IHC staining of primary prostate cancer and B, bone metastases from serial sections of 

TMA 85 with Dako and NeoMarkers antibodies C, All of the cores (n=54) and D, bone 

cores (n=44) from TMA 85 were graphed to compare Dako stain intensity to NeoMarkers 

stain intensity in a paired analysis P < 0.001. E, Two different patients’ bone cores from 

TMA 85 stained with Dako and NeoMarkers antibodies. Inset boxes (ii, iv, vi, viii) are 

1000× magnification of 400× images (i, iii, v, vii). F, Tabulated summary of cellular 

distribution of HER2 staining on TMA 85.
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Figure 3. Characterization of HER2 knockdown in C4-2B prostate cancer intratibial xenografts
A, Tabulated results of B, Scatter plot with regression lines of TMA 85 stained for HER2 

and RANK. C, Western blot of HER2 expression in C4-2B parental, scrVec and shHER2 

cells. E-cadherin was used as a loading control. D, SCID mouse model of tibiae injections of 

shHER2 versus scrVec C4-2B cells. Representative IHC of the tibiae at 3 weeks post 

injection using; H&E, anti-HER2 (NeoMarkers), anti-EGFR, and anti-RANK. E, From these 

same mice tibiae, Ki-67 staining was assessed by counting 5×100 cells and using the 

average percent positive. * denotes P = 0.02.
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Figure 4. The impact of EGFR and HER2 levels on prostate-sphere formation
A, Flow cytometric quantification of EGFR and HER2 molecules on the surface of C4-2B 

cells under normal growth conditions. B, Fluorescent microscopy of co-stained C4-2B cells; 

i anti-HER2, ii anti-EGFR; iii EGFR and HER2 co-localization, and iv–vi are the respective 

staining backgrounds. C, C4-2B cells were sorted via flow cytometry for high or low 

expression of EGFR or HER2 (independently). The sorted cells were grown as primary and 

secondary prostate spheres and then quantified. Cells expressing low levels of EGFR were 

significantly inhibited in their capacity to form primary and secondary prostaspheres than 

Day et al. Page 19

Cancer Res. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells expressing high levels of EGFR. The results represent the mean (n=3) of one of three 

independent experiments. ** P ≤ 0.01, **** P ≤ 0.0001, ns = not significant (P > 0.05). D, 

Bright field photographs (10×) of the primary and secondary C4-2B prostaspheres as 

analyzed in C.
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Figure 5. Analysis of circulating tumor cells (CTCs) from 10 patients with metastatic prostate 
cancer
A, Cluster of white blood cells surrounding a CK+/EGFR+ CTC from patient 3. White 

blood cells stained positive for CD45. B,C, Other representative images of CK+/EGFR+ 

CTCs from patients 3 and 5 respectively. D, Clinical history of prostate cancer patients 

analyzed for circulating tumor cells. E, Number of cytokeratin (CK)+/EGFR+ and CK+/

EGFR− CTCs isolated per 1mL whole blood. Numbers above the columns indicate the total 

number of CTCs isolated from patients 1–10.
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Figure 6. Pharmacologic inhibition of HER2 and EGFR is cytotoxic to prostate cancer in vitro 
and prevents cancer growth in vivo
A, C4-2BLuc cell viability measured by Titer Blue following lapatinib treatment for 1, 24, 

and 48 hours. * denotes P < 0.05 compared with vehicle control. B, (left) Western blot of 

HER2 and EGFR expression in C4-2B cells following incubation with vehicle or 12.5μM 

lapatinib at 24 and 48 hours. (right) Western blot of C4-2BLuc cells after incubation with 

vehicle, 1μM, or 5μM Afatinib for 24 Hours. Tubulin was used as a loading control. (left) 
Densitometry was performed with ImageJ. (right) Fluorescence was measured using the 
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Odyssey CLx (LI-COR) and quantified using Image Studio v3.1.4 software (LI-COR) 

(Both) Normalized to Tubulin, values shown under respective lanes. C,D, C4-2BLuc cells 

were injected into mouse tibiae one week prior to treatments. Untreated mice (Control, 

n=10), treated with lapatinib (Lapatinib, n=10) or treated with a combination of trastuzumab 

and cetuximab (TZB+CTX, n=12) biweekly for 6 weeks. C, Bioluminescence of 

representative mice at the end of the study where i and ii are control while iii and iv received 

dual inhibitor treatments. D, Serial sections of representative tibia stained with H&E, anti-

pHist3, anti-CK8, anti-EGFR, anti-HER2, anti-RANK, and anti-Ki-67. E, Quantitation of 

viable tumor cells was performed by counting 3 fields of anti-CK 8 positive cells in areas 

that exhibited Ki-67 positivity in three animals per group. No viable human tumor cells 

could be found in the lapatinib or in the TZB+CTX groups at 7.5 weeks. * denotes P < 

0.0001.
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