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Abstract

Prostate cancer is a heterogeneous disease and thus, it is important to understand whether among 

the heterogeneous collection of cell types, androgen-deprivation insensitive cells exist prior to 

hormonal manipulation. We established several LNCaP subclones with distinct insensitivities to 

androgen deprivation from a parental LNCaP cell line. In the resulting clones, the sensitivity to 

androgen-deprivation negatively correlated with their PSA expression levels. In two of these 

clones, an androgen insensitive clone, LNCaP-cl1, and an androgen sensitive clone, LNCaP-cl5, 

the DNA copy number differed significantly, indicating that these clones contain genetically 

distinct cells. LNCaP-cl1 had higher PSA expression but lower invasiveness and tumor growth 

potential than LNCaP-cl5. The expression levels of two genes that are known to be regulated by 

miR-21, an androgen-regulated microRNA, Sprouty1 (SPRY1) and Jagged1 (JAG1) were 

significantly lower in LNCaP-cl1 than in LNCaP-cl5. Knocking down SPRY1 in LNCaP cells 

enhanced PSA expression and cell proliferation. JAG1 administration in LNCaP cells enhanced 

cell invasion and JAG1 knockdown in PC3 cells suppressed cell invasion and tumor formation. 

These results indicated that the expression differences in SPRY1 and JAG1 may contribute to the 

phenotypic differences between the LNCaP-cl1 and LNCaP-cl5 clones. In tissue samples, SPRY1 

expression levels were significantly lower in prostate cancer patients with PSA recurrence after 

surgical treatment (P = 0.0076) and JAG1 expression levels were significantly higher in Gleason 

sum (GS) 8–9 disease than in GS 5–6 (P = 0.0121). In summary a random population of LNCaP 

cells comprises a heterogeneous group of cells with different androgen-deprivation sensitivities 

and potential for invasiveness.
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A central question in cancer biology is whether treatment-resistant cells exist prior to the 

initiation of a given treatment. Androgen deprivation therapy has been the mainstay in the 

treatment of advanced metastatic prostate cancer. However, most patients ultimately relapse 

after a period of initial response to this approach and progress to castration resistant prostate 

cancer (CRPC). Unfortunately, the mechanisms contributing to castration resistant 

progression are not fully elucidated. It has been proposed that prostate cancer contains a 

heterogeneous mixture of cells that vary in their dependence on androgens for growth and 

survival and that treatment with androgen ablation therapy provides selective pressure and 

alters the relative concentration of these cells, thereby leading to the outgrowth of CRPC 

[Craft et al., 1999]. The existence of androgen-deprivation insensitive cells prior to 

hormonal manipulation may be indicative of the potential response to this therapeutic 

approach and therefore could predict patient prognosis as well as provide a better 

understanding of treatment resistance.

The LNCaP cell line is a widely used model for in vitro prostate cancer research due to its 

sensitivity to androgen-deprivation. Although acute androgen ablation results in growth 

arrest without inducing apoptosis in this cell line, long-term androgen ablation transforms a 

subpopulation to androgen-deprivation insensitive clones [van Steenbrugge et al., 1991; 

Pflug et al., 1999; Inoue et al., 2006, 2008]. It has also been reported that the low-passage 

number LNCaP cells grow slowly in an androgen-deprivation sensitive manner, whereas 

high-passage cells can grow aggressively and also become androgen-deprivation insensitive 

[Lin et al., 1998; Denmeade et al., 2003]. These results led to the hypothesis that LNCaP 

cells contain subclones with different genetic compositions and that androgen-deprivation 

insensitive cells exist prior to them being challenged with androgen deprivation. To confirm 

this hypothesis, we established LNCaP subclones using limiting dilution without specific 

selection media. Upon analyzing the individual “clones,” it was evident that their PSA 

expression levels and in vitro androgen sensitivities were different at the same passage 

numbers. Surprisingly, the LNCaP clone with higher PSA expression and in vitro androgen-

deprivation insensitivity had lower invasiveness. By comparing gene expression patterns 

between these clones, we could identify genes that could serve as biomarkers for detecting 

aggressive and potentially androgen-derivation insensitive prostate cancers. These results 

provide findings that: (1) an androgen-deprivation insensitive or invasive clone existed prior 

to any challenge; (2) this clone has a unique genetic and protein signature; and (3) the 

characterization of this signature may provide for a way to identify the existence of the 

capability of resistant to a therapy prior to its use.

MATERIALS AND METHODS

CELL LINES

LNCaP and PC3 cells were purchased from the American Type Culture Collection and 

cultured under typical conditions in RPMI 1640 (Invitrogen) supplemented with 10% fetal 
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bovine serum (FBS). LNCaP cells at their 25th passage number were used for establishing 

LNCaP clones. In a 10-cm dish 1 × 104 cells were plated and grown for 40 days in normal 

medium. Utilizing limiting dilution in which single cells were placed into individual wells, 

fifty colonies were selected, of which 22 subclones continued to grow and were established. 

For androgen-depleted conditions, cells were cultured in phenol red-free RPMI 1640 

(Invitrogen) supplemented with 10% charcoal-stripped fetal bovine serum (CSFBS) 

(Hyclone). R1881 (Perkin Elmer) was used as a synthetic androgen and Bicalutamide 

(Toronto Research Chemicals) was used as an anti-androgen. Cell numbers were counted 

and cell diameters were measured using Cellometer Auto T4 (Nexcelom Bioscience).

CELL PROLIFERATION ASSAY

In a 96-well plate, 3 × 103 cells were plated in 100 μl of medium, incubated for the indicated 

time period, after which 20 μl of CellTiter 96 Aqueous One Solution (Promega) was added. 

After an additional 2 h of incubation at 37°C, the absorbance at 490 nm of each well was 

measured. To compare the insensitivity to androgen deprivation of each LNCaP clone, five 

of these clones were grown in normal and androgen-depleted medium and their cell 

proliferation rates were examined. All experiments were performed three times in triplicate. 

Epidermal growth factor (EGF; Sigma–Aldrich), extracellular-signal-regulated kinase 

(ERK) inhibitor PD98059 (Enzo Lifescience) and JAG1 recombinant protein (1277-JG, 

R&D systems) were used in the concentrations as indicated in the Results section.

MATRIGEL INVASION ASSAY

In vitro tumor cell invasion was measured with BD Biocoat Matrigel Invasion Chambers 

(BD). The upper chambers were filled with 1 × 105 cells in serum-free medium containing 

0.1% BSA and the lower chambers were filled with normal medium containing 10% FBS. 

The numbers of cells that invaded through the matrix were counted after 48 h of incubation 

for the PC3 cells and 72 h incubation for the LNCaP cells. All experiments were performed 

in triplicate.

XENOGRAFT TUMOR FORMATION ASSAY

Five million LNCaP or PC3 cells were suspended in 200 ml of media and subcutaneously 

injected into the right flank of 6-week-old SCID mice (LNCaP) or nude mice (PC3). The 

LNCaP cells were inoculated in combination with 100 μl of Matrigel (BD). Tumor volumes 

were measured with a caliper using the formula, a × b2 × 0.52 where a is the largest diameter 

and b is the largest diameter perpendicular to a. These experiments were approved by the 

Johns Hopkins Institutional Animal Care and Use Committee.

RNA ISOLATION AND REAL-TIME PCR

Total RNA was isolated using an RNeasy Mini Kit (QIAGEN). After quantification, 1 μg 

total RNA was transcribed into first strand cDNA using iScript cDNA Synthesis Kit (Bio-

Rad Laboratories, Inc.). Quantitative real-time PCR was carried out with the CFX96 Real-

Time PCR Detection System using iQ SYBR Green Supermix (Bio-Rad Laboratories, Inc.). 

PCR primers were 5’-cacagcctgtttcatcctga-3’ (forward) and 5’-aggtccatgaccttcacagc-3’ 

(reverse) for PSA, 50-cctgctaaaggatgcctgaa-3’ (forward) and 5’-gaggtacaacccacctccaa-3’ 
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(reverse) for SPRY1, 5’-gaacccgatcaaggaaatca-3’ (forward) and 5’-

gagctcagcaagggaacaag-3’ (reverse) for JAG1, and 5’-gaatataatcccaagcggtttg-3’ (forward) 

and 5’-acttcacatcacagctcccc-3’ (reverse) for TATA-binding protein (TBP). For the 

microRNA analysis, total RNA was isolated using a miRNeasy Mini Kit (QIAGEN). 

TaqMan MicroRNA assay systems (Applied Biosystems) were used for measuring miR-21 

(000397) and RUN24 (001001) expression levels. Analysis and fold differences were 

determined using the comparative threshold method. All experiments were performed in 

triplicate.

DNA COPY NUMBER VARIATION AND DNA MICROARRAY ANALYSIS

For DNA copy number variation analysis, total DNA was isolated from LNCaP-cl1 and -cl5 

using DNeasy Blood and Tissue Kit (QIAGEN). DNA copy number was compared using 

the Human SNP array 6.0 (Affymetrix). For DNA microarray analysis, total RNA was 

isolated from LNCaP-cl1 and -cl5 and gene expression differences were analyzed using the 

Human Genome U133 Plus2.0 (Affymetrix) array. These data were analyzed using 

Genotyping Console v3.0 and Affymetrix Expression Console v1.0, respectiely.

WESTERN BLOT ANALYSIS

Cells were lysed with RIPA buffer (Thermo Scientific) with 1 mM PMSF (Sigma), 1 mM 

DTT (Sigma), and Halt Protease Inhibitor Cocktail (Thermo Scientific). Protein (30 μg) was 

electrophoresed on Mini-PROTEAN TGX precast gels (Bio-Rad) and blotted with 

antibodies for AR (1:500, rabbit polyclonal, N-20, Santa Cruz), PSA (1:500, goat 

polyclonal, C-19, Santa Cruz), SPRY1 (1:500, mouse monoclonal, RR-15, Santa Cruz), 

JAG1 (1;500, rabbit polyclonal, H-144, Santa Cruz), N-cadherin (1:1,000, rabbit polyclonal, 

#4061, Cell Signaling), and β-actin (1:5,000, mouse monoclonal, clone AC15, Sigma).

RNA INTERFERENCE

Cells were plated at 2–3 × 105 per well in six well plates and transfected after incubation for 

24 h. ON-TARGET plus SMART pool siRNA for SPRY1 (J27339) JAG1 (J011060) and 

negative control siRNA (D1810), miRIDIAN Mimic hsa-miR-21 (C300492) and miRIDIAN 

Mimic negative control (CN1000), lentiviral shRNA vector pGIPZ-shJAG1 

(V2LHS-255871) were all purchased from Thermo Scientific. Cells were transiently 

transfected with each siRNA (50 nM) or miRNA (50 nM) using DharmaFECT (Thermo 

Scientific) and stably transfected with scrambled shRNA (pGIPZ-shCtr) and pGIPZ-shJAG1 

using Trans-Lentiviral Packaging Kit (Thermo Scientific) according to the manufacturer's 

protocol. Stably transfected cells were grown in 1 μg/ml puromycin (Invitrogen).

DUAL-LUCIFERASE REPORTER ASSAYS

Cells were plated at 1.5 × 105 per well in 24-well plates and were transiently co-transfected 

with 250 ng of pGL3-PSAP [Hu et al., 2009] and 5 ng of pTK-RL using Lipofectamine LTX 

reagent (Invitrogen). After 48 h of incubation in media containing FBS, the luciferase 

activity of the cell lysate was measured using the Dual-Luciferase Reporter Assay System 

(Promega) with a microplate reader (BMG Labtech) in triplicate.
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CLINICAL SAMPLES

Prostate tissue specimens from 70 clinically localized prostate cancers (27 without 

recurrence and 43 with recurrence) used in this study were collected and frozen at the time 

of radical prostatectomy at the Johns Hopkins Hospital from 1993 to 2007 [Shiraishi et al., 

2011]. Samples with large volume tumors were selected for obtaining high quality and high 

quantity RNA. Tissue-Tek (Sakura Finetek) embedded frozen tissue blocks were manually 

trimmed to enrich the content of target tissue lesions prior to sectioning and RNA extraction. 

For tumor samples, tumor cells comprised more than 70% of the tissue content (calculated 

by averaging the % tumor content in the first and last sections) in all cases. PSA recurrence 

is defined as a PSA increase of greater than 0.2 ng/ml after radical prostatectomy. The use of 

de-identified surgical specimens for molecular analysis was approved by the Johns Hopkins 

Medicine Institutional Review Boards.

STATISTICAL ANALYSIS

Differences between each group are compared by paired t-test. Differences in xenograft 

tumor volumes were compared by ANOVA. Statistical tests were two-sided and P values 

<0.05 were considered to be statistically significant.

RESULTS

ANDROGEN-INSENSITIVE CLONES EXIST WITHIN A POPULATION OF LNCaP CELLS 
PRIOR TO SELECTION

LNCaP clones were established by limiting dilution as described in the Materials and 

Methods section. The morphologies of these clones were not significantly different from 

each other. The expression levels of AR and PSA in the parental LNCaP (LNCaP-P) and 

randomly selected LNCaP clones (LNCaP-cl1, -cl5, -cl9, -cl13, and -cl17) grown in normal 

medium containing FBS were compared by Western blotting. AR/β-actin ratios were 1.8, 

2.7, 2.4, 2.3, 2.7, 3.0, and PSA/β-actin ratios were 1.6, 2.4, 1.5, 2.7, 1.4, and 2.8 in LNCaPP, 

cl1, -cl5, -cl9, -cl13, and -cl17, respectively. Among the LNCaP clones, PSA expression 

levels were higher in LNCaP-cl1, -cl9, and -cl17, and lower in LNCaP-cl5 and -cl13 without 

significant differences in AR expression levels (Fig. 1A). The androgen sensitivities were 

compared between these clones by growing them in normal and androgen depleted medium. 

Cell proliferation rates in normal medium were not different among the clones. However, 

androgen deprivation significantly suppressed cell proliferation of LNCaP-P, -cl5, and -cl13 

but not that of LNCaP-cl1, -cl9, and -cl17 (Fig. 1B). These results indicated that among the 

LNCaP clones established, the sensitivity to androgens were different and negatively 

correlated with PSA expression.

THE LNCaP CLONE WITH HIGHER AR ACTIVITY AND HIGHER ANDROGEN-INSENSITIVITY 
IS LESS INVASIVE AND HAS LOWER IN VIVO TUMOR GROWTH POTENTIAL

AR expression levels in both clones LNCaP-cl1 and -cl5 were similar while PSA expression 

levels were higher in LNCaP-cl1 than in LNCaP-cl5. As PSA is an androgen regulated gene, 

this suggested that the AR activity was different between these clones, causing the 

differences in their androgen insensitivity. To test this possibility, AR function was 
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evaluated by dual-luciferase reporter assay. AR activity appeared to be higher in LNCaP-cl1 

than in LNCaP-cl5, although the difference was not statistically significant (Supplement Fig. 

S1A). In contrast, PSA expression levels were significantly higher in LNCaP-cl1 than in 

LNCaP-cl5 even after androgen deprivation (Fig. 1C). Moreover, the cell proliferation of 

LNCaP-cl1 without androgen was partially and completely suppressed by the administration 

of 5 and 10 mM of bicalutamide, respectively (Fig. 1C). These results indicate that the 

androgen-insensitivity of LNCaP-cl1 is associated with its higher AR activity. Next, to 

compare the aggressiveness of LNCaP-cl1 and -cl5, Matrigel invasion assays and in vivo 

tumor formation assays were performed. Surprisingly, the numbers of cells that invaded as 

well as the in vivo tumor growth rate were significantly higher in LNCaP-cl5 than in 

LNCaP-cl1 (Fig. 1D). Taken together, LNCaP-cl1 had higher AR activity and androgen 

insensitivity but lower invasiveness and in vivo tumor growth potential.

ANDROGEN-SENSITIVE AND -INSENSITIVE CLONES EXHIBIT DNA COPY NUMBER 
VARIATIONS

Since LNCaP clones with different androgen sensitivities and aggressiveness were identified 

from a population of LNCaP cells, it is possible that the observed differences were caused 

by genetic differences. To answer the question whether these clones are genetically distinct, 

DNA copy number variation was analyzed in the LNCaP-cl1 and -cl5. Indeed, several 

differences were observed that included gene copy numbers 2.15 ± 0.04 in LNCaP-cl1 and 

1.87 ± 0.04 in LNCaP-cl5 at 1q region (P < 0.0001), 1.91 ± 0.09 in LNCaP-cl1 and 2.10 ± 

0.12 in LNCaP-cl5 at 15q region (P < 0.0001), and also at 1p, 6q, 9p, and 12q (Fig. 2). To 

discern the effects of copy number variation on gene expression in these clones, DNA 

microarray analysis was performed. Some genes highly expressed in LNCaP-cl1 were 

located in the 1q region (RGS2, NBPF10, or FAM5C) and some genes that were highly 

expressed in LNCaP-cl5 were located in the 15q region (C15orf21, ADAMTSL3, CYP11A1, 

SH3GL3, or SH3GL3), indicating that gene expression differences at least, to some extent, 

were associated with gene copy number variants (Supplement Table S1). In this microarray 

data, the cl1/cl5 ratio of AR expression was 1.10 and PSA expression was 2.13 consistent 

with the observed AR and PSA protein expression differences.

CELL SIZE AND THE EXPRESSION LEVELS OF SPRY1 AND JAG1 WERE SIGNIFICANTLY 
DIFFERENT BETWEEN ANDROGEN-SENSITIVE AND -INSENSITIVE CLONES

Among the LNCaP clones, cellular morphology was not apparently different when 

examined by light microscopy (Fig. 3A). However, after detaching the cells with trypsin, the 

cell diameters of LNCaP-P, -cl1, and -cl5 were 18.4 3.4, 21.4 5.0, and 18.0 ± 5.4 μm, 

respectively. Those of LNCaP-cl1 were significantly larger than those of LNCaP-cl5 (P < 

0.0001). To gain additional insight, we examined the gene expression profiles using DNA 

microarrays and focused on two genes, SPRY1 (cl5/cl1 ratio = 5.67) and JAG1 (cl5/cl1 ratio 

= 5.27) that were significantly down-regulated in LNCaP-cl1 compared to LNCaP-cl5. 

SPRY1 and JAG1 mRNA and protein expression levels in parental LNCaP-P, -cl1, and -cl5 

were validated by real-time PCR (Fig. 3B) and Western blotting (Fig. 3C), respectively. 

SPRY1 expression was moderate in LNCaP-P, low in LNCaP-cl1 and high in LNCaP-cl5.
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miR-21, AN ANDROGEN-REGULATED microRNA, IS HIGHLY EXPRESSED IN THE 
ANDROGEN INSENSITIVE CLONE AND NEGATIVELY REGULATES SPRY1 AND JAG1 
EXPRESSION

It has previously been reported that in prostate cancer, SPRY1 is regulated by miR-21 

[Darimipourain et al., 2011] a microRNA that is regulated by androgens and associated with 

prostate cancer or disease progression [Ribas et al., 2009]. Using Target Scan (http://

www.targetscan.org/), miR-21binding sites in the 3’UTR were found in SPRY1 and in 

JAG1 (Supplement Fig. S1B). The expression levels of miR-21 relative to the internal 

control microRNA RNU24 were significantly higher in LNCaP-cl1 than in LNCaP-cl5 (Fig. 

4A). Furthermore, miR-21 expression levels were enhanced by treating the cells with 1–10 

nM R1881 while the expression levels of SPRY1 and JAG1 were suppressed (Fig. 4B). 

Transfection of miR-21 into LNCaP cells significantly suppressed the expression levels of 

SPRY1 and JAG1 (Fig. 4C). Taken together, these results indicated that miR-21 negatively 

regulates SPRY1 and JAG1 which might explain the inverse correlation between AR 

activation and expression levels of SPRY1 and JAG1 in LNCaP-cl1 and -cl5.

SPRY1 NEGATIVELY REGULATES AR ACTIVATION AND EGF-INDUCED ANDROGEN-
INSENSITIVE CELL PROLIFERATION POTENTIATED BY THE ERK PATHWAY

To examine the functions of SPRY1 in LNCaP cells, its expression was knocked down using 

an siRNA. SPRY1 protein expression levels were significantly reduced by knocking down 

SPRY1 (Fig. 5A). However, AR activity, evaluated by a luciferase reporter assay, was 

significantly up-regulated by knocking down SPRY1 (Fig. 5B). Moreover, SPRY1 silencing 

resulted in enhanced PSA expression and cell proliferation in normal medium (Fig. 5C). 

Although PSA expression in androgen-depleted medium was slightly enhanced by the 

knocking down of SPRY1, cell proliferation was not changed. SPRY1 is a known negative 

regulator of receptor tyrosine kinase (RTK)-induced ERK signal [Hanafusa et al., 2002]. 

The EGF receptor is an RTK and EGF expression levels are higher in LNCaP-cl1 than in 

LNCaP-cl5 (cl1/cl5 ratio = 2.82; Supplement Table S1). Therefore, we examined the 

changes in PSA expression and cell proliferation as a result of SPRY1 knockdown by 

stimulating cells with EGF in androgen-depleted medium. PSA expression was significantly 

enhanced by SPRY1 knockdown under the stimulation of EGF. Cell proliferation was also 

enhanced by EGF stimulation and more significantly by SPRY1 knockdown (Fig. 5C). To 

confirm the association between SPRY1 and the ERK pathway, we used an ERK inhibitor, 

PD98059. As expected, inhibiting ERK signaling significantly suppressed the up-regulation 

of PSA as well as the cell proliferation induced by SPRY1 knockdown in a dose dependent 

manner (Fig. 5D). ERK phosphorylation was higher in LNCaP-cl1 than in LNCaP-cl5, 

which was induced by the SPRY1 knockdown and EGF stimulation in LNCaP cells 

(Supplement Fig. S2A). Taken together, these data strongly indicated that SPRY1 negatively 

regulates AR activation and EGF-induced PSA expression and cell proliferation of LNCaP 

cells.
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JAG1 IS ASSOCIATED WITH PROSTATE CANCER CELL INVASION AND IN VIVO 
PROLIFERATION

JAG1 is one of several Notch receptor ligands that appears to play an important role in 

cancer cell invasion [Ranganathan et al., 2011]. In LNCaP cells, knocking down JAG1 

expression significantly suppressed cell proliferation (Fig. 6A), while administration of 

JAG1 recombinant protein significantly enhanced cell proliferation in a dose dependent 

manner (Fig. 6B). Moreover, in Matrigel invasion assays, JAG1 recombinant protein 

administration also enhanced cell invasion significantly (Fig. 6B). These results indicated 

that JAG1 is positively associated with proliferation and invasion of LNCaP cells. JAG1 is 

also highly expressed in the more invasive PC3 cells. Thus, to further examine the 

association of JAG1 with cell invasion and in vivo tumor growth potential, we performed 

stable knockdown of JAG1 using a JAG1-specific shRNA. Knocking down JAG1 in PC3 

cells significantly suppressed cell invasion (Fig. 6D) without affecting cell proliferation 

(data not shown). Moreover, in vivo tumor growth of PC3-shJAG1 was significantly lower 

than that observed with PC3 treated with a scrambled shRNA (PC3-shCtr; Fig. 6D). N-

cadherin is reported to be associated with prostate cancer invasion or metastasis [Amano et 

al., 2010]. The N-cadherin expression levels in LNCaP-cl5 were higher than in LNCaP-cl1, 

correlating with the JAG1 expression levels. When the JAG1 was knocked down in PC3 

cells, the expression levels of N-cadherin were significantly down-regulated (Supplement 

Fig. S2B). These results indicated that JAG1 regulates N-cadherin and is positively 

associated with cell invasion and in vivo tumor growth of PC3 cells. Therefore, JAG1 might 

be associated with the higher invasive and in vivo tumor growth potential of LNCaP-cl5.

SPRY1 AND JAG1 mRNA EXPRESSION IN HUMAN PROSTATE CANCERS

In order to establish the clinical relevance of the observed results, we next examined SPRY1 

and JAG1 mRNA expression in clinical prostate cancer specimens. Of the 70 samples that 

were accumulated with follow-up information for up to 14 years, 43 patients had PSA 

recurrence and 27 patients did not. The median duration from surgery to PSA recurrence 

was 2 (1–8) years. The median follow-up duration in patients without PSA recurrence was 6 

(1–14) years. The numbers in each Gleason sum (GS) group were 27, 31, and 12 in GS5–6, 

7, and 8–9, respectively. In patients without and with PSA recurrence, the mean ages were 

54.8 ± 6.9 and 59.4 ± 6.9 years (P = 0.004), the mean pre-operative serum PSA levels were 

8.1 ± 7.1 and 12.8 ± 8.9 ng/ml (P = 0.011) and the mean GSs were 6.5 ± 0.9 and 7.1 ± 0.9 

(P = 0.007), respectively. SPRY1 mRNA expression was significantly higher in the prostate 

cancer tissues of patients without a PSA recurrence than patients that had a PSA recurrence 

of their disease (P = 0.0076) (Fig. 7A) and the JAG1 mRNA expression was significantly 

higher in the GS8–9 tumors than in the GS5–6 tumors (P = 0.0121) (Fig. 7B). Interestingly, 

PSA mRNA levels were significantly lower in GS8–9 than in GS5–6 (P = 0.0015) (Fig. 7C), 

suggesting that SPRY1 and JAG1 mRNA expression levels in prostate cancer may be 

potential tissue biomarkers to differentiate aggressive prostate cancer.

DISCUSSION

Most prostate cancer lesions are multifocal and cancer cells of high and low Gleason grade 

co-exist together within a prostate [Arora et al., 2004]. It has been reported that these 
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multiple and independent histologic foci of cancer are genetically distinct [Macintosh et al., 

1998; Mehra et al., 2007]. Although it is now widely accepted that CRPC is a 

phenotypically heterogeneous group of diseases [Shah et al., 2004], molecular analyses 

showed that multiple metastases in the same patient were clonally related, indicated that 

CRPC is genetically monoclonal [Mehra et al., 2008; Liu et al., 2009]. These findings 

suggest that CRPC arise from the selective advantage of individual clones during cancer 

progression. However, this process of clonal evolution may also represent the consequence 

of androgen deprivation, which may differentially target cells of varying levels of 

insensitivity to androgen deprivation or malignant potential [Shen and Abate-Shen, 2010].

LNCaP cells were originally established from a lymph node metastasis from a prostate 

cancer patient receiving androgen deprivation therapy. Although the tumors were derived 

from CRPC tissues, LNCaP cells harbor insensitivity to androgen deprivation which may 

reflected the well characterized androgen receptor mutation that exists within the line. These 

studies do suggest though that androgen sensitive and insensitive cells co-exist in LNCaP 

cell line [Horoszewicz et al., 1983]. Various kinds of androgen-insensitive LNCaP 

subclones have been established by long-term androgen deprivation [van Steenbrugge et al., 

1991; Pflug et al., 1999; Inoue et al., 2006, 2008]. However, to the best of our knowledge, 

there are no reports showing that these androgen insensitive cells pre-existed before the 

hormone deprivation. In the present study, the LNCaP clones were established without 

androgen deprivation. These clones have different levels of AR and PSA, and differ in their 

insensitivity to androgen deprivation. Moreover, the DNA copy numbers in some regions 

were different between these LNCaP clones. These results would suggest that these LNCaP 

clones contained genetically different types of cells and the prevalence of these cells could 

account for the differences in their phenotypes and gene expression patterns. However, a 

majority of the genes differentially expressed between these clones are on the regions where 

no DNA copy number differences were identified. These genes are suggested to be regulated 

by other means such as translational, post-translational, or epigenetic changes. These studies 

were performed in media containing either intact and charcoal stripped FBS. While the 

purpose of the study was to utilize the charcoal stripping of the FBS as a means to remove 

androgens from the media, the process of charcoal stripping does remove other hormones 

and growth factors. The elimination of these other entities is a limitation to the studies 

outlined.

SPRY was originally identified in Dtosophila as a negative regulator of fibroblast growth 

factor (FGF) signaling during tracheal development [Hacohen et al., 1998]. Subsequent 

studies have shown SPRY to be a general inhibitor of growth factor-induced RTK signaling 

pathways involved in Dtosophila development and organogenesis [Casci et al., 1999; Reich 

et al., 1999]. While Dtosophila has only one SPRY gene, at least four SPRY homologues 

(SPRY1–4) are found in humans [de Maximy et al., 1999]. SPRY also inhibits growth 

factor-induced cell response by inhibiting the RTK-dependent Ras/mitogen-activated protein 

(MAP) kinase signaling pathway [Hanafusa et al., 2002]. In this study, we found that 

SPRY1 negatively regulates AR activation. To the best of our knowledge, this is the first 

report demonstrating an association between SPRY1 and AR activation. It was previously 

reported that activation of RTK and MAP kinase are associated with castration-resistant 
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progression of prostate cancer via AR activation without androgens [Feldman and Feldman, 

2001]. ERK phosphorylation was up-regulated by EGF stimulation and SPRY1 knockdown. 

ERK inhibition suppressed cell proliferation and PSA up-regulation induced by SPRY1 

knockdown. These results indicated that negative regulation of EGF/ERK pathway was one 

of the mechanisms for SPRY1 to inactivate AR function and suppress cell proliferation. 

However, to elucidate the association between AR and ERK signaling needs further studies.

Notch signaling is involved in a variety of cellular processes, such as cell fate specification, 

differentiation, proliferation, and survival. It has been reported that the Notch signaling 

network is frequently de-regulated in various kinds of human malignancies [Ranganathan et 

al., 2011]. Four Notch receptors (NOTCH1–4) and five ligands (JAG-1, -2, DLL-1, -3, -4) 

have been described and binding of ligand induces cleavage of the receptor, and its 

intracellular domain translocates into the nucleus and mediates the transcription of target 

genes [Wang et al., 2008]. JAG1 has been reported to positively regulate prostate cancer cell 

growth, migration, and invasion [Zhang et al., 2006; Wang et al., 2010]. Recent studies have 

suggested that Notch can drive cancer progression through the repression of E-cadherin 

[Chen et al., 2010]. N-cadherin has been shown to be important for prostate cancer 

progression [Tanaka et al., 2010] and the E- to N-cadherin switch in primary tumors 

predictive of recurrence and prostate cancer-related death [Gravdal et al., 2007]. In our 

study, knocking down JAG1 in PC3 cells down-regulated N-cadherin, and suppressed cell 

invasion. These results indicated that N-cadherin up-regulation may be one of the 

mechanisms by which JAG1 enhances cell invasion. Further studies are needed for 

elucidating the association between JAG1 and N-cadherin.

The expression levels of two genes SPRY1 and JAG1 were higher in LNCaP-cl5 than in 

LNCaP-cl1 and miR-21 regulates both of these genes. mRNA and protein expression levels 

of these genes were down-regulated by the transfection of miR-21 (Fig. 4C). These results 

along with identification of candidate miR-21 binding sites in the 3’UTR of the SPRY1 and 

JAG1 mRNAs indicate that miR-21 regulation of SPRY1 and JAG1 may be mediated 

directly by miR-21 binding to sequences in their 3’UTRs. Androgen regulated miR-21 and 

both AR activity and miR-21 expression were higher in LNCaP-cl1 than in LNCaP-cl5. 

Thereafter, the expression levels of SPRY1 and JAG1 were lower in LNCaP-cl1 than in 

LNCaP-cl5 (Supplement Fig. S3). There were no significant differences between the 

proliferation rates of LNCaP-cl1 and -cl5 in normal medium. In LNCaP cells SPRY1 

negatively and JAG1 positively regulated cell proliferation. Interestingly, ERK 

phosphorylation levels were regulated by SPRY1 and were higher in LNCaP-cl1 than in 

LNCaP-cl5. AR activity was negatively regulated by SPRY1 and higher in LNCaP-cl1 than 

in LNCaP-cl5 (Supplement Fig. S1A). N-cadherin expression levels were regulated by 

JAG1 and higher in LNCaP-cl5 than in LNCaP-cl1 (Supplement Fig. S2B). It is suggested 

that SPRY1 and JAG1 compensate each other and therefore do not impact cell proliferation. 

However, SPRY1 negatively regulates PSA expression and JAG1 positively regulates cell 

invasion. This may explain the differences in their insensitivity to androgen deprivation and 

invasiveness (Supplement Fig. S3).

The phenomenon of epithelial to mesenchymal transition (EMT) occurs when epithelial cells 

undergo several morphological changes and assume a mesenchymal phenotype that includes 
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decreased adhesion, increased production of extracellular matrix components, increased 

migration, increased resistance to apoptosis and invasiveness. EMT is a prerequisite for the 

tumor cells to cross the basement membrane, enter into circulation and result in distant 

metastases [Thiery, 2003]. PSA is specifically expressed in prostate epithelium and would 

be typically down-regulated during an EMT transition [Pretlow et al., 1991; Magklara et al., 

2000]. Notch signaling appears to play an important role in regulating EMT [Ranganathan et 

al., 2011]. In the genes differentially expressed between LNCaP-cl1 and -cl5, it was reported 

that UGT2B17 (cl1/cl5 ratio = 3.11) was associated with androgen synthesis [Nadeau et al., 

2011] and TWIST1 (cl5/cl1 ratio = 2.59) was an important gene regulating EMT [Mani et 

al., 2008]. These genes might contribute to their phenotypic differences as well. Taken 

together, LNCaP-cl1 and -cl5 have “epithelial” and “mesenchymal” phenotypes, 

respectively. Our study using LNCaP clones indicate that the prevalence of cells harboring 

these different phenotypes might be associated with androgen-dependence or invasiveness 

of prostate cancer.

It was previously reported that SPRY1 is down-regulated in a subset of prostate cancer 

tissues when compared with normal prostate tissues [Kwabi-Addo et al., 2004]. In addition, 

down-regulation of SPRY1 was associated with biochemical recurrence following radical 

prostatectomy [Fritzsche et al., 2006]. JAG1 expression was reported to be higher in high 

grade and metastatic prostate cancer tissues [Santagata et al., 2004]. In our study, SPRY1 

mRNA expression levels in prostate cancer tissues were negatively correlated with PSA 

recurrence. However, JAG1 mRNA expression levels did not correlate with PSA recurrence 

(data not shown). On the other hand, JAG1 mRNA expression levels were higher in high GS 

disease. Interestingly, PSA mRNA expression levels were lower in high GS disease, 

inversely correlating with the expression pattern of JAG1. In every patient, the expression 

levels of SPRY1, JAG1, and PSA mRNA did not correlate with one another by Pearson's 

correlation coefficient analysis (data not shown), suggesting that in addition to miR-21, 

other factors may regulate SPRY1 and JAG1 in the clinical setting.

There are two models suggested for the castration-resistant progression of prostate cancer. 

The “adaptation” model proposes that CRPC arises through genetic or epigenetic conversion 

of previously androgen-dependent cells during conditions of androgen deprivation, while the 

“clonal selection” model suggests that emergence of castration-resistance reflects the 

proliferation of a previously quiescent population ofrare CRPC cells within an otherwise 

androgen-dependent tumor [Isaacs and Coffey, 1981]. Studies of the limiting dilution and 

fluctuation analyses of an androgen-dependent xenograft [Craft et al., 1999] or the onset of 

castration-resistance in TRAMP mice [Gingrich et al., 1997] provide evidence to support the 

“clonal selection” model. In addition, analysis of localized prostate cancer tumors suggests 

that rare AR mutations can be detected prior to androgen deprivation therapy [Gaddipati et 

al., 1994; Tilley et al., 1996]. Furthermore, the finding CRPC cells such as CARNs 

(castration-resistant Nkx3.1-expressing cells) represent a cell of origin for prostate cancer in 

which the rare CRPC population might also correspond to putative cancer stem cells [Wang 

et al., 2009]. In these reports, increased AR activity prior to androgen deprivation may be 

selected during prostate cancer progression. Our study demonstrates that LNCaP cells are 

collections of cells with distinct AR activities which are correlated with their androgen 
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insensitivity and consistent with this theory. Surprisingly however, LNCaP cells with low 

AR activity had a higher level of invasiveness. CRPC cells with high AR activity could be 

treated by new drugs to block androgen receptor activity (MDV3100) or steroidal synthesis 

(abiraterone, GTx-758, or TAK-700) [Attard et al., 2009; Lassi and Dawson, 2009]. It has 

been reported that androgen deprivation therapy enhanced expression levels of some EMT 

markers in androgen-dependent prostate cancer cells [Tanaka et al., 2010; Sun et al., 2011]. 

Our results indicate that androgen-sensitive but aggressive prostate cancer cells with higher 

EMT markers exist prior to hormonal manipulation. Taken together, these findings provided 

a rationale for the usefulness of EMT marker to predict the prognosis of prostate cancer as 

well as the potential of EMT blockade therapy for the treatment of CRPC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Establishment and characterization of LNCaP clones. A: AR and PSA expression levels in 

parental LNCaP (P) and LNCaP clones (cl1, cl5, cl9, cl13, and cl17) grown in normal 

medium containing FBS by immunoblotting. Expression ratios of AR/β-actin and PSA/β-

actin calculated by ImageJ 1.47t software (http://imagej.nih.goc/ij) are shown. B: Cell 

proliferation ratios of parental LNCaP and LNCaP clones in normal (FBS) and androgen-

depleted medium (CSFBS) on days 3 and 6 relative to day 0 by MTS assays. C: PSA mRNA 

expression levels relative to TBP of LNCaP-cl1 and -cl5 in FBS and CSFBS (left). Cell 

proliferation of LNCaP-cl1 and -cl5 in CSFBS under androgen receptor antagonism by 0, 5, 

and 10 μM bicalutamide (BCL) (right). D: Invaded cell numbers of LNCaP-cl1 and -cl5 in 

Matrigel invasion assays after 72 h incubation (left) and sequential changes in tumor 

volumes of LNCaP-cl1 and -cl5 in xenograft in vivo tumor formation assays at indicated 

days after transplantation (n = 5 each) (right). (*P < 0.05, **P < 0.005).
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Fig. 2. 
DNA copy number variants between LNCaP-cl1 and -cl5. Blue (cl1) and red (cl5) squares 

show the copy number differences at each SNP marker on all the chromosomes in human 

SNP array 6.0. Arrows show 1p (cl1>cl5) and 15q (cl1<cl5) lesions.
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Fig. 3. 
Cell shapes and expression levels of SPRY1 and JAG1 in LNCaP-P, -cl1, and -cl5. A: The 

cell shapes of LNCaP-P, -cl1, and -cl5 (bars: 50 μm), B: SPRY1 and JAG1 mRNA 

expression levels relative to TBP by real-time PCR. C: SPRY1 and JAG1 protein expression 

levels by Western blotting.
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Fig. 4. 
Regulation of SPRY1 and JAG1 by miR-21. A: miR-21 expression levels relative to RNU24 

in LNCaP-cl1 and -cl5 by real-time PCR. B: miR-21, SPRY1, and JAG1 mRNA expression 

changes under the stimulation with 0, 0.1, 1, and 10 nM of synthetic androgen (R1881). C: 

SPRY1 and JAG1 mRNA (upper) and SPRY1 and JAG1 protein (lower) expression levels of 

LNCaP cells transfected with a negative control microRNA (miR-Ctr) and hsa-miR-21 

(miR-21). (*P < 0.05, **P < 0.005).
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Fig. 5. 
SPRY1 suppresses the EGF/ERK/AR pathway. A: SPRY1 protein expression levels by 

Western blotting in LNCaP cells transfected with a negative control (siCtr) and SPRY1 

targeting (siSPRY1) siRNA. B: AR activation of LNCaP-siCtr and -siSPRY1 evaluated by 

dual luciferase reporter assay using pGL3-luc containing PSA promoter (PSAp) and pTK-

RL (TK). C: PSA mRNA expression levels relative to TBP (upper) and cell proliferation in 

MTS assays (lower) of LNCaP-siCtr and -siSPRY1 cells in normal medium (FBS), 

androgen-depleted medium without EGF (CSFBS), and androgen-depleted medium with 2 

ng/ml EGF (CSFBS + EGF). D: PSA mRNA expression levels relative to TBP (upper) and 

cell proliferation in MTS assays (lower) of LNCaP-siCtr and -siSPRY1 cells in normal 

medium with 0, 5, and 10 μM of ERK inhibitor PD98059 (PD). Cells were incubated for 72 

h. (*P < 0.05, **P < 0.005). E: AR regulates miR-21. miR-21 negatively regulate SPRY1. 

SPRY1 negatively regulate the EGF/ERK/AR pathway.
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Fig. 6. 
JAG1 enhances cell invasiveness. A: JAG1 protein expression levels of LNCaP cells 

transfected with negative control (siCtr) and JAG1 targeting (siJAG1) siRNAs by Western 

blotting (left). Their cell proliferation in MTS assays after 72 h incubation (right). B: Cell 

proliferation of LNCaP cells under the administration of 0, 5, and 10 μg/ml JAG1 

recombinant protein (left). Numbers of invaded LNCaP cells without or with 10 μg/ml JAG1 

recombinant protein in Matrigel invasion assays after 72 h incubation (right). C: JAG1 

protein expression levels of PC3 cells transfected with pGIPZ Non-silencing control (shCtr) 

and pGIPZ-shJAG1 (shJAG1) by Western blotting (left). Numbers of invaded PC3-shCtr 

and -shJAG1 cells in Matrigel invasion assays after 48 h incubation (right). D: Sequential 

changes in tumor volumes of PC3-shCtr and -shJAG1 xenograft tumor at indicated days 

after transplantation (n = 5 each). (*P < 0.05, **P < 0.005).
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Fig. 7. 
SPRY1 and JAG1 mRNA expression levels in PC tissues. A: SPRY1 mRNA expression 

levels by real time PCR in prostate cancer tissues of patients without (–) and with (+) PSA 

recurrence. B:JAG1 mRNA expression levels by real time PCR in prostate cancer tissues 

with Gleason sum score (GS) 5–6, 7, and 8–9 diseases. C:JAG1 mRNA expression levels by 

real time PCR in PC tissues with Gleason sum score (GS) 5–6, 7, and 8–9 diseases. (*P < 

0.05, **P < 0.005).
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