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Abstract

BACKGROUND.—Treatment of prostate cancer (PCa) may be improved by identifying 

biological mechanisms of tumor growth that directly impact clinical disease progression. We 

investigated whether genes associated with a highly tumorigenic, drug resistant, progenitor 

phenotype impact PCa biology and recurrence.

METHODS.—Radical prostatectomy (RP) specimens (±disease recurrence, N = 276) were 

analyzed by qRT-PCR to quantify expression of genes associated with self-renewal, drug 

resistance, and tumorigenicity in prior studies. Associations between gene expression and PCa 
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recurrence were confirmed by bootstrap internal validation and by external validation in 

independent cohorts (total N = 675) and in silico. siRNA knockdown and lentiviral overexpression 

were used to determine the effect of gene expression on PCa invasion, proliferation, and tumor 

growth.

RESULTS.—Four candidate genes were differentially expressed in PCa recurrence. Of these, low 

AXIN2 expression was internally validated in the discovery cohort. Validation in external cohorts 

and in silico demonstrated that low AXIN2 was independently associated with more aggressive 

PCa, biochemical recurrence, and metastasis-free survival after RP. Functionally, siRNA-mediated 

depletion of AXIN2 significantly increased invasiveness, proliferation, and tumor growth. 

Conversely, ectopic overexpression of AXIN2 significantly reduced invasiveness, proliferation, 

and tumor growth.

CONCLUSIONS.—Low AXIN2 expression was associated with PCa recurrence after RP in our 

test population as well as in external validation cohorts, and its expression levels in PCa cells 

significantly impacted invasiveness, proliferation, and tumor growth. Given these novel roles, 

further study of AXIN2 in PCa may yield promising new predictive and therapeutic strategies.
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INTRODUCTION

Prostate cancer is one of the most commonly diagnosed malignancies in men, with over 

230,000 men diagnosed in the United States in 2014 [1]. More than 80% of these cases 

present as localized disease, and a central therapeutic dilemma in this disease state is whom 

to treat and how aggressively [2]. Currently, radical prostatectomy (RP) is the most common 

treatment for localized PCa, but up to a third of men experience disease recurrence after 

surgery [3]. Predictors of recurrence include preoperative prostate-specific antigen (PSA), 

Gleason score, extracapsular extension, positive surgical margins, seminal vesicle invasion, 

lymph node involvement, and treatment year; [4] however, there remains significant 

variability in patients with similar clinical and pathologic characteristics [5]. There is, 

therefore, a continuing need to identify accurate markers of PCa recurrence that can better 

direct the use of adjuvant therapies and lead to improved survival and reductions in 

morbidity.

Molecular markers to help stratify PCa risk have been proposed. Targets from blood (KLK2-
KLK3 SNP rs2735839, 17p12 SNP rs4054823) and primary tissue (immunohistochemistry: 

p53, Ki67, PTEN loss; fluorescent in situ hybridization: MYC amplification, TMPRSS2-
ERG chromosome fusion, PTEN deletion; RNA: cell cycle progression score, miRNA 

predictor, high grade signatures) have been examined [6]. A few of these have been utilized 

after RP to predict recurrence and have demonstrated promise [7,8]. In general, however, 

integration of molecular characterization of PCa into clinical decision-making has been 

challenging and may reflect the need for genes that play a more integral role in the biology 

of PCa tumor renewal and progression. One recent example of this approach in the advanced 
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disease setting was the report that expression levels of a truncated variant of androgen 

receptor (ARV7) was associated with resistance to AR inhibition in metastatic PCa [9].

The past decade has witnessed a renewed interest in tumor heterogeneity, specifically the 

presence of cancer cell populations marked by a self-renewing “stem-like” gene expression, 

drug resistance, and high serial tumorigenicity in mice. We and others have isolated cell 

subpopulations with these cancer stem-like properties from prostate tumors using low 

attachment growth conditions and cell surface markers [10,11]. Notably, the same markers 

used to identify such cells can play a direct functional role in their aggressive phenotype. For 

example, CD44 is a cell surface marker that mediates the adhesion of PCa cells to bone 

marrow derived endothelial cells [12]. CD44high cancer cells with a CSC phenotype possess 

features indicative of epithelial to mesenchymal transition (EMT), a process by which cells 

gain migratory and invasive properties [13]. Furthermore, some studies in other 

malignancies suggest an association between the presence of highly tumorigenic drug 

resistant subpopulations and tumor grade, degree of invasiveness, and survival outcomes in 

cancer patients [14].

The precise identity and derivation of highly tumorigenic drug resistant cells remains the 

subject of intense study. We and others have shown that cancer cells can exhibit phenotypic 

plasticity, converting in and out of a tumorigenic, drug-resistant state [15–17]. Based on 

these insights—the existence of highly tumorigenic drug resistant cell subpopulations in 

prostate tumors, their association with poor outcomes in other malignancies, and the 

potential plasticity of this phenotype—we hypothesized that PCa recurrence may be 

associated with tumor mRNA levels of genes putatively linked to the onset of, or reversion 

to, a highly tumorigenic, drug resistant, progenitor state. In this study we sought to identify 

such genes, to validate their clinical significance in external cohorts, and to further analyze 

their biologic role using in vitro and in vivo models of PCa.

MATERIALS AND METHODS

This study met REMARK criteria for analysis of a prognostic biomarker [18].

Discovery Cohort

We identified 1,468 men who underwent RP with bilateral pelvic lymph node dissection for 

localized PCa at the University of Southern California (USC) in a prospectively maintained 

Institutional Review Board-approved, clinically annotated PCa tissue repository. All RP 

specimens in the repository were collected longitudinally at the time of surgery, processed 

expeditiously within the Department of Pathology, formalin-fixed, paraffin embedded 

(FFPE), and stored in the bio-specimen bank. The sample selection process for this nested 

case-control analysis is shown in the CONSORT diagram in Supplementary Figure S1. 

Patients were excluded if they had neoadjuvant androgen deprivation therapy (ADT), follow-

up <5 years, or non-adenocarcinoma pathology. Cases were defined as patients who 

experienced biochemical or clinical recurrence, and controls consisted of patients without 

recurrence. Biochemical recurrence was defined as two consecutive PSA rises (interval 3–4 

months) above the contemporary undetectable level (<0.3ng/ml from July 1988 to July 1994; 

<0.05ng/ml from July 1994 to March 2005; and <0.03ng/ml from March 2005 to present) in 
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men with a postoperative undetectable PSA. Clinical recurrence was defined as local disease 

confirmed by biopsy or distant recurrence confirmed by biopsy or imaging. Controls were 

frequency-matched to cases by D’Amico risk group, which includes PSA, Gleason score and 

clinical T stage [19]. The cohort included 276 men (152 cases and 124 controls) with RP 

specimens that underwent gene expression analysis.

All the FFPE tumor block samples that were selected for this study were reviewed for 

quality and tumor content by dedicated genitourinary pathologists. Study pathologists 

ensured that the selected tumor for analysis matched the prior pathology report Gleason 

grade. Ten micrometer thick sections were obtained from areas with the highest tumor 

concentration, and micro-dissection was performed with a scalpel under direct visualization 

to isolate representative tumor tissue estimated to contain ≥80% cancer cells by the 

pathologist.

Candidate Gene Selection

The selection of genes putatively linked to a highly tumorigenic, drug resistant cancer stem-

like phenotype was based on the results of a comprehensive literature search focused on 

original research articles reporting on cancer stem-like phenotypes and associated gene 

transcripts in malignancy. The search strategy included the terms PCa, RP, CSCs, and 

biomarkers. Because the cancer stem-like terminology is used broadly in the literature to 

connote a functional definition of self-renewal, tumorigenicity, drug resistance, and 

invasiveness, we aimed to select representative genes in pathways that were repeatedly found 

to impart these properties in prostate and other cancers. Based on this strategy, we selected 

12 frequently cited genes (ALDH1A1, AXIN2, BMI1, CD133, CD44, CTNNB1/β-catenin, 

ITGA2/integrin α2, NANOG, NKX3-1, NOTCH1, POU5F1, TACSTD2/TROP2).

Discovery Cohort mRNA Expression Levels

Slide sections containing tumor per genitourinary pathologist review were processed in a 

Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory at Response 

Genetics (Los Angeles, CA) for mRNA gene expression analysis by qRT-PCR as previously 

described [20]. Primer sequences are shown in Supplementary Table SI. Gene expression 

analysis was performed only on specimens that met pre-designated quality control measures 

based on threshold expression of housekeeping genes. Study investigators were blinded to 

the identity of cases and controls. qRT-PCR analyses yielded values that were expressed as 

ratios between two absolute measurements: the gene of interest and an internal reference 

gene, β-actin. The threshold expression of β-actin was defined as a threshold cycle (Ct)<30.

Statistical Analysis-Discovery Cohort

Prostate cancer recurrence status was the primary endpoint. Given that gene expression 

levels were continuous, but the distribution was not normal, the Wilcoxon rank sum two-

sample test, recursive partitioning, logistic regression analysis, and bootstrap internal 

validation were used to measure and confirm associations of gene expression levels with 

cancer recurrence. In a descriptive exploratory analysis, a classification and regression tree 

method based on recursive partitioning was used to identify homogenous subgroups for 

recurrence.
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To adjust for multiple testing and control for the false positive rate, bootstrap internal 

validation was performed for both the univariable two-sample Wilcoxon rank-sum tests and 

the multivariable recursive partitioning analyses. One hundred bootstrap samples of 249 

observations each were drawn from the original cohort using simple random sampling with 

replacement. The full set of analyses (univariable Wilcoxon tests and the recursive 

partitioning) was rerun for each of the 100 bootstrap simulated samples. The number of 

simulations out of 100 with a significant P value (P < 0.05) in the univariable analysis or 

selection in the recursive partitioning tree analysis was reported for each gene. For both the 

univariable and multivariable analyses, the consistency of the initial findings was supported 

by validation bootstrap analysis when the initially selected transcripts were also selected in 

greater than 50% of the bootstrap samples.

After AXIN2 was identified as significantly associated with PCa recurrence, this gene 

expression was evaluated for an association with lymphovascular invasion in the primary 

prostatectomy specimen. The comparison was made with the Kruskal–Wallis test.

All reported P values were two-sided (P ≤ 0.05). All analyses were performed using the SAS 

statistical package version 9.2 (SAS Institute Inc., Cary, NC) and the rPART function in 

Splus 7.0.

External Validation

Clinically annotated RP cohorts with gene expression information from the Affymetrix 

Human Exon 1.0 ST Microarray were used to test for univariable and multivariable 

associations between AXIN2 expression and biochemical recurrence (BCR) or metastasis-

free survival (MFS) from two previously published databases [21,22]. The Single Channel 

Array Normalization (SCAN) algorithm was used to normalize and summarize the 

expression data at the core transcript cluster level [23]. The expression of the transcript 

cluster (3767480) mapping to AXIN2 was used in this analysis. The Thomas Jefferson 

University PCa Database (TJU) included 130 patients who underwent RP with high-risk 

pathologic features (pT3 or positive surgical margins) that received adjuvant radiotherapy 

[21]. There were 51 (39%) patients who experienced BCR. In patients with undetectable 

PSA prior to radiotherapy, BCR was defined as a PSA ≥0.4ng/dl. For those with detectable 

PSA prior to radiation therapy, recurrence was defined as three consecutive increases in PSA 

over at least 6 weeks. The Mayo Clinic (MC) Radical Prostatectomy Registry included 545 

high-risk PCa patients after RP [22]. There were 388 (71%) who experienced BCR and 212 

(39%) who developed distant metastasis. Biochemical recurrence was defined as two 

successive increases in PSA above 0.02ng/ml with the subsequent measurement 0.05 ng/ml 

above the first measurement.

Kaplan Meier curves were used to estimate BCR free survival and MFS, where the patient 

populations for comparison are defined by AXIN2 expression being above or below the 

median AXIN2 expression. Wilcoxon rank sum test and multivariable logistic regression 

were used to compare expression differences between the patients with and without BCR 

and with and without distant metastatic recurrence. For both of the databases, multivariable 

analysis included Gleason score (<8 or ≥8), pathologic extracapsular extension (pT3a), 

pathologic seminal vesicle invasion (pT3b), surgical margin status, PSA (≤20 or >20), and 
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administration of ADT. The MC database analysis also included pathologic lymph node 

involvement and administration of radiotherapy.

The Oncomine microarray data compendium, an online data-mining platform [24], was 

queried using a variety of search filters, and differential expression of AXIN2 in relevant 

studies was compiled and annotated for significance using either the statistical measures 

provided by the Oncomine platform or, in one highly matched case, by re-analyzing the 

primary data using the t test and Wilcoxon test.

In Vitro Analyses

Cell culture.—DU145, LNCaP, and PC3 PCa cells were cultured in RPMI 1640 

supplemented with 10% fetal bovine serum (Omega), penicillin (100 units/ml), and 

streptomycin (100 μg/ml). Cells were maintained at 37°C, 5% CO2.

Tet-inducible AXIN2 lentiviral system.—A tetracycline-inducible AXIN2 
overexpression system was created. AXIN2 was inserted into the BamHI/NotI site of the 

pLVX-TRE3G-IRES lentivirus [25,26]. PCa cells (105) were co-infected with the Tet3G and 

AXIN2 lentivirus supplemented with polybrene (8 μg/ml). As a control, cells were co-

infected with Tet3G lentivirus and lentivirus containing no insert. The Tet3G lentivirus 

included a G418 resistance gene while the AXIN2 and empty vector viruses included a 

puromycin resistance gene. Medium was changed after one day of infection and antibiotic 

selection with puromycin (0.5 μg/ml) and G418(500 μg/ml) was performed after three days. 

Single cell clone isolation was performed with DU145 cells, whereas pooled samples were 

used for LNCaP and PC3 cells. With 400 ng/dl doxycycline treatment, there was 166-fold 

induction of AXIN2 expression in DU145 cells, 300-fold induction in LNCaP cells, and 

150-fold induction in PC3 cells

AXIN2 knockdown.—To establish a robust baseline AXIN2 expression phenotype, cells 

were treated with 1 μM of 6-bromoindirubin-3’-oxime (BIO), a competitive inhibitor of 

GSK-3α/β that activates β-catenin signaling, resulting in maximal (dose-dependent) AXIN2 
expression. Supplementary Figure S2a demonstrates the dose-responsiveness in DU145 

cells. Knockdown of AXIN2 mRNA was accomplished with 50 nM pooled On-Target Plus 

siRNA (Thermo Scientific, Waltham, MA). The siRNA was placed in the DharmaFECT™ 

transfection formulation #1 and combined with PCa cells. Transfection was performed for 

24 hr with parallel transfection with non-targeting siRNA as a control (siControl). 

Knockdown efficiency was tested by cell lysis with RNA Bee, RT and qRT-PCR for AXIN2 
and is shown in Supplementary Figure S2b–d. AXIN2 mRNA depletion was sustained for at 

least 5 days.

Cell invasiveness.—Cell invasiveness was measured using BD Biocoat™ Matrigel™ 

Invasion Chambers (BD Biosciences). DU145 cells were serum-starved for 24 hr, and 5000 

cells were placed into the invasion chamber with serum-free media. For AXIN2 knockdown 

experiments, siRNA transfection was performed 24 hr prior to invasion assays. For AXIN2 
overexpression experiments, doxycycline (400 ng/dl) was placed within the invasion 

chamber. The invasion chambers were placed into wells with RPMI 1640 media 
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supplemented with 10% fetal bovine serum (Omega) and the chemoattractant stromal cell-

derived factor 1 (100ng/ml, R&D systems). Cells were allowed to migrate for 48 hr at 37°C 

and 5% CO2. Cells that did not migrate were removed by scraping the superior portion of 

the Matrigel with a cotton swab. The migrated cells on the bottom surface of the Matrigel 

were fixed with 100% methanol for 15 min and stained with Giemsa (Sigma-Aldrich) for 1 

hr. The Matrigel was washed with sterile water and dried at room temperature. Migrated 

cells were counted by microscopy and compared using the paired t test.

Cell proliferation.—Cell numbers were measured using MTS (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (Promega) reagent on 

DU145 cells plated at 1000 cells/well in triplicate in 96 well plates. For AXIN2 knockdown 

experiments, DU145 cells were re-plated 24 hr after siRNA transfection. For AXIN2 
overexpression experiments, doxycycline (400ng/ml) was added at the time of plating and 

medium was changed every 2 days. At each time point, 20 μl of MTS was added to each 

well containing 100μl of media. The plate was incubated for 90 min at 37°C and 5% CO2, 

and absorbance was read at 490 nm using Hidex Multilable Detection Program and 

MikroWin 2000 was used to analyze the data. Absorbance between groups was compared 

with the t test.

mRNA expression by qRT-PCR.—Cells were lysed with RNA Bee, and RNA extraction 

was performed with Zymo Direct-zol™ RNA MiniPrep kit. cDNA was generated by reverse 

transcription (Takara Prime-Script RT Master Mix). The cDNA was used for qRT-PCR with 

B-R SYBR Green qRT-PCR supermix (Quanta Biosciences) using Bio-Rad MyiQ single 

color Real-Time PCR Detection System (Bio-Rad) and Bio-Rad iQ2 (Bio-Rad). The 

conditions for PCR have been previously described [15]. Expression levels were referenced 

against β-actin and compared with the paired t test.

Tumor growth.—For all in vivo experiments, NOD-SCID-gamma (NSG) male mice were 

utilized under a protocol approved by the USC Institutional Animal Care and Use 

Committee (IACUC). The mice were subcutaneously injected with 5 × 105 DU145 cells 

suspended in 30 ml of matrigel. AXIN2 overexpression was tested using either DU145 cells 

infected with the tet-inducible AXIN2 construct (n = 4) or with empty vector (n = 4). All 

eight mice received doxycycline for the duration of the experiment. AXIN2 knockdown was 

tested using either DU145 cells that were transfected with anti-AXIN2 siRNA (n = 3) or 

siControl (n = 3). Mice were inoculated with the cells one day after transfection. Tumors 

were palpated and measured three times a week for 5 weeks until tumor size met the humane 

endpoint for sacrifice. Tumor growth (diameter) patterns by arms were compared using a 

mixed regression model after square root transformation. Tumors were excised, measured, 

weighed, and compared between arms using the exact Wilcoxon two-sample test.

RESULTS

Identification and Internal Validation of Candidate Biomarkers

Primary tissue mRNA was evaluable in 241 of 276 men (87%), and the cases and controls 

were similar with regard to median age, D’Amico risk group, and year of surgery (all 
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comparisons P > 0.05, Supplementary Table SII). Univariable analysis (Table I) identified 

four genes with differential mRNA expression when comparing patients with or without 

disease recurrence. In patients with recurrence, expression of AXIN2, CD44, and TACSTD2 
(TROP2) was lower, whereas expression of POU5F1 (OCT 4) was higher. Recursive 

partitioning was performed to identify any gene sets that may be associated with recurrence. 

All 12 genes were tested, and AXIN2, NANOG, and CTNNB1 jointly resulted in a 

classification and regression tree diagram with cut-points yielding odds ratios as high as 8.46 

(Supplementary Fig. S3). Subsequent internal bootstrapping validation (Table I) confirmed 

four genes from the univariable analysis and one gene, AXIN2, in the multivariable 

recursive partitioning analysis.

External Validation of AXIN2

Of the genes tested in the discovery cohort, low AXIN2 expression was found to predict PCa 

recurrence in univariable, multivariable, and bootstrap analyses. Therefore, we selected this 

gene for further analysis in external clinically annotated RP databases. Examination of the 

TJU database demonstrated that low expression of AXIN2 was associated with biochemical 

recurrence (BCR) free survival in a univariable analysis (P = 0.026) (Fig. 1a). The MC 

database was used to measure associations between AXIN2 and the outcomes BCR free 

survival and metastasis free survival (MFS) [22]. Low AXIN2 expression was significantly 

associated with BCR free survival and MFS on univariable analysis (P = 0.041 and 0.044, 

respectively) (Fig. 1b and c).

The results of the multivariable analysis of the external RP cohorts are shown in Table II. In 

the TJU cohort, low AXIN2 was associated with BCR (P = 0.020), even after adjusting for 

clinical variables known to impact recurrence risk (e.g., Gleason score, pathologic grade, 

PSA, and treatment). Similarly, in the MC database, low AXIN2 was independently 

associated with distant metastasis (P = 0.015) after adjusting for the same covariates. In the 

MC database, low AXIN2 was not found to be independently associated with risk of BCR (P 
= 0.12, data not shown).

We interrogated the Oncomine microarray compendium with progressively broad search 

filters. We found one highly similar study with gene expression data on patients with cancer 

recurrence from prostatectomy specimens [27]. We re-analyzed the raw data from this study, 

and univariable analysis revealed that low AXIN2 was associated with PCa recurrence 

(Table III, panel 1) [27]. Five studies were identified with an association between AXIN2 
expression and pathologic features in localized and locally advanced PCa (Table III, panel 

2). [27–31] These studies allowed for seven comparisons between expression in high and 

low Gleason scores as well as between positive and negative lymph nodes. In all seven 

comparisons, AXIN2 expression was lower in more advanced disease, and this was 

statistically significant in four of these. In light of this observation, we conducted a post-hoc 

analysis within the original USC discovery cohort and found that low AXIN2 was 

significantly associated with greater risk of lymphovascular invasion in the prostatectomy 

specimen (P = 0.023, data not shown). Lastly, Oncomine was queried for AXIN2 expression 

in metastatic tissue compared with the primary tumor (Table III, panel 3). [27,29,31–35] 
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AXIN2 levels were lower in metastatic tissue relative to primary tumor in six of the seven 

studies and the expression was significantly lower in four of these.

AXIN2 Effects on Prostate Cancer Cells In Vitro and In Vivo

We evaluated the impact of AXIN2 on cell invasiveness using an in vitro matrigel invasion 

chamber assay. In DU145 and PC3 cells, AXIN2 mRNA expression was found to be 

significantly lower in invasive than in non-invasive cells (Fig. 2a). Consistent with this, 

siRNA depletion of AXIN2 increased cell invasiveness (Fig. 2b), whereas lentiviral 

overexpression of AXIN2 reduced invasiveness (Fig. 2c). A similar reduction in invasiveness 

was observed with lentiviral AXIN2 overexpression in LNCaP cells (from 140 cells down to 

40 cells, P < 0.05, data not shown). Ectopic overexpression of AXIN2 in DU145 cells 

resulted in reduced cell proliferation whereas siRNA depletion of AXIN2 resulted in greater 

cell proliferation (Supplementary Fig. S4a, b). In vivo, AXIN2- depleted DU145 cells 

formed tumors that grew at significantly faster rates than controls (Fig. 3a, P = 0.016) and 

trended towards greater final wet weights (Fig. 3c, P = 0.20). Conversely, AXIN2-over-

expressing cells formed tumors that grew at significantly slower rates than controls (Fig. 3b, 

P = 0.008) and formed tumors that had significantly lower wet weights (Fig. 3d, P = 0.029).

DISCUSSION

The high prevalence of PCa compared with the relatively low risk of PCa death presents a 

central dilemma of whom to treat and with what therapies. Currently, externally validated 

nomograms based on clinical and pathologic factors facilitate risk stratification, though they 

are far from definitive [4]. Recently, gene expression studies have yielded panels of genes 

associated with disease progression and whose clinical utility is being assessed in 

prospective validation cohorts [22,38]. In this study, we have taken a different but 

complementary strategy: rather than an agnostic search, we pursued a hypothesis-driven 

approach that leverages existing mechanistic insights to identify genes that may serve not 

only as biomarkers but also as potential therapeutic targets with known function in PCa 

progression. Specifically, we and others have shown that prostate tumors—like other 

malignancies —contain subpopulations of cells marked by highly tumorigenic, drug 

resistant, cancer stem-like properties [10,11]. Recently, some genes associated with this 

phenotype were studied in PCa models, but with limited translation of in vitro findings to 

clinically meaningful endpoints [36,39]. Our study began by examining a group of these 

genes in large cohorts to assess their clinical value, followed by experiments to identify a 

direct functional role in PCa biology.

Using mRNA extracted from 276 RP specimens in the USC discovery cohort, we identified 

low AXIN2 expression as predicting PCa recurrence after RP in univariable, multivariable, 

and bootstrap modeling analyses. We assessed the predictive value of AXIN2 in several 

external cohorts analyzed by gene expression microarrays and found low AXIN2 expression 

was independently prognostic of BCR even when adjusting for standard clinical and 

pathologic variables, thus emerging as a robust predictor in this population. Notably, all 

patients in the TJU RP cohort also received adjuvant radiotherapy, suggesting a possible role 

for AXIN2 in modulating radioresistance; indeed, such a role has been ascribed previously 
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to prostate cancer cells marked by a cancer stem-like phenotype [40]. The association of 

AXIN2 expression with recurrence was further bolstered by external validation in a second 

cohort, the raw Taylor et al. [27] data extracted from the Oncomine compendium, wherein 

low AXIN2 expression was associated with significantly higher rates of PCa recurrence. 

Several additional cohorts extracted from Oncomine similarly demonstrated a significant 

association between low AXIN2 and high Gleason score and lymph node involvement 

portending local progression.

Our findings suggest that AXIN2 expression may have a significant association not only 

with local recurrence, but also with disease progression across the spectrum of PCa. The 

strongest evidence was observed in the MC cohort, where AXIN2 was independently 

predictive of distant metastasis. This result corresponds with our Oncomine analysis wherein 

AXIN2 levels were lower in metastatic tissue when compared with primary tumors. The 

relevance of AXIN2 across disease states suggests that, rather than signifying the presence 

of a distinct cancer cell subpopulation ("cancer stem cells" per se), its expression level may 

potentiate a more aggressive cancer stem-like phenotype along multiple states of cancer 

progression ranging from localized to metastatic disease. Several studies have demonstrated 

an association between "stem-like" or "progenitor-like" gene expression patterns and 

survival in solid malignancies [37] though only a few in PCa [41,42]. In a microarray 

analysis of 281 PCa specimens from a Swedish watchful-waiting cohort, patients were 

classified on the basis of their mRNA microarray signature profile, and those with tumors 

manifesting stem-like signatures together with p53 and PTEN inactivation had the worst 

survival [43]. Another study examined RP specimens from patients treated with or without 

neoadjuvant docetaxel and found that differential expression of EMT markers reflecting a 

cancer stem-like phenotype was associated with poor outcomes [41]. In a third report, a 3-

gene embryonal stem cell signature from PCa biopsy specimens helped predict overall 

survival [42]. In aggregate, these data support the hypothesis that expression patterns of 

genes associated with a stem-like phenotype can be used for molecular profiling and 

identification of high-risk patients.

We determined that low expression of AXIN2, singly, was predictive of disease recurrence 

using the REMARK criteria for evaluation of biomarkers. Functionally, we demonstrated 

that depletion of AXIN2 levels in PCa cells significantly promoted invasiveness, 

proliferation, and tumor growth, whereas these phenotypes were attenuated by AXIN2 
overexpression. While it is well-recognized as a key component in Wnt/β-catenin signaling 

and hence in carcinogenesis, stem cell renewal and EMT [44], more than one function has 

been ascribed to AXIN2 in various malignancies. AXIN2’s canonical role is as a negative 

regulator of Wnt signaling and thus a tumor suppressor: It is a transcriptional target of b-

catenin and encodes the AXIN2 protein, which acts as a scaffold that promotes the assembly 

of a multiprotein complex composed of adenomatous polyposis coli (APC), the serine/

threonine glycogen synthase kinase (GSK)-3β, CK1, Axin1, and β-catenin. Once associated 

with this complex, AXIN2 efficiently supports the (GSK)-3β-dependent phosphorylation of 

b-catenin, which subsequently marks β-catenin for β-TrCP-dependent ubiquitination and 

proteosomal degradation [45]. Consistent with this tumor suppressive role, mutations in 

AXIN2 in colorectal cancer led to increased β-catenin activity and defective mismatch repair 

[46], and therapeutics to increase AXIN2 levels by targeting tankyrase-1/2 have been 
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proposed [45,47]. In contrast to this canonical tumor-suppressive role, AXIN2 was recently 

found to have a potential tumor-promoting role through direct stabilization of Snail1 in 

colorectal [48] and breast cancer [49]; hence, a comprehensive picture of AXIN2’s role in 

these malignancies is still emerging.

In PCa, fewer AXIN2 mechanistic studied have been performed, but most suggest a role 

consistent with its more established, canonical tumor suppressive function: one study 

demonstrated that the AXIN2 protein co-localizes with prostate progenitor cells in murine 

prostate models [50], and at least two reports have identified single nucleotide 

polymorphisms in AXIN2 coding regions associated with an increased incidence of PCa, 

possibly by disrupting AXIN2-β-catenin complex binding [51,52]. While by no means 

conclusive, these PCa studies complement our own findings to support a hypothesis wherein 

dysregulation of AXIN2, whether from low expression or a mutation, can disrupt β-catenin 

degradation and increase nuclear translocation and transcriptional activity, thereby 

potentiating an aggressive phenotype marked by proliferation, invasiveness, and tumor 

formation.

CONCLUSION

Using a discovery cohort and several validation cohorts, we found that expression of 

AXIN2, a transcriptional target and protein partner of β-catenin, is significantly associated 

with prostate cancer outcomes ranging from clinical and biochemical recurrence to 

metastasis-free survival and progression. Moreover, we showed that depletion of AXIN2 
mRNA in prostate cancer cells leads to increased proliferation, invasion, and tumor 

formation, whereas its ectopic overexpression has opposite effects. Therefore, the clinical 

and biologic roles of AXIN2 in prostate cancer merit further study, which may lead to 

valuable new predictive and therapeutic strategies in this disease.
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Fig. 1. 
Association between AXIN2 expression and clinical outcomes in external validation 

prostatectomy cohorts. Kaplan Meier curves for (a) biochemical recurrence-free survival in 

Thomas Jefferson University cohort, (b) biochemical recurrence-free survival in Mayo 

Clinic cohort, and (c) distant metastasis-free survival in Mayo Clinic cohort.
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Fig. 2. 
AXIN2 expression and cell invasiveness in PCa cell lines. a: AXIN2 expression in invasive 

versus non-invasive PCa cells expressed as fold change from unselected parental cell line; b: 
Impact of AXIN2 knockdown on PCa cell invasion; c: Impact of AXIN2 overexpression on 

PCa cell invasion.
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Fig. 3. 
Effect of AXIN2 expression on DUI45 PCa xenograft tumor growth. a-b: Growth (square 

root transformed) of tumors formed by AXIN2-depleted cells (a) or AXIN2-overexpressing 

cells (b); c-d: Final wet weights of tumor formed from AXIN2-depleted cells (c) or AXIN2-

overexpressing cells (d).
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