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Abstract

Background—Improved clinical predictors for disease progression are needed for localized 

prostate cancer, where only a minority of patients experience poor outcomes. We undertake an 

unbiased large-scale analysis of genes associated with aggressive clinical course.

Methods—Prostate cancer samples, obtained from patients treated with radical prostatectomy at 

three academic institutions, were analyzed for gene expression using a clinical-grade, high-density 

Affymetrix GeneChip platform, encompassing >1 million genomic loci. Nomination of prognostic 

candidate genes was performed on a discovery cohort (n=545) and validated on three independent 

cohorts (n=463), totaling 1,008 patients. Molecular assays were performed in a CLIA-certified 

(Clinical Laboratory Improvement Amendments) laboratory facility. Multivariate analyses were 

performed for the primary endpoint of metastasis. The top prostate-specific gene was evaluated in 

urine samples from 230 patients using PCR.

Findings—Among all known genes, the long noncoding RNA SChLAP1 ranked first for elevated 

expression in patients with metastatic progression by receiver-operator-curve (ROC) area-under-

the-curve (AUC) analyses. Of the top five prognostic genes, SChLAP1 was the only prostate-

specific gene. Validation in three independent cohorts confirmed the prognostic value of SChLAP1 

for metastasis. On multivariate modeling, SChLAP1 expression independently predicted metastasis 

within ten years (odds ratio (OR) = 2·45, 95% confidence interval (CI) 1·70 – 3·53), death within 

ten years (OR = 1·93, 95% CI 1·31 – 2·85), and biochemical recurrence within five years (OR = 

1·76, 95% CI 1·28 – 2·41) with odds ratios comparable to Gleason score. Evaluation of SChLAP1 

expression in 230 urine sediment samples with either biopsy-confirmed cancer or biopsy-negative 

tissue demonstrated increased incidence and expression of SChLAP1 RNA in patients at a higher 

risk for disease progression.

Interpretation—We perform the largest high-throughput, unbiased study of prostate cancer 

prognostic biomarkers to date and discover SChLAP1 as one of the best genes for the prediction of 
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metastasis. We validate SChLAP1 extensively using a clinical-grade assay in a CLIA-certified 

laboratory. We show feasibility of a non-invasive urine test for SChLAP1, and suggest that 

SChLAP1 represents a very promising biomarker for aggressive clinical course.

Funding—Prostate Cancer Foundation, National Institutes of Health, Department of Defense, 

Early Detection Research Network, Doris Duke Charitable Foundation, and Howard Hughes 

Medical Institute.
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prostate cancer; long noncoding RNA; metastasis; prognosis

Introduction

While a majority of localized prostate cancer patients harbor slow-growing, non-lethal 

tumors, a smaller fraction of patients experience disease recurrence following definitive 

first-line therapies, which may lead to metastasis and death.1–3 To distinguish between 

aggressive and indolent tumors, current clinical paradigms rely mainly on pre-operative 

prostate specific antigen (PSA) levels, tumor stage, and biopsy Gleason score, which 

assesses cancer cell histology, in order to estimate patient risk.4 Yet, these remain imperfect 

tools that inaccurately classify some patients.5,6 Moreover, except for PSA-derived tests, 

previous prognostic biomarkers, such as Ki67 and TOP2A,7,8 are expressed non-specifically 

throughout the body and require invasive sampling of tumor tissue via biopsy or 

prostatectomy, greatly limiting their use in early-stage disease. Other, more recent tests such 

as urine measurement of the long noncoding RNA (lncRNA) PCA3 have demonstrated 

utility in the diagnosis of prostate cancer but not in risk stratification.9 Thus, 

characterization of novel prognostic biomarkers, especially ones suitable for non-invasive 

detection, represents an important research focus for improving patient management.

Advances in high-throughput technologies have now enabled unbiased biomarker discovery 

approaches. Microarray-based technologies facilitated discovery of ETS gene fusions, 

AMACR overexpression, and other biological subgroups in prostate cancer.10 Recently, we 

and others have used next-generation sequencing to define lncRNAs as potential biomarkers 

in prostate cancer.11,12 Our work led to the analysis of the lncRNA SChLAP1 as an 

oncogenic factor in prostate cancer that associates with poor patient outcomes.13 Yet, while 

prior efforts have nominated prognostic genes,14,15 no unbiased studies have been 

performed to identify genes correlated with long-term outcomes such as metastasis. 

Furthermore, there are no validated non-invasive biomarkers for early-stage disease that 

predict outcome.

Here, we undertake an analysis of 1,008 prostate cancer samples using unbiased approaches 

to define RNA biomarkers associated with metastatic progression. Using a discovery cohort 

and three validation cohorts, we show that the lncRNA SChLAP1 is highly associated for 

metastasis in multiple cohorts, and SChLAP1 expression significantly enhances patient risk 

stratification when combined with other clinicopathological covariates. SChLAP1 expression 

was detectable non-invasively in urine samples and associated with higher-risk patients. 

Finally, addition of SChLAP1 to established clinical prognostic tools improved the 
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performance of all tools evaluated. Overall, our study establishes SChLAP1 as a novel 

biomarker whose prognostic capacity significantly adds to that of established risk factors.

Methods

Study Design and Tissue Samples

Banked or archived tumor samples were obtained from three prostatectomy patient cohorts 

enrolled at the Mayo Clinic or the Cleveland Clinic under informed consent protocols 

approved by local Institutional Review Board (IRB). Analyses were designed in accordance 

with REMARK criteria.16 The Mayo Clinic I (MCI) cohort included 212 patients with 

metastatic progression and a total of 333 patients without metastatic progression (Figure S1) 

as described.17 For the Mayo Clinic II (MCII) patients, a case-cohort study design was 

employed to randomly sample 20% (202/1,010) of patients for analysis, in addition to all 

who developed metastases, from a cohort of 1,010 high-risk men who underwent radical 

prostatectomy between 2000–2006 as described (Figure S2).18 The MCII cohort and its 

outcomes data represent a modified set of patients overlapping with our previous report of 

SChLAP1with more stringent data quality control filters.13

Patients from the Cleveland Clinic (CC) were obtained from a case-control study design 

sampled from 2,317 conservatively treated radical prostatectomy patients with high-risk 

features who received no adjuvant or neo-adjuvant therapy from 1987–2008. Patients were 

sampled to achieve a three:one ratio for non-metastatic (n=134) versus metastatic 

progression (n=49) patients (Figure S3). The CC cohort has not been previously published. 

Additional information on cohorts and sample preparation is provided in the Supplementary 

Methods.

Patient cohorts were designed in accordance with STROBE recommendations for case-

control and case-cohort studies.19

Microarray Hybridization and Gene Expression

RNA extraction from formalin-fixed paraffin embedded (FFPE) samples and microarray 

hybridization was performed for Mayo Clinic and Cleveland Clinic samples using clinical-

grade techniques in a CLIA-certified (Clinical Laboratory Improvement Amendments) 

laboratory facility (GenomeDx Biosciences, Inc, San Diego, CA). CLIA certification was 

obtained through the Centers for Medicare and Medicaid Services (CMS) through standard 

procedures, and laboratory facilities satisfied all criteria required by the CMS for 

certification. Details regarding the CLIA requirements can be found online at: http://

www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/index.html (last accessed 

October 17, 2014). RNA purification, hybridization to Affymetrix Human Exon (HuEx) 1.0 

ST GeneChips, and gene expression calculations are detailedin the Supplementary Methods. 

Partition-Around-Medoids unsupervised clustering was used to define expression subgroups 

in the MCI cohort. This expression threshold was applied to the other cohorts without 

additional modification. Microarray data are available on the NCBI Gene Expression 

Omnibus (GEO) as accession numbers GSE46691 (MCI), GSE62116 (MCII), and 

GSE62667 (CC).
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Additional Raw Datasets

We obtained raw Affymetrix HuEx 1.0 ST GeneChip expression data and sample clinical 

information for Boormans et al.20 (Erasmus Medical Center; EMC) from the NCBI Gene 

Expression Omnibus (GSE41408). Gene expression was calculated as above.

Nomination of metastasis-associated genes

We calculated the median expression of each gene in patients experiencing metastasis versus 

non-metastatic patients. Fold expression change was calculated with the following formula: 

(log2(median_expression_metastatic)−log2(median_expression_no_metastasis)) / 

(log2(median_expression_all_samples) + four). The constant four was used to uniformly 

increase all expression values above zero to avoid a negative denominator.

Urine quantitative PCR

Urine samples were collected from 256 patients with informed consent. Samples were 

collected following a digital rectal exam at the time of PSA screening. All patients 

subsequently received a needle biopsy at the University of Michigan with IRB approval as 

described.21 RNA processing and quantitative PCR for KLK3, GAPDH, TMPRSS2-ERG, 

PCA3, and SChLAP1 was performed as described.21 Data quality control, normalization, 

and expression calculation were performed according to standard parameters 

(Supplementary Methods). A total of 230 urine samples passed quality control metrics and 

were included for data analysis. PCR primers are listed in Table S10.

Outcomes

The primary endpoint of metastatic progression after prostatectomy was defined as a 

positive CT scan or bone scan. Biochemical recurrence was defined based on the original 

study protocol for each of the cohorts. In the Mayo Clinic I cohort, biochemical recurrence 

was defined as two successive increases in PSA measurements above 0.2 ng/mL, with the 

subsequent measure at least 0.05 ng/mL above the first measurement. In the Mayo Clinic II 

cohort, biochemical recurrence was defined as a follow-up PSA measurement of 0.4 ng/mL 

or greater 30 days after prostatectomy. In the Cleveland Clinic cohort, biochemical 

recurrence was defined as a follow-up PSA concentration greater than 0.2 ng/mL or 

initiation of salvage therapy.

Statistical Analyses

Fisher’s exact test and logistic regression models were used to analyze the relation between 

each of the three clinical outcomes and clinical factors and biomarkers. In analyses of the 

primary endpoint, men followed for less than ten years, and who did not have an event 

during follow-up, were excluded. In MCI, the original definition of cases and controls were 

used for fold change and AUC calculation.22 The association between SChLAP1 and clinical 

outcomes was assessed separately for each study and overall in a single logistic regression 

model stratified by study. Multivariate analyses were performed to assess whether SChLAP1 

was able to increase the predictive ability of standard clinical factors. All significant clinical 

covariates were included in the multivariate models. Details on statistical analyses are found 

in the Supplementary Methods. A p-value<0·05 was considered statistically significant. 
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Kaplan-Meier curves and weighted Cox regression comparing time to metastases between 

groups defined by SChLAP1 expression are shown only for the MCII case-cohort study and 

utilize the weighting method as described previously.23 The case-control study design of 

MCI and CC cohorts allows for assessment of relative, but not absolute, incidence of events. 

Time to event data for EMC was not available. Nonparametric AUC values (equivalent to C 

statistics) were calculated separately for each study. Overall values were calculated as the 

weighted average of the study-specific values with weights proportional to sample size. 

Testing for improved AUC value between the full model without SChLAP1 and the full 

model with SChLAP1 was done using the likelihood ratio test for SChLAP1 in the full model 

with SChLAP1.

Role of the funding source

The funding sources had no role in the study design, data collection, analysis, interpretation, 

manuscript writing, or manuscript submission. N.E., S.Z., J.R.P., E.D., and F.Y.F. had 

access to the raw data. The corresponding author had full access to all of the data and the 

final responsibility to submit for publication.

Results

Study design

We designed a retrospective biomarker discovery analysis according to REMARK criteria16 

in which prostate cancer patients who developed metastases were compared to those who 

did not (Figure 1A). We employed 1,008 radical prostatectomy specimens from three 

academic institutions, comprising four independent patient cohorts. Three cohorts 

represented case-control study designs; one study was a case-cohort design. Patients were 

defined as high-risk for recurrence (e.g., pT2 tumor with positive margins or pT3 disease) by 

current clinical guidelines. The study designs for the MCI, MCII, and CC cohorts further 

enriched for patients who experienced metastasis (see Methods). For these three main 

cohorts, a total of 639 (MCI), 256 (MCII), and 197 (CC) patients were selected for analysis, 

of which 94, 24, and 14, respectively, were excluded due to sample unavailability, poor 

sample quality, or poor microarray data quality (MCI, n=545 included; MCII, n=232 

included; CC, n=183 included; see Figures S1–3). Clinical characteristics of included 

patients are detailed in Table 1. All cohorts with available information had mean patient 

follow-up between seven and fourteen years.

A clinical-grade microarray platform, which contains 5 million probes against 1.4 million 

unique probeset regions (PSRs), was used to measure global gene expression in an unbiased 

fashion. Tissue samples from three of four cohorts (not for EMC) were processed in a 

CLIA-certified laboratory, representing 95% (960/1,008) of specimens. We analyzed all 

known protein-coding genes and lncRNAs previously identified in prostate cancer 

(PCATs).11 We used metastasis as the primary endpoint. Whereas localized and locally-

recurrent disease is potentially curable, metastatic disease is incurable, requiring intensive 

treatment such as next generation anti-androgens and chemotherapy, and frequently 

progresses to mortality.3,24
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Nomination of SChLAP1 by unbiased expression profiling

Using the MCI cohort (n=545), we performed a global assessment of gene expression 

differences between tumors from patients who experienced metastasis (n=212) and those 

who did not (n=333). Mean follow-up was 14 years. We derived median expression values 

for all genes in each group and compared the relative change in expression between groups. 

Surprisingly, the top-ranked gene was SChLAP1 (Figure 1B, q=0·0012, Table S1), which 

was recently characterized as an oncogenic prostate cancer lncRNA (see Figure S4 for 

SChLAP1 PSRs).13 Overall, there were 230 genes whose expression associated with 

metastasis at a false discovery rate (FDR) or q≤0·01 (Table S1).

SChLAP1 demonstrated the largest gene expression change between tumors with and 

without metastatic progression (Figure 1B, Figure S5, Table S1). High SChLAP1 expression 

was associated with a higher risk for BCR, metastasis, death from prostate cancer, and death 

from any cause at ten years post-prostatectomy (p=0·044, p<0·0001, p<0·0001, p<0·0001, 

respectively, Fisher’s exact) (Figure 1C–F).

Validation of SChLAP1

For initial validation of SChLAP1, we employed a case-cohort MCII set (n=232) of high-risk 

localized prostate cancer patients (Table 1, Figure S6) who underwent radical prostatectomy. 

We observed that SChLAP1 was again a powerful predictor of time to BCR, metastatic 

progression, and prostate cancer-specific mortality (p=0·0021, p=0·00016, p=0·0044, 

respectively, Cox model), with a strong trend for significance in predicting worse overall 

survival (p=0·066) (Figure 1G–J). Kaplan-Meier curves for all patients in the MCII cohort 

without stratification by SChLAP1 status are shown in Figure S7.

We next incorporated data from a third independent cohort of radical prostatectomy tissues 

from high-risk patients at the CC (n=183, Table 1). We processed the CC data using the 

same statistical approach as for the Mayo cohorts (Figures S8). Confirming our prior 

observations, we found a strong association between SChLAP1 expression and metastatic 

progression in the CC set (OR=3·1, p=0·021, Figure 1K). To ensure reproducibility of our 

data, we further experimentally confirmed that expression of SChLAP1 using PCR in a 

subset of samples, which demonstrated a high inter-assay correlation for expression levels 

(Pearson’s correlation = 0·75, p=0·00015, Figure S9).

Lastly, we searched for additional publicly-available cohorts with clinical annotation that 

used the Affymetrix HuEx platform and reported a ≥10% metastasis event rate for statistical 

robustness. We found one cohort from the Erasmus Medical Center (EMC, n=48)20 and 

processed these data for SChLAP1 expression as above (Table 1). Here, SChLAP1 

expression was again highly associated with metastases (p=0·0022, Figure 1L), with all 

metastatic events occurring in patients with high SChLAP1 expression (Table S2). Together, 

these four datasets represent 1,008 patients, and all cohorts support a strong association 

between SChLAP1 expression and metastasis.
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A global comparison of SChLAP1 to other genes

To compare SChLAP1 to other genes, we measured the receiver-operator-curve (ROC) area-

under-the-curve (AUC) metric for metastatic disease progression across all annotated 

protein-coding genes and PCATs using the MCI and MCII cohorts. These cohorts were most 

enriched for high-risk patients and adverse outcomes. We plotted the AUC values for both 

cohorts for the top 1,000 genes (Figure 2A, Table S3, Supplementary Methods), of which a 

small minority displayed substantially higher AUC values in both cohorts (Figure 2A box). 

A focused analysis of the top genes defined SChLAP1 as the second best single-gene 

predictor of metastasis (Figure 2A, right).

Among the top five prognostic genes, SChLAP1 is the only gene to demonstrate prostate-

specific expression, ideal for development as a non-invasive biomarker (Figure 2B).25,26 

Using a large compendium of RNA-Seq data, including >500 samples from >30 tissue types 

with >13 cancer types,27 we observed high levels of SChLAP1 expression only in prostate 

cancer, with no or minimal expression in other tissues (Figure 2B, Table S4). These data 

establish SChLAP1 expression as specific to prostate cancer, which is unique among the top 

prognostic genes and suggests that SChLAP1 may represent a more promising non-invasive 

biomarker compared to other known genes which are more universally expressed.

Clinicopathological associations

Using all four cohorts (MCI, MCII, CC, EMC), we found that SChLAP1 expression was also 

significantly associated with other clinical risk factors for aggressive disease. SChLAP1 

expression was significantly associated with extracapsular extension, seminal vesicle 

invasion, and positive surgical margin status (p<0·05, Fisher’s exact, Figure S10, Table S2). 

SChLAP1 performed favorably compared to PSA for the discrimination of metastatic 

progression of patients (AUC=0.68 for SChLAP1, AUC=0.56 for PSA, Figure S11).

Multivariate analyses

We next evaluated the association between SChLAP1 expression and standard 

clinicopathological factors with clinical outcomes in univariate and multivariate analyses. 

Here, we excluded the EMC dataset because this cohort did not indicate the time to 

metastatic events so that we could not calculate the primary endpoint of metastases within 

ten years.

SChLAP1 was a significant predictor of the primary endpoint of metastasis in all three 

cohorts (MCI, MCII, CC) when stratifying by Gleason score and PSA. A pooled analysis for 

these cohorts showed a highly significant association of SChLAP1 expression with 

metastatic progression within ten years of prostatectomy by odds ratio (p<0·0001) (Figure 

3). For secondary endpoints, SChLAP1 was also significant for BCR within five years 

(p<0·0001) and overall survival at ten years (p<0·0001) (Figure S12). Because our cohorts 

emphasized high-risk patients, we evaluated BCR at five years since most recurrences were 

early events.

We then constructed a multivariate model representing all 960 patients from the Mayo and 

CC cohorts and incorporating all significant clinical factors in addition to SChLAP1 (Table 
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2, see Table S5 for the univariate analysis). Strikingly, SChLAP1 retains its utility as an 

independent prognostic variable for metastatic progression within ten years post-

prostatectomy (OR=2.45 (95% CI 1.70 – 3.53), p<0·0001) (Table 2). SChLAP1 expression 

was also an independent covariate for BCR within 5 years (p=0·00044) and death from any 

cause within 10 years (p=0·00096). Notably, the SChLAP1 odds ratios were comparable in 

magnitude to Gleason score. SChLAP1 remained highly significant for metastasis, BCR and 

death from any cause when we added significant and non-significant variables on univariate 

to the model (Table S6). We further confirmed this finding by analyzing each cohort 

independently (Table S7) and by evaluating all covariates (both significant and non-

significant) as continuous variables in the multivariate analysis (Table S8). These 

investigations demonstrated highly significant p values for SChLAP1 in all variations of the 

analyses.

Non-invasive detection of SChLAP1 in urine sediments

Next, we sought to evaluate SChLAP1 in prostate cancer patients early in their disease 

course. We employed a University of Michigan cohort of 230 patient urine sediments21 

obtained post-digital rectal examination at the time of PSA screening for asymptomatic men. 

All men subsequently received a diagnostic prostate biopsy to determine whether cancer was 

present. Although urine sediments also contain bladder cells, SChLAP1 expression is 

specific to prostate cells (Figure 2B).

We then measured SChLAP1 expression in our cohort of urine sediment samples (Table S9). 

We observed high SChLAP1 expression only in a subset of patients (Figure 4A), which is 

consistent with the SChLAP1 expression profile seen in all previous tissue cohorts (Figures 

S5,6,8).13 When integrated with measurement of the lncRNA biomarker PCA3 and the 

TMPRSS2-ERG gene fusion, SChLAP1 was able to identify 8% (11/141) of cancers missed 

by these other two tests in this cohort (Figure S13), although SChLAP1 was less sensitive 

overall. Among patients with biopsy-confirmed cancer, expression of SChLAP1 was both 

more frequent and more highly elevated in Gleason 7 patients compared to Gleason 6 

patients (p=0·029, Fisher’s exact, Figure 4B, Figure S14A). We were unable to evaluate 

Gleason ≥8 due to low numbers of patients. Finally, we stratified patients into low, 

intermediate, and high-risk categories according to standard PSA and Gleason thresholds. 

We found that SChLAP1 expression was significantly elevated in intermediate and high risk 

patients compared to low risk patients (p=0·0022, Mann Whitney U test, Figure 4C, Figure 

S14B, C) and was able to effectively discriminate between these two groups of patients via 

ROC analyses (AUC=0·68, Figure S14D). These data provide proof-of-principle analyses 

that SChLAP1 expression is detectable non-invasively in prostate cancer patient urine 

samples. However, additional validation is needed to confirm the clinical utility of a urine-

based SChLAP1 test.

SChLAP1 expression improves established clinical tools

Lastly, we interrogated the role of SChLAP1 in clinical decision making through its utility in 

conjunction with the Cancer of the Prostate Risk Assessment Postsurgical (CAPRA-S) 

score, a validated prognostic tool incorporating clinicopathological parameters,28,29 the 

Decipher test, a clinically validated genomic classifier comprised of a prognostic gene 
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signature,30,31 or the cell cycle progression (CCP) expression signature.32 To do this, we 

integrated SChLAP1 into these models using standard analyses.33 First, we added SChLAP1 

to the CAPRA-S tool on the Mayo Clinic I, Mayo Clinic II, and Cleveland Clinic cohorts 

and evaluated whether the addition of SChLAP1 improved its prognostic power. We 

observed a statistically significant increase in prognostic utility with an AUC of 0·69 for 

CAPRA-S alone improved to 0·74 with the addition of SChLAP1 (p=0·015, Figure S15). 

Second, we added SChLAP1 to the Decipher genomic classifier and we determined that 

addition of SChLAP1 led to a statistically significant increase in the prognostic potential of 

Decipher (p=0·048, Figure S16). Finally, we observed that addition of SChLAP1 to the 

genes of the CCP signature also significantly enhanced the prognostic power of that 

signature using the HuEx array data (p=0·00027, Figure S17). Please note that the CCP 

signature was originally measured using PCR (not the HuEx array),32 and therefore we have 

not formally recapitulated the Polaris assay, which is based on the CCP score. Taken 

together, these three analyses lend further evidence that measurement of SChLAP1 is able to 

provide additional prognostic information in conjunction with the existing, established tools 

and assays used for clinical and molecular risk stratification.

Discussion

Here, we perform the largest biomarker discovery project to date in prostate cancer, 

employing over 1,000 patients with one discovery cohort and three validation cohorts. 

Notably, our use of high-density microarrays enables broad surveillance of non-coding 

transcripts not measured with conventional microarrays. Important aspects of this study 

include our ability to: (1) nominate and validate using a high-throughput clinical-grade assay 

in a CLIA-certified laboratory; (2) use distant metastasis as the primary endpoint; and (3) 

systematically evaluate non-coding elements in the transcriptome. Our use of metastasis as a 

primary endpoint is highly clinically significant, since biochemical recurrence is not an 

accurate reflection of systemic disease progression. Indeed, all prior studies have either used 

biochemical recurrence as the primary endpoint or evaluated patients who had already 

experienced recurrence.14,15,17,34 Biochemical recurrence is weaker and dependent on 

clinical factors, such as surgical margins, as well as biological factors. Finally, we employ a 

clinical-grade assay performed in a CLIA-certified laboratory, making our results highly 

translatable for clinical practice.

We find that SChLAP1 is one of the best genes for predicting metastatic progression, and is 

highly tissue specific, unlike most other prognostic biomarkers. This association between 

SChLAP1 and metastasis is robust across multiple independent cohorts with both pooled and 

individual univariate and multivariate analyses incorporating standard clinical risk factors. 

We note that SChLAP1 is robust in these analyses when only significant covariates as well 

as when all covariates are incorporated into our multivariate model. Remarkably, the odds 

ratio of SChLAP1 positivity on multivariate analysis is comparable to Gleason score, which 

has remained the single best predictor of metastatic disease since its description over 40 

years ago.3,35 We note that our multivariate analysis incorporated patients who both 

received (MCI, MCII) and did not receive (CC) adjuvant therapy; we believe that this 

reflects a strength of our model as SChLAP1 remains strongly significant regardless, 

suggesting that the advantageous effect of adjuvant therapy on patient outcomes does not 
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eliminate the prognostic significance of SChLAP1. Moreover, we are unaware of any other 

RNA that independently predicts for prostate cancer metastasis, although Ki67 

immunohistochemistry does.8 While the PCA3 urine RNA assay predicts biopsy status and 

histopathological characteristics,36,37 it does not predict outcomes such as recurrence and 

metastasis.

More broadly, the goal of the present work identifies SChLAP1 as a potential adjunct test in 

order to stratify patient risk for adverse outcomes at an early clinical stage. The fact that 

SChLAP1 expression functions as an independent risk factor for metastatic progression and 

overall survival lends clinical utility to SChLAP1 measurement as a potential clinical 

predictor that could be evaluated along standard clinical parameters such as PSA and 

Gleason score during the early evaluation and staging of prostate cancer patients. As such, 

our work has uniquely looked at time to metastasis as a primary endpoint, but has also found 

that SChLAP1 expression associates with a higher risk of death from any cause, which may 

be more clinically insightful.

Our previous work on SChLAP1 also warrants attention. We initially nominated SChLAP1 

as an outlier (based on gene expression only) in prostate cancer11 and observed that cancers 

with SChLAP1 expression associated with worse clinical outcomes.13 Yet independent 

validation, multivariate analyses, and global comparisons to all other genes were not 

conducted at that time. In this regard, our current study is both an extension and an 

expansion of our prior work in order to more fully define novel biomarkers for prostate 

cancer aggressiveness.

One essential aspect of our findings is the fact that SChLAP1 expression is specific to 

prostate cancer, with minimal expression in all other tumor and tissue types. This is a 

striking contrast to other biomarkers (e.g. Ki67, TOP2A), which have non-specific 

expression patterns and thus require immunohistochemistry staining on biopsy or 

prostatectomy tissues to evaluate protein abundance in specific cell types. SChLAP1, 

therefore, is uniquely suitable as a non-invasive biomarker, whereas all other prognostic 

genes are not appropriate for non-invasive detection.

To this end, we show proof-of-principle data of SChLAP1 in patient urine samples. Here, we 

demonstrate that SChLAP1 expression in the urine associates with a Gleason 7 over Gleason 

6 histology. Although it would be optimal to compare urine SChLAP1 expression with long-

term outcomes (i.e. metastasis), such clinical information is not available for our urine 

cohort at this time. We have therefore used Gleason score as a proxy measure, recognizing 

that the majority of Gleason 7 patients do not experience disease progression after 

prostatectomy and therefore a low sensitivity of SChLAP1 for Gleason 7 histology may 

suggest that SChLAP1 expression identifies only the subset of Gleason 7 patients who will 

have progressive disease. SChLAP1 was further able to discriminate effectively between low 

risk patients and patients with intermediate or high-risk features defined by Gleason score 

and screening serum PSA values.

Because SChLAP1 is intended as a non-invasive prognostic biomarker, as opposed to a 

diagnostic biomarker, our studies have not focused on sensitivity and specificity of urine 
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SChLAP1 expression for the diagnosis of prostate cancer, as prior PCA3 urine studies have.9 

Thus, we have provided initial evidence that SChLAP1 expression may complement existing 

urine diagnostic assays, including PCA3 and TMPRSS2-ERG, and that clinical application of 

a SChLAP1 urine test would be most effective in conjunction with these, and potentially 

other, urine assays. Ongoing urine studies evaluating the concordance between urine 

SChLAP1 expression and tissue-based measurement of SChLAP1 expression will also be 

important. Although formalized optimization of urine biomarker assays requires substantial 

investment and resources, we are encouraged by these data and argue that prioritization of 

SChLAP1 during future biomarker development studies may be appropriate.

We further find that SChLAP1 is able to improve upon established clinical algorithms for the 

risk stratification of prostate cancer. Specifically, SChLAP1 improves the CAPRA-S 

score,29,30 which is one of the best clinicopathological models to date. SChLAP1 further 

improves upon both the Decipher test15,22 and the CCP gene signature.32 Thus, we believe 

that SChLAP1 has the potential in prostate cancer to advance the cause of “precision 

medicine”, which has been pioneered in breast cancer with clinical prognostic tests such as 

the OncotypeDx and Mammaprint gene expression platforms. We emphasize that, unlike the 

OncotypeDx and Mammaprint assays in breast cancer, molecular biomarkers have not been 

routinely integrated into clinicopathological models in prostate cancer, and so our analysis 

of SChLAP1 with the CAPRA-S score is particularly revealing. Thus, we anticipate that 

SChLAP1 will be most effective in conjunction with other prognostic tools, such the 

CAPRA-S, or other gene-based assays incorporating multiple markers, such as Decipher or 

the CCP, in order to provide the most accurate prognosis for patients with prostate cancer.

Regarding cellular biology, SChLAP1 is a lncRNA, which is an emerging class of RNA 

molecules that do not encode for a protein.38 We have previously shown that SChLAP1 is an 

essential mediator of aggressive disease processes, including tumor invasion and 

hematogenous spread.13 SChLAP1 operates through transcriptional regulation via 

antagonism of the SWI/SNF epigenetic complex,13 which is responsible for the positioning 

of histone proteins at gene promoters.39 SWI/SNF is a well-defined tumor suppressor in 

numerous cancer types, including prostate cancer,40 and is inactivated by genetic mutation 

or deletion of core subunits.39 By disrupting SWI/SNF function, SChLAP1 contributes to the 

altered expression of hundreds-to-thousands of genes,13 which may facilitate the metastatic 

cascade globally rather than through a single signaling pathway, potentially enhancing early 

castrate resistance and risk of mortality. Although selected SWI/SNF-associated proteins 

have been suggested to promote prostate cancer proliferation,41,42 it is unclear whether these 

proteins are functioning in conjunction with, or independently of, endogenous core 

SWI/SNF enzymatic subunits.

Lastly, this study has limitations. We perform extensive retrospective studies, but not 

prospective studies. We also have not evaluated SChLAP1 in the context of androgen-

deprivation therapy or radiotherapy. In addition, our urine PCR assay for SChLAP1 is a 

preliminary analysis which does not qualify as a clinical-grade test according to established 

criteria. Finally, because of the extremely good outcomes for localized prostate cancer 

patients, we used case-control and case-cohort studies to enrich patient cohorts for 
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individuals with progressive disease. Thus, we emphasized high-risk patients, and additional 

studies aimed at other patient populations are warranted.

Overall, our work provides compelling evidence that SChLAP1 expression is highly 

prognostic and an independent risk factor for metastasis. We show that non-invasive 

detection of SChLAP1 in urine is feasible. As such, this study provides insight into the 

pathogenesis of aggressive prostate cancer and identifies SChLAP1 as a potential new 

clinical biomarker for metastatic progression. We hope that measurement of SChLAP1 

expression becomes a component of future prospective clinical trials, and we believe that 

prostate cancer patients with high SChLAP1 expression may be appropriate for clinical trials 

intensifying adjuvant therapies.

Research in context

Systematic review

Many expression profiling studies for prognostic prostate cancer biomarkers have been 

performed.14,15,17,34 A PubMed search for “expression profiling”, “prostate cancer”, and 

“biomarker” yields 77 primary research publications. All studies used biochemical 

recurrence as the primary endpoint. No study used a clinical-grade assay in a CLIA-certified 

laboratory. No study evaluated long noncoding RNAs systematically.

Interpretation

Our study was able to: (1) nominate and validate a biomarker using a high-throughput 

clinical-grade assay in a CLIA-certified laboratory; (2) use distant metastasis as a primary 

endpoint; (3) systematically evaluate non-coding elements in the transcriptome. With over 

1,000 patients, our study is also the largest biomarker discovery project to date in prostate 

cancer. Our use of metastasis as a primary endpoint is highly clinically significant, since 

biochemical recurrence is not an accurate reflection of systemic disease progression, with 

less than half of patients with biochemical recurrence experiencing metastasis.3 There are 

currently no established biomarkers for prostate cancer metastasis for early stage tumors nor 

non-invasive assays for long-term aggressive outcomes. The fact that SChLAP1 is tissue-

specific is highly significant and enables the development of non-invasive urine tests. As 

such, our study provides highly novel findings of direct clinical importance with a pathway 

for rapid clinical translation of the findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nomination and validation of SChLAP1 as a top-ranked prognostic gene
(A) A schematic overview of the patient specimens and cohort study designs employed in 

this analysis.(B) A global view of gene expression changes associated with metastatic 

progression. In the Mayo Clinic I cohort (n=545), gene expression was determined with 

Affymetrix Exon microarrays and differential expression analysis was performed for 

patients who experienced metastatic progression compared to those who did not. Ranking all 

genes according to the fold change of expression between metastatic and non-metastatic 

samples nominates SChLAP1 as the top-ranked outlier gene associated with metastatic 

progression. Log10 false discovery rate (FDR) values for each corresponding gene are 

displayed below. (C–F) Patient outcomes in the Mayo Clinic I cohort (n=545) were 

stratified by SChLAP1 expression for biochemical recurrence (C), progression to metastatic 

disease (D), prostate cancer-specific mortality (E), and death from any cause (F). P values in 

C–F were determined by a two-tailed Fisher’s exact test.(G–J) Patient outcomes in the 

Mayo Clinic II cohort (n=232) were stratified by SChLAP1 expression for biochemical 

recurrence (G), progression to metastatic disease (H), prostate cancer-specific mortality (I), 
and overall survival (J). (K, L) Patient outcomes for metastasis were stratified by SChLAP1 

expression in the Cleveland Clinic (K) and Erasmus Medical Center (L) datasets. P values in 

K–L were determined by a two-tailed Fisher’s exact test.
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Figure 2. A global analysis of SChLAP1 in the Mayo Clinic I and II cohorts
(A) The Mayo Clinic I and II cohorts were independently analyzed to determine the 

receiver-operator-curve (ROC) area under the curve (AUC) metric for all genes for the 

development of metastatic disease. This global analysis generated independent AUC values 

for each cohort. AUC values for the top 1000 genes in both cohorts were plotted (left). A 

small subset of genes demonstrated superior AUC values in both cohorts (see outlined box). 

A detailed analysis of these top-20 genes is plotted (right) using the averaged AUC value 

between both cohorts. SChLAP1 ranks #2 overall for prediction of metastatic spread. (B) 
Expression of SChLAP1 across 552 samples, representing 35 cancer and tissue types. 

Expression was determined by RNA-Seq and SChLAP1 level is represented as reads per 

kilobase per million mapped reads (RPKM).
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Figure 3. Univariate analysis of SChLAP1 in three cohorts
A forest plot for individual univariate analyses as well as a pooled analysis of all cohorts for 

metastatic progression at 10 years post-prostatectomy. The odds ratio for patient outcomes 

based on SChLAP1 expression is shown (red diamond, odds ratio; black bar, 95% 

confidence interval). For the overall odds ratio in this figure, data were calculated from a 

logistic regression model, p<0·0001.
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Figure 4. Detection of SChLAP1 in patient urine samples
(A) Detection of SChLAP1 RNA in patient urine sediments. Samples are ordered according 

to SChLAP1 expression. Expression is represented as the z-score. (B) The fraction of 

Gleason 6 (n=44) and Gleason 7 (n=49) urine sediments that demonstrate positive SChLAP1 

expression. P value was determined by a two-tailed Fisher’s exact test. (C) SChLAP1 

expression in urine sediments from low risk (n=37) and intermediate/high risk patients 

(n=68). P value was determined by a Mann Whitney U test.
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TABLE 1

Cohort clinical characteristics

Mayo Clinic I (n=545) Mayo Clinic II (n=232) Cleveland Clinic (n 
=183)

Erasmus Medical 
Center (n = 48)

Age (Years, mean ± SD) 65·3 ± 6·4 63·1 ± 7·4 61·6 ± 6·3 NA

Follow-up (Months, mean ± 
SD)

160·7 ± 56·2 80·6 ± 30·1 116·6 ± 50·1 NA

Metastatic progression

 No 333 (61%) 157 (68%) 134 (73%) 39 (81%)

 Yes 212 (39%) 75 (32%) 49 (27%) 9 (19%)

Pre-operative PSA

 <10 282 (52%) 126 (54%) 127 (69%) 21 (44%)

 10 to 20 117 (22%) 62 (27%) 41 (23%) 17 (35%)

 >20 131 (24%) 44 (19%) 12 (7%) 8 (17%)

 Not available 15 (3%) 0 (0%) 3 (1%) 2 (4%)

Gleason score

 5 0 (0%) 0 (0%) 0 (0%) 0 (0%)

 6 60 (11%) 17 (7%) 25 (17%) 23 (48%)

 7 271 (49%) 117 (50%) 113 (62%) 16 (33%)

 8 68 (13%) 39 (17%) 23 (13%) 8 (17%)

 9 134 (24%) 57 (25%) 22 (12%) 1 (2%)

 10 9 (2%) 1 (1%) 0 (0%) 0 (0%)

 Not available 3 (1%) 1 (1%) 0 (0%) 0 (0%)

Tumour stage

 I 0 (0%) 0 (0%) 0 (0%) 0 (0%)

 II 219 (40%) 97 (42%) 0 (0%) 16 (33%)

 III 253 (46%) 102 (44%) 0 (0%) 26 (54%)

 IV 0 (0%) 0 (0%) 0 (0%) 6 (13%)

 Not available 73 (13%) 33 (14%) 183 (100%) 0 (0%)

Extracapsular extension

 Negative 272 (50%) 136 (59%) 51 (28%) 0 (0%)

 Positive 273 (50%) 96 (41%) 132 (72%) 0 (0%)

 Not available 0 (0%) 0 (0%) 0 (0%) 48 (100%)

Seminal vesicle invasion

 Negative 369 (68%) 149 (64%) 152 (83%) 0 (0%)

 Positive 176 (32%) 83 (36%) 31 (17%) 0 (0%)

 Not available 0 (0%) 0 (0%) 0 (0%) 48 (100%)

Lymph node invasion

 Negative 472 (87%) 199 (86%) 183 (100%) 0 (0%)

 Positive 73 (13%) 33 (14%) 0 (0%) 0 (0%)

 Not available 0 (0%) 0 (0%) 0 (0%) 48 (100%)

Surgical margin status

 Negative 279 (51%) 99 (43%) 92 (50%) 0 (0%)
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Mayo Clinic I (n=545) Mayo Clinic II (n=232) Cleveland Clinic (n 
=183)

Erasmus Medical 
Center (n = 48)

 Positive 266 (49%) 133 (57%) 91 (50%) 0 (0%)

 Not available 0 (0%) 0 (0%) 0 (0%) 48 (100%)
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