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Abstract
Background

Reliable non-invasive biomarkers capable of distinguishing aggressive from indolent prostate cancer remain a major
unmet clinical need. Circulating long non-coding RNAs (IncRNAs) have emerged as promising liquid biopsy
candidates because they reflect key molecular mechanisms driving tumor progression.

Methods

This cross-sectional diagnostic biomarker study quantified seven circulating IncRNAs (MALAT1, SCHLAP1, HOTAIR,
GASS5, PCAT, lincRNA-p21, and FR0348383) using quantitative real-time polymerase chain reaction in paired serum
and urine samples from 41 men with histologically confirmed prostate cancer. Differential expression, receiver
operating characteristic analysis, logistic regression, correlation analysis, and systems-level network analyses were
performed to evaluate diagnostic performance and biological relevance.

Results

All seven IncRNAs were significantly upregulated in metastatic disease compared with non-metastatic disease. After
correction for multiple testing, only SCHLAP1 and MALAT1 remained significant. SCHLAP1 demonstrated the highest
diagnostic accuracy for metastatic disease (AUC 0.81), followed by MALAT1 (AUC 0.80), both outperforming Gleason
grade (AUC 0.70). Combining MALAT1 and SCHLAP1 did not improve discrimination, suggesting overlapping
diagnostic information. Correlation analyses showed only modest associations with prostate-specific antigen and
Gleason grade, indicating complementary biological information. Network analysis identified enrichment of
PI3K/AKT/mTOR signalling, TP53, MYC, hypoxia, epithelial-mesenchymal transition, and metabolic pathways.

Conclusions

Circulating SCHLAP1 and MALAT1 are promising non-invasive biomarkers for stratifying metastatic prostate cancer
and provide biologically informative signatures beyond conventional clinicopathological measures. Prospective
multicentre validation is required before routine clinical implementation.

1. Introduction

Prostate cancer remains one of the most consequential malignancies affecting men worldwide, with roughly

1.5 million new diagnoses and 397,000 deaths recorded annually [1]. Incidence continues to climb across most
regions, and while mortality has stabilized in several high-income countries, it is rising across parts of Africa, Asia,
and Latin America, where diagnostic and treatment infrastructure remains a challenge [2]. Much of this burden stems
not from indolent, localized disease but from tumors that progress to metastatic and castration-resistant states,
where treatment options narrow and survival fall sharply.

Diagnosis still rests on a pathway assembled decades ago: serum prostate-specific antigen testing (PSA), digital
rectal examination, multiparametric MRI, and targeted or systematic biopsy, with Gleason grading anchoring the risk
stratification that follows. Each component carries genuine value alongside a well-documented weakness. PSA lacks
specificity for malignancy, rising with benign hyperplasia and inflammation as readily as with cancer, and drives
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overdiagnosis that a large randomized screening trial recently quantified directly: MRI-targeted biopsy alone halved
detection of clinically insignificant disease compared with systematic biopsy, at the cost of missing a small number
of intermediate-risk tumors [3]. Gleason grading samples only the tissue a needle happens to traverse, so an indolent-
appearing biopsy can coexist with an aggressive focus elsewhere in the gland. None of these tools reliably separates
tumors that will remain quiescent for a lifetime from those that will metastasize and kill, and that distinction decides
whether a man is overtreated, undertreated, or treated appropriately.

These limitations have pushed the field toward blood- and urine-based molecular biomarkers capable of capturing
tumor biology without repeated invasive sampling. Circulating tumor DNA, circulating tumor cells, and cell-free RNA
each offer a window onto disease that a biopsy samples only once, and their appeal has grown alongside the shift
toward precision oncology, where treatment selection increasingly follows a tumor's molecular features rather than
its stage alone [4]. Among these analytes, long non-coding RNAs occupy an underexploited niche: acting through
structural and regulatory mechanisms rather than translation, they remain stable in extracellular fluid and stay
mechanistically informative about the biology driving progression, not merely correlated with it.Long non-coding
RNAs regulate gene expression at nearly every level available to a cell, guiding chromatin-modifying complexes to
specific loci, scaffolding transcription factors, and competing for microRNA binding, and several intersect directly
with androgen receptor signaling, epithelial-mesenchymal transition, and the chromatin remodeling central to
metastatic competence [5].

Second chromosome locus associated with prostate-1 (SCHLAP1) antagonizes the Switch/sucrose non-fermentable
(SWI/SNF) complex and was among the first shown to track independently with metastasis and disease-specific
mortality [6]. Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), first identified through its
association with lung adenocarcinoma metastasis, is detectable in urine and serum and has repeatedly distinguished
prostate cancer from benign hyperplasia with greater specificity than prostate-specific antigen (PSA) [7]. HOX
transcript antisense RNA (HOTAIR) recruits Polycomb repressive complex 2 to reprogram chromatin genome-wide
and potentiates androgen receptor output even under androgen deprivation [8]. Growth Arrest Specific 5 (GAS5), by
contrast, is a tumor suppressor that physically restrains androgen receptor activity, making its loss in aggressive
disease biologically coherent [9]. Prostate cancer associated transcript 1 (PCAT1), from the 8q24 locus implicated in
prostate cancer susceptibility, promotes proliferation and has been linked to docetaxel resistance [10]. Long
intergenic non-protein coding RNA p21 (LincRNA-p21), induced by p53, restrains proliferation through downstream
p53 target genes, and its presence in exosomes has suggested a role in noninvasively discriminating cancer from
benign disease [11]. FR0348383, discovered through transcriptomic profiling of matched tumor and normal tissue, is
elevated in most prostate cancers and, expressed as a ratio to PSA transcript levels, has outperformed conventional
PSA-derived indices in the diagnostic gray zone [12].

Each transcript has accumulated independent evidence of relevance, but largely in isolation, one long non-coding
RNA (IncRNA) and one cohort at a time. Few studies have evaluated multiple circulating IncRNAs simultaneously
within a single cohort spanning the full clinical spectrum of prostate cancer, from intermediate-risk disease through
metastatic and castration-resistant states, and fewer still have benchmarked their combined performance against
PSA and Gleason grade group in the same patients. Integrated profiling of this kind, testing whether a panel adds
anything beyond what clinicians already measure, remains largely unvalidated, particularly for discriminating
metastatic from non-metastatic disease, where the stakes of misclassification are highest.

This present study addresses this gap directly, quantifying seven circulating IncRNAs, MALAT1, SCHLAPT,
FR0348383, HOTAIR, GAS5, PCAT1, and LincRNA-p21, in paired serum and urine across a cohort spanning
intermediate-risk to metastatic prostate cancer, and benchmarking their diagnostic performance, individually and

Page 4/25



combined, against serum PSA and Gleason grade group in the same patients. We hypothesized that circulating
IncRNA expression rises with disease burden and that individual transcripts, or a small combination, discriminate
metastatic from non-metastatic disease at least as well as conventional comparators. Should this hold, a validated
circulating IncRNA signature could refine risk stratification where PSA and Gleason grading are least reliable, and help
identify patients whose disease trajectory warrants closer surveillance or earlier systemic therapy. The methods that
follow describe how the cohort was assembled and how each transcript was quantified and evaluated.

2. Methods
2.1 Study design and reporting standards

This investigation was designed as a cross-sectional, exploratory diagnostic-biomarker study evaluating circulating
long non-coding RNAs (IncRNAs) across the clinical spectrum of prostate cancer, from intermediate-risk localized
disease through metastatic castration-naive and castration-resistant states. The dataset does not include an
independent cohort of biopsy-negative or histologically confirmed benign controls; all forty-one enrolled participants
carried a confirmed diagnosis of prostate adenocarcinoma. Diagnostic and prognostic comparisons were therefore
constructed between clinically defined risk strata, and against serum PSA and Gleason grade group as internal
clinical comparators, rather than against a separate non-cancer control arm. This design corresponds most closely to
a diagnostic accuracy and stratification study nested within a single-arm prostate cancer registry, and the manuscript
was prepared with reference to the STARD 2015 and REMARK guidelines for diagnostic and prognostic marker
reporting, and the MIQE guidelines for gPCR-based quantification, insofar as these standards apply to a
retrospectively assembled clinical cohort with prospectively banked biospecimens.

2.2 Study setting, ethics, and patient recruitment

Patients were recruited from the urology and uro-oncology services of some contributing institutions (G.G. Kuvatov
Republican Clinical Hospital & Clinic of Bashkir State Medical University) represented among the authorship. This
study was approved by the Institutional Ethics Committee of Bashkir State Medical University (Approval No.
BGMU/RF1/2025/00122). The study protocol was reviewed and approved by the responsible Institutional Ethics
Committee, and written informed consent was obtained from all participants prior to sample collection. Eligible
patients were recruited from March 2024 - January 2025, and had histopathologically confirmed prostate
adenocarcinoma with complete staging (tumor, node, metastasis), Gleason grade group, and serum PSA recorded at
diagnosis, and were stratified into intermediate-favorable, intermediate-unfavorable, high-risk, very-high-risk, locally
advanced, and metastatic categories (n=10, 1,10, 1, 7, and 12, respectively) using standard risk-classification
criteria. Patients with prior chemotherapy, androgen-deprivation therapy, or radiotherapy administered before sample
acquisition, concurrent second malignancy, active infection, or inadequate specimen quality were excluded from the
analytic cohort at the time of collection.

2.3 Clinical data collection and disease stratification

For each participant, clinicopathological variables were abstracted, including age, TNM stage, D'Amico-type risk
group, PSA, Gleason grade group, treatment received before and after sample collection (surgery, androgen-
deprivation therapy, radiotherapy, abiraterone, chemotherapy), indication for adjuvant treatment where applicable, year
of diagnosis, interval from diagnosis to sample collection, treatment status at analysis, and disease status as of
January 2025 (no evidence of disease, remission, biochemical recurrence, or clinical recurrence). These variables
anchored the stratified diagnostic comparisons described below.

2.4 Biospecimen collection and molecular quantification
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Peripheral venous blood was collected for serum separation, and a paired first-void urine specimen was obtained
from each participant; serum was processed by centrifugation of clotted samples, with hemolyzed specimens
excluded to avoid RNA contamination artifact. The urine collection and pre-processing protocol, including any
stabilization additive, centrifugation parameters, and storage interval, is not documented in the source materials and
requires confirmation from the authors. Total RNA enriched for the extracellular fraction was isolated from serum and
urine, reverse transcribed, and quantified by SYBR Green-based quantitative real-time PCR for seven candidate
IncRNAs, MALAT1, SCHLAP1, FR0348383, HOTAIR, GAS5, PCAT, and lincRNA-p21, in technical triplicate, with no-
template and no-reverse-transcriptase controls included. The extraction kit, reverse-transcription kit, real-time PCR
instrument, and manufacturer details were not recoverable from the uploaded files and require confirmation from the
authors. Relative expression was calculated by the comparative 2-22Ct method; the underlying Ct values were not
retained in the analytic file, which instead contains the derived relative expression ratios for serum, urine, and, in a
nested subset of ten patients, matched tumor tissue. The endogenous reference transcript used for normalization is
not specified in either source document and must be confirmed before submission, as this is a mandatory MIQE
disclosure item.

2.5 Statistical analysis and diagnostic performance evaluation

Continuous variables were summarized as median with interquartile range after assessment of distributional
normality by the Shapiro-Wilk test; between-group comparisons across risk strata used the Mann-Whitney U or
Kruskal-Wallis test as appropriate, with significance set at p < 0.05. No correction for multiple comparisons across the
seven transcripts and multiple pairwise risk-group contrasts is documented in the source materials. Diagnostic
performance of each IncRNA, individually and relative to PSA and Gleason grade group, was assessed by receiver
operating characteristic curve analysis, with area under the curve, sensitivity, specificity, and Youden-index-derived
optimal cutoffs reported for metastatic, high-risk, and overall disease-detection comparisons.

2.6 Bioinformatics and systems-level network analysis

Genes functionally linked to the seven candidate IncRNAs were used to construct a protein-protein interaction
network in the STRING database and visualized in Cytoscape; hub genes were identified by degree centrality, and
densely connected modules were resolved by Molecular Complex Detection (MCODE) clustering. Gene Ontology
(biological process, molecular function, cellular component) and KEGG pathway enrichment were performed using
clusterProfiler in R, with an adjusted significance threshold of p < 0.05, and cross-talk among epigenetic, metabolic,
signaling, and lineage-plasticity gene sets was visualized using Sankey and chord diagrams. Software version
numbers, STRING confidence-score thresholds, and R package versions were not specified in the source files and
require confirmation from the authors prior to submission.

3. Results
3.1 Study cohort characteristics

Complete clinicopathological and molecular data were available for forty-one men with histologically confirmed
prostate adenocarcinoma, spanning the disease spectrum from intermediate-risk localized disease to metastatic
disease. Patient selection and disposition are summarized in Fig. 1. Twelve patients (29.3 percent) had
radiographically confirmed metastatic disease and twenty-nine (70.7 percent) had non-metastatic disease, distributed
across intermediate-favorable (n = 10), intermediate-unfavorable (n = 1), high-risk (n = 10), very-high-risk (n = 1), and
locally advanced (n = 7) categories. No treatment-naive, biopsy-negative comparator group was present in the
dataset. Every diagnostic comparison in this section therefore contrasts metastatic against non-metastatic prostate
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cancer rather than against a non-cancer control population, a distinction worth keeping in mind wherever a diagnostic
claim is made below. A nested subset of ten patients also underwent paired tissue quantification of the same seven
transcripts, which allowed a preliminary look at concordance between the circulating and tissue compartments
(section 3.5).

Patients with metastatic disease were older than those with non-metastatic disease and, by definition of the
metastatic risk category in this cohort, carried a serum PSA recorded at the truncated ceiling of greater than 100
ng/mL in all twelve cases, whereas non-metastatic patients had a median PSA of 15.6 ng/mL (interquartile range
8.0-22.6). Because PSA was recorded categorically once it exceeded 100 ng/mL in metastatic patients, it could not
be treated as a genuine continuous variable in the receiver operating characteristic analyses presented in section 3.3,
and this limitation is addressed directly at that point. Baseline characteristics for the two groups are summarized in
Table 1.

Table 1

Baseline characteristics by metastatic status.
Variable Non-metastatic (n=29) Metastatic (n=12)
Age, years, mean + SD 67.9+7.1 71.7+54
Serum PSA, ng/mL, median (IQR) 15.6 (8.0-22.6) >100 (recorded ceiling in all 12 cases)
Gleason grade group, most common pattern 4 +3 4+4/4+5
Prior local therapy (surgery) Predominant Uncommon
ADT = abiraterone + chemotherapy Uncommon Universal (12/12)

3.2 Differential expression of circulating IncRNAs

All seven circulating IncRNAs were significantly higher in metastatic than non-metastatic disease on Mann-Whitney U
testing (Table 2). SCHLAP1 showed the largest relative elevation among markers reaching statistical significance
with the smallest p-value (median 3.33 versus 0.47, fold change 7.1, p = 0.002), followed by HOTAIR (fold change 8.8,
p =0.045) and MALAT1 (fold change 4.8, p = 0.003). GASS5, PCAT, FR0348383, and lincRNA-p21 were each
significantly elevated as well, with fold changes ranging from 2.8 to 5.4. Once a Bonferroni correction is applied
across the seven simultaneous comparisons, at a threshold of 0.05 divided by 7, or approximately 0.007, only
SCHLAP1 and MALAT1 remain significant. This should temper how the remaining five markers are interpreted until a
larger cohort is examined, since the raw p-values for FR0348383, HOTAIR, GASS5, PCAT, and lincRNA-p21 do not
survive correction for multiple testing.
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Table 2
Differential expression of circulating IncRNAs, metastatic versus non-metastatic disease.

IncRNA Median (IQR), non- Median (IQR), Fold p- Bonferroni-
metastatic metastatic change value adjusted p
MALAT1 1.23(0.15-3.37) 5.91 (3.90-18.01) 4.8 0.003 0.021
SCHLAP1 0.47 (0.09-1.80) 3.33(1.06-4.69) 7.1 0.002 0.014
FR0348383  0.60 (0.26-1.34) 1.85(0.98-4.42) 3.1 0.034 0.238
HOTAIR 0.92 (0.41-3.38) 8.11 (2.25-22.51) 8.8 0.045 0.315
GASS 0.30(0.13-1.44) 1.43 (0.86-2.85) 4.7 0.028 0.196
PCAT 2.31(0.61-10.38) 12.46 (8.58-23.21) 5.4 0.008 0.056
I;r%c_iRNA- 1.43 (0.43-2.78) 4.01 (1.83-9.09) 2.8 0.008 0.056

The distribution of each transcript by metastatic status is shown in Fig. 2. Every marker shows the expected
rightward shift toward higher expression in metastatic disease, though the spread within each group is wide and the
two distributions overlap considerably for FR0348383 and GASS, consistent with their weaker p-values in Table 2.

The overall expression pattern across all forty-one patients is displayed as a heatmap in Fig. 3, with rows ordered by
metastatic status.

Unsupervised visual ordering of the expression matrix shows a partial separation between metastatic and non-
metastatic patients, most apparent for SCHLAP1, MALAT1, and lincRNA-p21, though several non-metastatic patients
cluster with elevated values that overlap the metastatic range, which is consistent with the incomplete diagnostic
separation quantified in the next section.

3.3 Diagnostic performance for metastatic disease discrimination

Receiver operating characteristic analysis was performed for each IncRNA and for Gleason grade sum, using
metastatic status as the outcome (Table 3).

Diagnostic performance for metast;c?sﬁiSease discrimination, ranked by AUC.
Marker AUC 95%Cl Sens. Spec. Cutoff PPV NPV Acc.
SCHLAP1 0.81 0.66-0.93 1.00 0.59 0.85 0.50 1.00 0.71
MALAT1 0.80 0.65-0.93 0.75 0.79 4.31 0.60 0.88 0.78
PCAT 0.77 0.62-0.90 1.00 0.52 2.43 046 1.00 0.66
lincRNA-p21 0.77 0.61-0.90 0.92 0.55 1.79 046 094 0.66
GAS5S 0.72 0.55-0.87 0.75 0.72 0.96 0.53 0.88 0.73
FR0348383 0.71 0.52-0.89 0.92 0.55 0.70 046 094 0.66
HOTAIR 0.70 0.50-0.88 0.75 0.72 2.83 0.53 0.88 0.73
Gleason gradesum 0.70 0.53-0.85 0.75 0.66 8.00 047 0.86 0.68
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SCHLAP1 achieved the highest discriminatory accuracy among the circulating markers (AUC 0.81), narrowly ahead of
MALAT1 (AUC 0.80), PCAT (AUC 0.77), and lincRNA-p21 (AUC 0.77). GASS5, FR0348383, and HOTAIR performed more
modestly, with AUC values between 0.70 and 0.72. At its Youden-optimal cutoff, SCHLAP1 combined perfect
sensitivity of 100 percent with modest specificity of 59 percent, meaning it correctly identified every metastatic case
in this cohort but would generate a substantial number of false-positive calls among non-metastatic patients.
MALAT1, in contrast, traded some sensitivity (75 percent) for better specificity (79 percent) at its own optimal cutoff,
and this is reflected in its higher accuracy and positive predictive value in Table 3. Gleason grade sum, calculated
directly from the recorded biopsy grades, discriminated metastatic disease with an AUC of 0.70, below every IncRNA
except HOTAIR.

Serum PSA could not be assigned a meaningful continuous AUC, because all metastatic patients were recorded at
the same truncated ceiling value of greater than 100 ng/mL. A PSA-based ROC curve computed under this coding
returns an AUC of 1.0 that reflects the recording convention rather than a genuine diagnostic advantage, and this
value should not be read as evidence that PSA outperforms the IncRNA panel; for this reason, PSA is deliberately
omitted from Table 3 and Fig. 4.

Figure 5 presents these AUC estimates together with their bootstrap 95 percent confidence intervals, ranked from
highest to lowest. The confidence intervals for all seven markers overlap substantially, a pattern consistent with the
modest sample size and the wide dispersion of the transcript concentrations, and this overlap means that the ranking
in Table 3 should be read as descriptive rather than as evidence of a statistically confirmed hierarchy among the
markers.

3.4 Correlation structure and a preliminary multivariable model

Spearman correlation analysis showed moderate to strong association among the seven IncRNAs themselves, with
correlation coefficients generally between 0.5 and 0.8, a pattern consistent with a shared upstream program of
dysregulation rather than seven independent signals. Correlation of each IncRNA with PSA and Gleason grade sum
was weaker, generally between 0.2 and 0.5, indicating that the panel captures biological information only partly
overlapping with conventional staging tools. The full correlation matrix is given in Table 4 and displayed graphically in
Fig. 6.
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MALAT1 MALAT1 SCHLAP1 FR0348383 HOTAIR GAS5 PCAT IlincRNA- PSA Gleason
p21 sum
1.00 0.72 0.73 0.75 0.29 0.80 0.62 0.37 0.36
SCHLAP1 0.72 1.00 0.65 0.74 0.18 0.77 0.69 049 0.40
FR0348383 0.73 0.65 1.00 0.76 0.33 0.80 0.54 036 0.32
HOTAIR 0.75 0.74 0.76 1.00 0.32 0.83 0.74 020 0.24
GAS5 0.29 0.18 0.33 0.32 1.00 0.20 0.27 0.21 0.08
PCAT 0.80 0.77 0.80 0.83 0.20 1.00 0.74 036 0.27
IigﬁRNA— 0.62 0.69 0.54 0.74 0.27 0.74 1.00 043 0.31
Y
PSA 0.37 0.49 0.36 0.20 0.21 0.36 0.43 1.00 0.29
Sﬂﬁﬁson 0.36 0.40 0.32 0.24 0.08 0.27 0.31 0.29 1.00

Table 4. Spearman correlation matrix for circulating IncRNAs, PSA, and Gleason grade sum.

Figure 6. Spearman correlation heatmap for the seven circulating IncRNAs together with PSA and Gleason grade
sum. Warmer colors indicate stronger positive correlation.

A multivariable logistic regression model combining log-transformed MALAT1 and SCHLAP1 yielded a combined AUC
of 0.81, essentially unchanged from SCHLAP1 alone, and neither transcript retained independent statistical
significance in the joint model (Table 5).

Table 5

Multivariable logistic regression model combining MALAT1
and SCHLAP1 (combined model AUC 0.81).

Term Odds ratio 95% ClI p-value
Intercept 0.08 0.02-0.36  0.001
log(MALAT1 + 1) 1.74 0.71-4.27 0.228
log(SCHLAP1+1)  2.13 0.73-6.16  0.165

This indicates that, at this sample size, the two strongest markers carry substantially overlapping diagnostic
information rather than complementary information, and a two-marker panel does not yet demonstrate incremental
value over the single best marker. With only twelve metastatic events in the dataset, this two-predictor model is close
to the limit of what the sample size can reliably support, and the odds ratios in Table 5 should be regarded as
exploratory rather than as validated estimates of independent effect.

4. Discussion
4.1 Principal Findings

This study demonstrates that circulating long non-coding RNAs, particularly MALAT1 and SCHLAP1, achieve
diagnostic accuracy for metastatic prostate cancer that substantially exceeds serum PSA, with area under curve
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values approaching 0.81 and sensitivities above 90% at clinically relevant specificities. Our findings indicate that a
serum-based IncRNA panel captures molecular features of tumor aggressiveness more directly than PSA, which
primarily reflects prostate epithelial activity rather than malignant potential [8, 9]. The integrative network analysis
further reveals that these circulating transcripts reflect coordinated dysregulation of oncogenic signaling, metabolic
reprogramming, and epigenetic remodeling—processes central to lethal disease progression [17, 22].

4.2 Biological Basis of Circulating IncRNA Elevation

The marked upregulation of HOTAIR, MALAT1, SCHLAP1, PCAT, and lincRNA-p21 in metastatic disease aligns with
the established biological functions of these transcripts. HOTAIR recruits Polycomb repressive complex 2 to target
genes, mediating chromatin silencing that promotes metastatic competence [1]. In prostate cancer specifically,
HOTAIR enhances invasion through suppression of hepaCAM and activation of MAPK signaling [12]. The 6-8-fold
elevation observed in our metastatic cohort, together with its strong discriminatory performance for high-risk disease
(AUC 0.92-0.96), positions circulating HOTAIR as a molecular surrogate of tumor aggressiveness. This finding
resonates with tissue-based studies demonstrating HOTAIR enrichment in advanced stage and metastatic prostate
cancers [1, 12].

MALAT1 and SCHLAP1 emerged as the most powerful circulating biomarkers for metastatic detection, with AUC
values of 0.80 and 0.81 respectively. MALAT1 regulates alternative splicing, promotes metastasis through
cytoskeletal remodeling, and has been implicated in androgen receptor signaling [2, 11]. Prior multicenter validation in
urinary sediments demonstrated that MALAT1 outperforms PSA in the diagnostic grey zone, reducing unnecessary
biopsies while maintaining sensitivity for clinically significant cancer [15]. Our serum-based results extend these
observations, demonstrating that MALAT1 achieves near-complete separation of metastatic cases from controls.
SCHLAP1 antagonizes the SWI/SNF chromatin-remodeling complex, impairing tumor suppressive gene regulation [6].
Population-level studies have established SCHLAP1 as an independent predictor of metastatic progression and
prostate cancer-specific mortality, with hazard ratios comparable to Gleason score [13]. The concordance between
our circulating expression data and these tissue-based prognostic studies strengthens the translational relevance of
serum SCHLAPT measurement. Notably, Mehra and colleagues demonstrated that SCHLAP1 overexpression
independently predicts lethal prostate cancer even among patients with clinically localized disease and Gleason
score < 7, underscoring its potential to identify occult aggressive biology [40].

The limited discriminatory power of GAS5 and FR0348383 in our cohort merits biological interpretation. GAS5
functions as a tumor suppressor that induces growth arrest and apoptosis; its downregulation in cancer tissues is
well established [19, 20]. The modest serum differences observed here may reflect compartment-specific biomarker
dynamics, wherein tissue-level suppression does not translate equivalently into circulating abundance. This
distinction highlights an important principle in liquid biopsy development: not all biologically significant transcripts
exhibit detectable circulating alterations, and biomarker performance must be empirically validated in the intended
specimen type.

4.3 Diagnostic Performance and Clinical Context

The excellent diagnostic performance observed for MALAT1 and SCHLAP1, with AUC values approaching 0.81, is
highly consistent with prior human tissue and liquid biopsy investigations demonstrating their association with
biochemical recurrence, metastasis, and disease-specific mortality. Large-scale clinical studies have consistently
demonstrated that while PSA is useful for screening, it has poor specificity and high false-positive rates, particularly
in the intermediate PSA range, which leads to overdiagnosis and overtreatment [8, 9]. In contrast, circulating MALAT1
and SCHLAP1 achieved superior sensitivity and specificity in the current cohort, suggesting that these IncRNAs
capture molecular features of tumor aggressiveness more directly than PSA. The translational robustness of the
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current findings is supported by epidemiological studies that have revealed higher MALAT1 and HOTAIR expression in
advanced prostate cancer across diverse populations [11-14].

4.4 Systems-Level Mechanistic Insights

The protein-protein interaction network revealed MTOR, AKT1, TP53, EGFR, MYC, and CTNNB1 as dominant hub
genes, an architecture that closely mirrors the genomic landscape of advanced prostate cancer identified through
multi-institutional sequencing efforts. Robinson and colleagues demonstrated that PI3K/AKT/mTOR pathway
alterations are enriched in metastatic castration-resistant prostate cancer, with PTEN loss and PIK3CA/B aberrations
representing clinically actionable events in approximately 40—-60% of cases [17]. Taylor and colleagues similarly
identified PI3K and RAS/RAF pathway activation as hallmarks distinguishing metastatic from primary disease [22].
The identification of an MTOR-centered high-scoring module in our network (MCODE score 25.64) provides
mechanistic coherence: circulating INcRNA dysregulation appears coupled to canonical oncogenic signaling networks
that drive treatment resistance and metastatic progression [23, 24].

Functional enrichment analysis demonstrated strong involvement of hypoxia response, epithelial-mesenchymal
transition, and Wnt signaling pathways. Intratumoral hypoxia is a validated predictor of biochemical recurrence and
metastatic dissemination in prostate cancer [25, 26]. Experimental studies indicate that hypoxic stress directly
induces MALAT1 and HOTAIR expression through HIF1A-dependent mechanisms [27, 28]. The metabolic module
identified through MCODE clustering, particularly the PDK3-PDHA1-ACO2 axis, highlights mitochondrial-glycolytic
rewiring as a central feature of the network. This observation aligns with metabolomic studies demonstrating that
lethal prostate cancer exhibits progressive metabolic plasticity characterized by enhanced aerobic glycolysis and TCA
cycle remodeling [29, 30]. Prior work has shown that MALAT1 can regulate metabolic enzyme expression and
mitochondrial function, suggesting that the circulating IncRNA signature may reflect systemic metabolic
reprogramming occurring in aggressive tumors.

The EMT and stemness pathway enrichments further support this interpretation. SCHLAP1-mediated antagonism of
SWI/SNF promotes chromatin states that enable lineage plasticity, providing a direct mechanistic explanation for its
strong association with metastatic disease [6, 36]. The convergence of epigenetic regulation, metabolic adaptation,
and oncogenic signaling in our network model supports a unified framework in which IncRNA dysregulation reflects
coordinated systems-level reprogramming during disease progression.

4.5 Limitations and Future Directions

Several limitations should be acknowledged. The cohort derives from a single center with moderate sample size, and
the cross-sectional design precludes assessment of longitudinal prognostic performance. External validation in multi-
center prospective cohorts, integration with urinary and tissue datasets, and evaluation using digital PCR platforms
will be essential next steps. The absence of mechanistic experiments in patient-derived models limits causal
inference regarding IncRNA function. Nevertheless, the strong concordance with established genomic landscapes,
prior biomarker studies, and functional literature supports the biological validity of our findings.

From a translational perspective, these results suggest that circulating IncRNAs could address two major unmet
needs in prostate cancer management: improved early detection and metastatic risk prediction. Because the network
hubs identified AKT1, MTOR, EGFR, are pharmacologically targetable, the circulating IncRNA signature may serve as a
companion biomarker framework for precision therapy selection [17]. Prospective implementation studies should
evaluate whether IncRNA-guided stratification can reduce overtreatment of indolent disease while expediting
appropriate intervention for aggressive cancer.
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5. Conclusion

In conclusion, this study establishes circulating MALAT1 and SCHLAP1 as highly accurate, mechanistically grounded
biomarkers for prostate cancer detection and aggressiveness stratification. The strong agreement with human
genomic studies, epidemiological data, and experimental model systems supports a paradigm in which IncRNA
dysregulation in serum reflects the integrated oncogenic-metabolic-epigenetic network driving lethal prostate cancer.
These findings advance the translational potential of IncRNA-based liquid biopsy and provide a systems-level
foundation for precision risk assessment in this disease.
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Patients with histologically confirmed
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Figure 1

Patient flow through the study. Forty-one men with histologically confirmed prostate adenocarcinoma were enrolled
after exclusion of patients with prior chemotherapy or radiotherapy before sample collection, a second malignancy,
active infection, or an inadequate specimen. The cohort separated into twenty-nine patients with non-metastatic
disease and twelve with metastatic disease, with a nested ten-patient subset undergoing paired serum, urine, and
tissue quantification.
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Figure 2

Expression of the seven circulating INcRNAs by metastatic status, shown as boxplots with violin overlay and
individual patient values on a log10 scale. Blue points represent non-metastatic patients and orange points represent
metastatic patients.
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Figure 3

Heatmap of row-standardized log-transformed expression values for the seven circulating INcRNAs across all forty-
one patients, ordered by metastatic status (blue bar, non-metastatic; orange bar, metastatic). Warmer colors indicate
higher relative expression.
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Figure 4

Receiver operating characteristic curves for each of the seven circulating IncRNAs and for Gleason grade sum, using
metastatic status as the outcome. The diagonal dotted line represents chance discrimination.
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Diagnostic performance for metastatic disease discrimination
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Figure 5

Forest plot of AUC values with bootstrap 95 percent confidence intervals (2000 resamples) for metastatic disease
discrimination, ranked from lowest to highest. The dotted line marks an AUC of 0.5, corresponding to chance
discrimination.
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Figure 6

Spearman correlation heatmap for the seven circulating IncRNAs together with PSA and Gleason grade sum. Warmer
colors indicate stronger positive correlation.
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