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Background: Preoperative determination of muscular infiltration is crucial for
appropriate treatment planning in patients with muscle-invasive bladder cancer
(MIBC). We aimed to explore early diagnostic biomarkers in serum for MIBC in
this study.

Methods: The expression profiles of long noncoding RNA (IncRNA) were initially
screened by high-throughput sequencing and evaluation of potential IncRNAs
were conducted by two phases of RT-gPCR assays using serum samples from
190 patients with MIBC and 190 non-muscle-invasive BC (NMIBC) patients.
Multivariate logistic regression analysis was applied to establish a diagnostic
signature with high accuracy and Fagan's nomogram was plotted to promote
clinical application. Bioinformatics analysis was used to determine the potential
mMiRNA-mRNA binding of candidate IncCRNAs.

Results: We identified three differentially expressed IncRNAs (LINCO0565,
LINC00592 and NDUFA6-AS1) and established a 3-IncRNA panel which
demonstrated high diagnostic accuracy for MIBC with an AUC of 0.903 (95%
Cl: 0.850-0.942) and 0.875 (95% CI: 0.802-0.928) in the training and validation
set. Moreover, construction and assessment of Fagan'nomogram demonstrated
that the 3-IncRNA panel could exhibit practical and helpful values for clinical use.
Finally, a network map based on LINCO0565 was constructed and we found that
the expression of miR-143-5p and miR-4516 were significantly correlated with
LINC00565 in MIBC.

Conclusion: Our findings indicated that the constructed 3-IncRNA panel in
serum showed favorable diagnostic capacity and might serve as promising
non-invasive biomarkers in the early diagnosis of MIBC.
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Introduction

Bladder cancer (BC) is one of the most common malignancies
of the urinary system, accounting for 573,000 new cases and
213,000 deaths worldwide by 2020 (1). At initial diagnosis,
approximately one-third of patients already present with muscle-
invasive bladder cancer (MIBC) and exhibit unfavorable outcomes,
with a 5-year overall survival (OS) rate of less than 10% (2, 3). With
respect to the invasion depth of lesions, patients with MIBC usually
require systemic therapies, including radical cystectomy, pelvic
lymph node dissection and neoadjuvant chemotherapy (4). Thus,
precise diagnosis of MIBC is of particularly importance for the
choice of clinical treatment (5). However, the accuracy of
cystoscopy and histological evaluation is unsatisfactory,
presenting inconsistency with the postoperative stage based on
the whole bladder at times (6). It is estimated that nearly 50% of
patients undergoing radical cystectomy (RC) are clinically
understaged (7). Current deficiencies of the invasive approach for
clinical staging lie in undersampling of muscularis propria (MP) on
transurethral resection (TUR) or delays from diagnosis of MIBC to
RC (8). Moreover, the value of traditional imaging and urine
cytology in assessing local invasion is limited owing to its low
accuracy (9, 10). Therefore, reliable non-invasive biomarkers are
urgently needed to assess the muscle-invasive status of BC.

Long noncoding RNAs (IncRNAs) are a class of RNA transcripts
longer than 200 nucleotides that have recently emerged as a novel hot
area of research in cancer (11). Dysregulated IncRNAs can function
as molecular sponges in interactions with microRNAs (miRNAs) and
mRNAs and exert crucial effects on carcinogenesis through complex
signal-regulating networks (12, 13). Recent studies have revealed that
IncRNAs can exist stably in serum and play potential roles in
diagnosis of cancer (14-16). In case of MIBC, Zhou et al. (17)
found that LUCATI1 could implicate pathogenesis by targeting
miR-199a-5p and miR-199b-5p and was upregulated in serum.
Although we previously identified distinct IncRNA panels in serum
for diagnosis of certain types of cancer, including BC (18-20), the
unique expression profiles of IncRNAs as biomarkers for the
diagnosis of MIBC have not been comprehensively identified.

In the present study, we systematically screened serum IncRNA
profiles by sequencing and two independent phases of RT-qPCR
assays. Three differentially expressed IncRNAs were identified and
incorporated into a specific signature with high diagnostic accuracy
for MIBC. Moreover, a network map based on IncRNAs and
miRNAs was further estimated and assessed. Our findings may
lay foundation for serum IncRNAs as potential biomarkers for
diagnosing muscle-invasive status and provide a step towards
precision surveillance for MIBC.

Methodology
Study design

The study was divided into three phases (Supplementary Figure S1).
To ensure sample balance between MIBC and NMIBC, a total of 190
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MIBC patients and 190 NMIBC patients were enrolled and they were
randomly allocated into three phases following a 4:9:6 ratio. In the
screening phase, serum samples from 40 patients with MIBC and 40
non-muscle-invasive BC (NMIBC) patients were respectively divided
into four subgroups and independently subjected to sequencing to
select potential IncRNAs. In the training phase, candidate IncRNAs
were firstly tested and selected by RT-qPCR in 30 MIBC patients and
30 NMIBC patients. The different expressions of 3 IncRNAs between
NMIBC and MIBC were further confirmed in additional groups of 60
MIBC patients and 60 NMIBC patients. Meanwhile, 90 healthy
controls were selected to evaluate the expression of IncRNAs in
serum. Afterwards, a combination of 90 MIBC and 90 NMIBC
patients was used to construct a diagnostic panel. Using the
regression coefficients of the multivariate model to weigh the power
of each IncRNA, a formula for the IncRNA panel was established to
diagnose MIBC. In the validation phase, the accuracy of the
constructed panel was validated using serum samples from another
cohort of 60 MIBC patients and 60 NMIBC patients. Additionally,
the expression levels of IncRNAs in tumor tissues from 15 MIBC
patients in the validation cohort were explored, and a network map
based on IncRNAs was constructed. Patients with BC and healthy
controls were recruited from the Department of Urology and Healthy
Physical Examination Center of Qilu Hospital, Shandong University.
This study was approved by the Clinical Research Ethics Committee
of the Qilu Hospital, Shandong University (KYLL-202107-102), and
written informed consent was obtained from each participant.

Specimen collection and preparation

Approximately 5 mL venous blood samples from participants
were collected before radical cystectomy and/or TUR and separated
by centrifugation at 4,000rpm for 10min within 2h, followed by a
second centrifugation at 12,000rpm for 15min. Supernatant serum
was stored at -80°C. Fresh tumor tissues and adjacent noncancerous
tissues (=3cm away from the tumor) were immediately frozen in
liquid nitrogen and stored at -80°C.

[llumina high-throughput sequencing

Transcriptome HTS and subsequent bioinformatic analyses
were conducted by CloudSeq Biotech (Shanghai, China). Briefly,
RNA was isolated using Onestep—LysisTM Serum/Plasma RNA Kit
(NOBELAB, China) and rRNAs were removed using NEBNext
rRNA Depletion Kit (New England Biolabs, Inc., USA). RNA purity
was evaluated by Qubit Fluorometer. The NEBNext® Ultra'"" 1T
Directional RNA Library Prep Kit (New England Biolabs, Inc.,
USA) and BioAnalyzer 2100 system (Agilent Technologies, USA)
were then used to construct and quantify/qualify RNA libraries,
respectively. Subsequently, 10-pM RNA libraries were denatured as
single-stranded DNA molecules, captured on Illumina flow cells,
amplified in situ as clusters, and finally sequenced for 150 cycles on
Mlumina NovaSeq 6000 Sequencer.
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LncRNA sequencing analysis

Following image and base recognition, original reads were
harvested by sequencing and quality control was performed based
on Q30. Cutadapt software was used to 3’ adaptor-trimming and
low-quality removal. High-quality clean reads were selected and
aligned to the human reference genome (UCSC HG19) using hisat2
software. Cuffdiff software was employed to obtain gene level
fragments per kilobase of exon per million (FPKM) reads as
IncRNA expression profiles. Fold change (FC) and p values of the
comparison between the 4 NMIBC samples and 4 MIBC samples
were calculated based on the FPKM data. LncRNAs showing fold
changes >2.0 and p<0.05 were selected as differentially expressed.
GO and KEGG analyses were applied to predict functions of
selected IncRNAs.

Analysis of IncRNA-miRNA-mRNA network

TargetScan and Miranda software were used to predict the
miRNA-binding sites and target mRNAs. The top five predicted
miRNAs and five most likely downstream genes for each miRNA
were selected. Cytoscape was used to establish a IncRNA-miRNA-
mRNA network to visualize the interactions between
these molecules.

Quantification of IncRNA by RT-gPCR

Total RNA was isolated from the serum and tissues/cells
using TRIzol LS and TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). The quantity of RNA were measured using NanoDrop
spectrophotometer. To further validate the quality of RNA
isolation, we also used Ones‘[ep—LysisTM Serum/Plasma RNA Kit for
RNA isolation and Qubit fluorometer for concentration
measurement in 30 MIBC patients and 30 NMIBC patients in the
training cohort. RT reactions were conducted using a PrimeScript®
RT reagent kit (Takara, Dalian, China) in a total volume of 20uL (1
ug of template RNA, 4 uL of 5x PrimeScript Buffer, 1 uL of
PrimeScript RT Enzyme Mix I, 1 uL of Oligo dT Primer, and
RNase-free dH,O). The reaction was incubated at 37°C for 30min,
followed by 85°C for 5s and 4°C for 60min. Quantitative PCR
reaction for IncRNA was carried out using reagents contained 2uL
of cDNA, 12.5uL of SYBR Premix Ex Tagq, 0.5uL of ROX Reference
Dye o, 1uL of forward primer, 1 UL of reverse primer and 8uL of
RNase-free dH,O. Reactions were then incubated at 95°C for 30 s,
followed by 42 cycles of 95°C for 5s and 60°C for 34s. miRNA
quantification was performed as previously described (21). RT-qPCR
assays were performed using a CFX96""" Real-Time PCR Detection
System (Bio-Rad Laboratories, Hercules, CA, USA). GAPDH and U6
were used as endogenous controls for IncRNAs and miRNAs,
respectively. The relative gene expression levels were calculated
using the 274" method. IncRNAs with Ct values>35 and a
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detection rate<75% were excluded. Primers used for RT-qPCR are
listed in Supplementary Table SI.

Cell culture

BC cell lines T24 and 5637 and the human immortalized
uroepithelium cell line SV-HUC-1 were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). T24
and 5637 cells were cultured in RPMI 1640 medium (Gibco, USA),
SV-HUC-1 cells were cultured in F-12K medium (Gibco, USA)
supplemented with 10% fetal bovine serum (BI, Israel) in a
humidified atmosphere of 5% CO, at 37°C.

Statistical analysis

The “sample” function in R language is utilized for random
sampling. The data distribution of each group was measured using
the Kolmogorov-Smirnov test. The nonparametric Mann-Whitney U
test was performed to compare the differential expression of IncRNAs
between the different groups. Logistic regression analysis was
performed using MATLAB software (MATLAB R2014a). The area
under the ROC curve (AUC) was established using MedCalc 9.3.9.0 to
discriminate subjects with or without muscle-invasive tumors. Fagan’s
nomogram was used to help clinicians calculate the probability of
MIBC according to the diagnostic test results. The correlation between
two variables was measured using Spearman’s correlation analysis.
SPSS software (version 18.0, Chicago, IL, USA) and R software
(version 3.2.3; http://www.Rproject.org) were used to analyze all
other data. P<0.05 was considered as statistically significant.

Results
Characteristics of participants

All patients with MIBC/NMIBC were initially diagnosed
according to the 2002 UICC for International Cancer Control
TNM classification and showed no evidence for other types of
tumor. The most relevant clinical features of BC including sex, age,
histological grade, stage, lymph node metastasis, vascular invasion
and tumor size were collected from medical records of each patient.
Categorical variables of these characteristics were set in accordance
with literature (22, 23), and all BC patients were matched with these
features. Variables were presented as numbers (%) and analyzed
using Pearson’s chi-squared test or Fisher’s exact test as appropriate.
There were no differences in clinical characteristics between the
NMIBC cohorts and the MIBC cohorts in the three phases (all at
p>0.05). Moreover, the distribution of patients with different features
were all similar between the training set and the validation set (all at
>0.05). The clinical characteristics of 190 MIBC patients and 190
NMIBC patients were summarized in Supplementary Table S2.
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Expression profiling of IncRNAs in MIBC
by HTS

Transcriptomic analyses using Illumina NovaSeq 6000
sequencing were performed to assess the differences in IncRNA
expression between 4 MIBC samples and 4 NIMBC samples. RNA-
seq of eight cDNA libraries yielded over 50 million raw reads, with
most being clean reads, and over 88.63% of clean reads mapped
perfectly to the reference human genome (Supplementary Table S3).
Total of 5712 IncRNAs were detected (Supplementary Figure S2A, B).
According to the selection criteria, 205 IncRNAs were found to be
significantly upregulated and 300 IncRNAs were downregulated in
MIBC (Supplementary Figure S2C).

Hierarchical clustering demonstrated significant differentially
expressed IncRNAs (Figure 1A). All these IncRNAs were widely
distributed among all chromosomes, with chromosome 2 and
chromosome 1 containing the largest number of upregulated
IncRNAs and downregulated IncRNAs, respectively (Figure 1B).
Moreover, intergenic origin was the most common category of
forming information of both upregulated and downregulated
IncRNAs (Figure 1C). In chromosome 2 and chromosome 1,
intergenic origins both account for the majority category based
on how they were produced (Figures 1D, E). Based on these
findings, the upregulated IncRNAs in chromosome 2 overlapped
with the upregulated intergenic IncRNAs whereas the
downregulated IncRNAs in chromosome 1 overlapped with the
downregulated intergenic IncRNAs. Finally, the top 10 most

FIGURE 1
Analysis of upregulated and downregulated IncRNAs in MIBC by HTS. (A) Hierarchical clustering depict differences in IncRNA expression between
NMIBC group and MIBC group. (B) Distributions of dysregulated IncRNAs in chromosomes, in which chromosome 2 and chromosome 1 contained
the maximum quantity of upregulated and downregulated IncRNAs respectively. (C) Category classifications of the upregulated and downregulated
IncRNAs, in which intergenic origin accounts for the majority. (D) Classification of the upregulated IncRNAs in chromosome 2 based on their
genomic origin. (E) Classification of the downregulated IncRNAs in chromosome 1 based on their genomic origin.
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upregulated intergenic IncRNAs in chromosome 2 and top 10
most downregulated intergenic IncRNAs in chromosome 1 were
shown in Supplementary Table S4, which may lay the basis for
discerning the biological differences of IncRNAs in MIBC. The
sequencing data were uploaded to the NCBI Gene Expression
Omnibus database (accession no. GSE255069).

Predicted functions of differentially
expressed IncRNAs in MIBC

Considering the contributions of parental genes to biological
processes (BP), cellular components (CC), molecular functions
(MF), and pathways, we conducted GO and KEGG analyses of 205
upregulated IncRNAs to predict their potential functions. GO
analysis revealed that axon guidance, neuron projection guidance,
and detection of chemical stimulus involved in sensory perception of
bitter taste were the top three in terms of BP (Figure 2A). For CC, the
three most significant terms refer to the ciliary basal body, plasma
membrane bounded cell projection, and cytoplasmic microtubule
(Figure 2B). With regard to MF, three significantly enriched terms
were kinesin binding, transmembrance-ephrin receptor activity, and
ephrin receptor activity (Figure 2C). KEGG analysis revealed that the
taste transduction may be the most significantly affected signaling
pathways (Figure 2D). GO and KEGG analyses of the downregulated
IncRNAs also indicated potential functions or pathways, as shown in
Supplementary Figure S3.
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GO and KEGG signaling pathway analysis of the parent gene regulated by over-expressed IncRNAs in serum of MIBC. GO analysis included BP (A),
CC (B) and MF (C). (D) Possible enriched pathway terms related to the upregulated IncRNAs. P < 0.05 was termed as significant.

Identification of differentially expressed
IncRNAs in serum of MIBC by RT-
gPCR assays

Considering that downregulated IncRNAs may not be easy to
detect, we selected the top 20 upregulated IncRNAs in HTS for RT-
qPCR analysis on initial 30 MIBC patients and 30 NMIBC patients.
Our results showed that four IncRNAs were not detectable in NMIBC/
MIBC, and 13 IncRNAs demonstrated similar expressions between
NMIBC and MIBC (all at p>0.05). Only three IncRNAs, including
LINCO00565 (NR_047495), LINC00592 (ENST00000549830), and
NDUFA6-AS1 (ENST00000416037), showed differential expression
patterns in MIBC (all at p<0.05), which were selected for further
validation (Supplementary Figure S4). Moreover, we are surprising to

find that these three IncRNAs were also differently expressed in MIBC
compared to healthy controls. We then expanded the sample size to
90 MIBC patients and 90 NIMBC patients and confirmed the
differential expression of three IncRNAs in MIBC in the training set
(Table 1). We found that LINC00565, LINC00592, and NDUFA6-
AS1 were significantly upregulated in MIBC (Figures 3A-C;
Supplementary Figure S5). The corresponding AUCs of the three
IncRNAs for MIBC were 0.811 (95% confidence interval (CI):0.746-
0.865, with sensitivity (SN) of 61.1% and specificity (SP) of 95.6%),
0.728 (95% CI:0.657-0.792, with SN of 67.8% and SP of 74.4%) and
0.766 (95% CI: 0.698-0.826, with SN of 58.9% and SP of 83.3%),
respectively (Figures 3D-F; Supplementary Table S5).

As expected, the alteration patterns of these IncRNAs in the
validation set were consistent with those in the training set, and the

TABLE 1 Relative expression of candidate IncRNAs in MIBC and NMIBC patients in the training set and validation set.

Training set

NMIBC (n=90) MIBC (n=90)

p-Value

Validation set

NMIBC (n=60) MIBC (n=60)

p-Value

LINC00565 1.11 (0.65-1.53) 2.47 (1.44-3.49) <0.0001 1.09 (0.64-1.59) 2.28 (1.42-3.50) <0.0001
LINC00592 1.05 (0.76-1.35) 1.77 (0.99-2.56) <0.0001 1.12 (0.65-1.47) 1.57 (0.91-2.73) <0.001
NDUFAG6-AS1 1.05 (0.67-1.51) 2.16 (1.26-3.30) <0.0001 1.10 (0.71-1.44) 1.69 (0.99-2.48) <0.0001

Data were presented as median (interquartile range).
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The Box-whisker plots and ROC plots represent for LINC0O0565, LINC00592, and NDUFA6-AS1 in the training set. (A—C) Differential expression
patterns of LINCO0565 (A), LINC00592(B), and NDUFA6-AS1 (C) between MIBC and NMIBC using RT-gPCR assay. (D—F) ROC curve analysis for
diagnosis of MIBC using LINCO0565 (D), LINC00592 (E), and NDUFA6-AS1(F), ****p<0.0001.

corresponding AUCs of the three IncRNAs were 0.787 (95% CI:0.703-
0.856, with SN of 61.7% and SP of 88.3%), 0.664 (95% CI:0.572-0.748,
with SN of 53.3% and SP of 80.0%) and 0.726 (95% CI: 0.637-0.803, with
SN of 55.0% and SP of 90.0%), respectively (Table 1; Supplementary
Figure S6). Logistic regression analysis revealed that these IncRNAs could
serve as independent diagnostic factors for MIBC (Figure 4).

As there were fewer females than males in this study, we also
analyzed the expression of three IncRNAs between females and
males. No significant influences on expression of the three IncRNAs
for the sex were found (Supplementary Figures S7-S9). Moreover,
we found that the expression patterns and AUCs of three IncRNAs

Univariable logistic regression analysis

by RT-qPCR assays based on Qubit and NanoDrop were similar,
which confirmed the quality and quantity of RNA (Supplementary
Figure S10). All these results could provide new basis for the
reliability of the RT-qPCR data in this study.

Establishment of the 3-IncRNA panel
for MIBC

A stepwise logistic regression model was established to
determine the probability of diagnosing MIBC in the training set.

Mutivariable logistic regression analysis

Variable N Estimate OR r Variable N Estimate OR p
LINCO0565 180 —— 8| 143(1.00,1.93) <0.001 LINCO0S65 180 | | b———— 8| 434255818  <0.001
LINC00592 180 b 1.06 (0.66,1.52)  <0.001 LINC00592 180 | 3.21(1.75,6.43)  <0.001
NDUFAG-AS1 180 eoom 1,09 (0.73,1.50)  <0.001 ‘ NDUFAG-AS1 180 [ — 2.96 (1.88,5.00)  <0.001
¢ Py H 1 H 1 3 : T 7 3
FIGURE 4

Frontiers in Oncology

Forest plot summary of analyses of muscle-invasive status. Univariate and multivariate logistic regression analysis of the three IncRNAs for MIBC
diagnosis in the training set. The squares on the transverse lines refer to the odds ratio (OR), and the transverse lines indicate the 95% ClI.
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ROC curve analysis for the 3-InRNA panel in the training set (A), validation set (B) and combination set (C).

The IncRNA-based panel was constructed using the following
formula: Logit (P = MIBC) =-5.781+ (1.467 x LINC00565) +
(1.166 x LINC00592) + (1.085 x NDUFA6-AS1). ROC curve
analysis revealed that the AUC of the three-IncRNA panel was
0.903 (95% CI: 0.850-0.942), with SN of 86.7% and SP of 83.3%
(Figure 5A). The diagnostic efficiency of the 3-IncRNA panel
appears superior to the IncRNA alone.

Validation of the 3-IncRNA panel for MIBC

The IncRNA-based panel obtained from the training set was
used to calculate the probability of being diagnosed as MIBC in the
validation set. Similar to the training set, the AUC of the IncRNA
panel was 0.875 (95% CI: 0.802-0.928, Figure 5B). We further
pooled MIBC patients from the training and validation sets, and
the combined results showed that the constructed IncRNA panel
could diagnose MIBC with an AUC of 0.878 (95% CI: 0.836-0.913)
(Figure 5C). Furthermore, the diagnostic accuracy of the IncRNA
panel for different stages of T2, T3, and T4 were analyzed and
relative data were shown in Supplementary Figure SI11.

Construction and assessment of
Fagan'nomogram to calculate the
probability of MIBC based on
3-lncRNA panel

The results of the combination set showed the 3-IncRNA Panel
could diagnose MIBC with SN of 0.767 (95% CI: 0.691-0.832) and
SP of 0.887 (95% CI: 0.825-0.933). To make this finding clinically
available, Fagan’s nomogram was constructed to assist clinicians in
using panel values to evaluate the probability of a patient having
MIBC. The pre-test probability of the MIBC was set at a hypothetical
value of 10%. The positive likelihood ratio (+LR) of the panel was
6.788 and the negative likelihood ratio (-LR) was 0.263. The pre-test
probability and LR values are marked on the left and middle axes,
respectively, followed by a drawn line from the two marked points
along the right axis. Thus, the post-test probability was the point at
which the line intersects with the right axis. As shown in Figure 6, ifa
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patient had a positive panel result, the post-test probability that he
truly had MIBC would increase to 43% (blue line). However, if one
had a negative panel result, the post-test probability would decrease
to 3% (red line). These data demonstrate that our 3-IncRNA panel
can exhibit practical and helpful values for clinical use.

LncRNA-miRNA-mRNA network prediction
and analyses

To investigate the biological functions of the three IncRNAs in
pathomechanism, we measured their expression in 15 MIBC tissues
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FIGURE 6
Fagan's nomogram for the assessment of the probability that an
individual has MIBC according to the 3-IncRNA panel.
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and observed that LINC00565 was highly expressed in tumor tissues
compared to adjacent noncancerous tissues (Figures 7A-C). In
addition, LINC00565 overexpression was also detected in T24 and
5637 cells compared to SV-HUC-1 cells (Figure 7D). Subsequently,
we constructed an IncRNA-miRNA-target gene network for
LINC00565 using Cytoscape. The top five miRNAs that potentially
bind to LINC00565 and the five most likely target genes for each
miRNA were used to construct a network map (Figure 7E). For
preliminary verification of the bioinformatics analysis, the
expression correlation between LINC00565 and miRNAs was
measured in the 15 MIBC tissues. Consistent with our prediction,
the expression of miR-143-5p (Spearman’s correlation, r=-0.5476,
<0.05) was negatively correlated with the levels of LINC00565 in
MIBC, and miR-4516 (Spearman’s correlation, r=0.5244, p<0.05)
was positive correlated with the levels of LINC00565 (Figures 7F, G).

Integrated analysis of three IncRNAs based
on TCGA database

RNA sequencing data and overall survival (OS) information of
372 MIBC patients were downloaded from the Bladder Urothelial
Carcinoma Project of TCGA (TCGA-BLCA Project). Kaplan-Meier
analysis revealed that MIBC patients with high LINC00565
expression levels had significantly lower OS than patients with
low expression levels (p=0.001, Supplementary Figures SI12A).
These findings further suggested that LINC00565 might have
great potential to be used as promising biomarkers for MIBC.
However, neither LINC00592 nor NDUFA6-AS1 influenced

10.3389/fonc.2024.1451009

patients’ predicted survival (p=0.203 and p=0.051, Supplementary
Figures S12B, C).

Considering chromosomes’ distribution of IncRNAs, copy
number values of three IncRNA genes were measured in tissue
samples of 15 MIBC patients and no variations were found (all p
at>0.05, Supplementary Figure S13). In addition, relative data on
the copy number values of three IncRNA genes were obtained from
the Pan Cancer Atlas consisting of 375 BC samples and analysis
revealed that copy number values of three IncRNA genes
demonstrated no significant differences between NMIBC and
MIBC (Supplementary Figure S14). These findings suggested that
genomic imbalance may be not correlated with the dysregulation of
these IncRNAs.

Discussion

RC is the gold standard treatment for MIBC, whereas TUR are
generally used for patients without muscular infiltration. Therefore,
preoperative determination of muscle invasion is crucial for
enhancing clinical decision-making. However, the current
methods such as cystoscopy and imaging examinations, have
certain deficiencies, including uncomfortable experience and
limited accuracy. Consequently, non-invasive and precise
biomarkers are required for MIBC diagnosis. In the present study,
we analyzed the relevance of serum IncRNAs in MIBC using
genome-wide HTS and RT-qPCR assays. A three-IncRNA panel
was established using multivariate logistic regression analysis and
demonstrated satisfactory diagnostic ability for MIBC.
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Furthermore, we found that the expression of LINC00565 was also
upregulated in both BC tissues and cells and was significantly
correlated with miR-143-5p and miR-4516. To our knowledge,
this is the first study to demonstrate a potentially applicable
IncRNA signature in serum that could aid in the development of
improved muscle-invasive diagnosis.

Recently, circulating IncRNAs have attracted increasing attention
as potential biomarkers for cancer based on their stable capacity in
serum (24). Previous studies by us and others demonstrated that
serum IncRNAs could be expressed in disease- or developmental-
specific manners in various types of cancer, including BC (18-20, 25).
However, these studies mostly focused on pre-selected signals or a
limited number of IncRNAs, leaving the whole profile unknown, and
may not be very reliable owing to the complicated pathogenesis of
malignancy (26, 27). Thus, the present study was designed to
comprehensively and systematically identify specific IncRNA
profiles in serum of MIBC patients. Genome-wide analysis of
serum IncRNAs was initially performed by HTS in patients with
MIBC and NMIBC (28). Considering that the sequencing data may
not be powerful enough to reflect the actual gene expression levels
across individuals (29, 30), subsequent measurement of candidate
IncRNAs in training and validation cohorts using RT-qPCR assays
was performed (31). Finally, three IncRNAs were found to be
differentially expressed in the MIBC-specific patterns. Using a
multivariate logistic regression model, which has been shown to be
more straightforward to implement and interpret (32), a 3-IncRNA
panel was ultimately established. ROC analysis revealed that this
panel can effectively discriminate patients with MIBC from those
with NMIBC. Moreover, we found that with the pathological stage
raising from T2 to T4, the diagnostic efficiency of the established
signature was constantly increased, which could further support the
specificity of the IncRNA signature for MIBC. These findings suggest
that the 3-IncRNA panel based on comprehensive profile analysis has
great potential to serve as effective noninvasive biomarkers for MIBC.

The inherent utility of IncRNA profiles in classifying MIBC has
been investigated in many studies. Robertson et al. (33) reported
that IncRNA expression clustering in tissues could identify distinct
subsets of MIBC with differential EMT status, histological features,
and patient survival. Song et al. (34) revealed a tissue-based 8-
IncRNA signature as an independent prognostic indicator and
classifier in different subgroups of MIBC. Moreover, IncRNAs
exhibit great potential to provide additional information for
higher-resolution subtyping of luminal-papillary MIBC (35).
Nevertheless, investigations describing the characterization of
circulating IncRNAs in MIBC are limited. Zhou et al. (17)
highlighted the axis of LUCAT1/miR-199a/b-5p in MIBC
pathogenesis and found that serum LUCAT1 was upregulated in
MIBC. In the present study, we constructed an accurate diagnostic
serum IncRNA panel for MIBC and tested it in patients diagnosed
with BC. Patients deemed by this panel to have an elevated risk of
MIBC development would then undergo further, typically invasive,
and costly clinical workups. Furthermore, we established Fagan’s
nomogram to facilitate the interpretation of panel results as useful
information for clinicians (30, 36). With a supposed pre-test
probability of 10%, the post-test probability of MIBC increased to
43% for a positive result and decreased to 3% for a negative result.
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Simple serum testing with diagnostic panel outcomes would be
straightforward to implement and possibly serve as a cost-effective
triaging tool, further benefiting at-risk populations. Nevertheless, as
patients with MIBC in the present study were initially diagnosed,
further researches are required to validate the diagnostic potential
of serum IncRNAs for recurrent MIBC.

Research on the functional roles and molecular mechanisms of
IncRNAs in tumor tissues and cells may contribute to the further
evaluation of serum IncRNAs as biomarkers for cancer. It has been
shown that the expression of IncRNAs could be upregulated in
cancer cells not only to promote cancer cell proliferation and
migration but also to increase secretion delivered by extracellular
vesicles to the microenvironment (37). Among the three IncRNAs
identified in our study, LINC00565 and LINC00592 have been
reported to be involved in tumorigenesis and cancer development.
In colorectal cancer, Shao et al. (38) reported that LINC00565 was
mainly expressed in the cytoplasm and could stimulate the
aggravation of cancer by upregulating EZH2. LINC00565 could
also promote the progression of ovarian cancer by interacting with
GAS6 (39). Yuan et al. (40) showed that LINC00592 is a potential
cancer-related IncRNA in cervical cancer and may activate cancer
progression through the regulation of transcription or structural
integrity. In case of BC, LINC00592 was found to be located in the
nucleus and could promote the growth and metastasis of cancer
cells by enhancing the promoter methylation of WIF1 and
decreasing WIF1 transcription (41). To characterize functions of
IncRNAs in distinct subcellular compartments and reveal the
physiopathological process they are involved in, further studies
using techniques including APEX-RIP would be performed (42). In
this study, analysis on the TCGA database revealed that MIBC
patients with higher LINC00565 expression level had poorer
prognosis. As TCGA data could be influenced by heterogeneity,
irregularity, and other characteristics, it is possible that the values of
LINC00592 nor NDUFA6-ASI might be not fully utilized and
further researches are needed to confirm our findings.
Nevertheless, these findings indicated that the three IncRNAs may
play important roles in cancer and have great potential to be
investigated as indicators for cancer.

To further understand the functions of these differentially
expressed IncRNAs, bioinformatic analysis was performed. We
found some important functions or pathways that may explain the
possible mechanisms underlying the increase in IncRNAs in MIBC.
For instance, overexpressed IncRNAs are linked to taste transduction
signaling, which might participate in the drug resistance of cancer
(43). As IncRNAs could function as miRNA sponges or potent
ceRNA molecules to regulate gene expression (12, 13), we predicted
the potential miRNA targets of LINC00565 using TargetScan and
Miranda databases, and Spearman’s correlation analysis revealed
that LINC00565 displayed a tendency of negative correlation with
miR-143-5p but a positive correlation with miR-4516 in MIBC. The
association of miRNAs with cancer indicates that LINC00565 may
play a regulatory role in the development of MIBC. For instance,
downregulated miR-143 was reported in the serum of BC (44) and
could modulate apoptosis and malignant phenotype of BC cells via
PCMT1 (45). In addition, miR-4516 was identified as a novel
oncogene by targeting PTPN14 in glioblastoma (46), and stromal
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loss of miR-4516 could promote FOSL1-dependent proliferation and
malignancy of triple-negative breast cancer (47). Additional studies
are required to verify the target genes of the three IncRNAs and
elucidate the underlying mechanisms that regulate their functions.

Among the three IncRNAs, LINC00565 was transcribed from
intergenic regions. Moreover, we found that the most up-regulated
IncRNAs were located in chromosome 2 and transcribed from
intergenic regions in unannotated sequences of gene. These
findings highlighted the important roles of chromosome location
and source of the IncRNA formation in cancer (48, 49). Further
researches focusing on the findings based on the different expression
patterns of IncRNAs in chromosomes and transcription should be
performed to elucidate the biological roles of IncRNAs in MIBC.
Moreover, the data obtained from the Pan Cancer Atlas
demonstrated that copy numbers of the three IncRNAs were
similar between NMIBC and MIBC, and it is possible that other
regulating mechanisms such as DNA methylation and histone
modification, may exist in the abnormal expression of IncRNAs in
MIBC (50, 51). Additional studies are required to elucidate the
underlying mechanisms that regulate their expression and functions.

Despite these promising results, the present study had several
limitations. First, more sensitive technologies such as ddPCR should
be performed to validate the results by RT-qPCR, as ddPCR could
show better performance for low nucleic acid load samples and reduce
the production of false positive reports (52). Second, the sample size is
not large enough and the capacity of the IncRNA panel to discriminate
MIBC from other types of invasive tumors is still unknown. Further
large-scale and multi-center studies including more females are
needed to validate the diagnostic efficiency. Third, despite previous
speculation declaring the possible mechanisms of stably detected
IncRNA in serum included binding with protein and folding into
complex secondary and tertiary structures (53, 54), the source and
secretion mechanisms of serum IncRNA remain unclear. Moreover,
the precise biological functions of the identified IncRNAs have not yet
been clarified. More intensive studies are needed to illustrate the
molecular mechanisms of IncRNAs involved in MIBC and to make
these results more convincing for future clinical applications.

In conclusion, we defined a distinctive serum 3-lncRNA
signature for the diagnosis of MIBC. Although further studies are
needed to confirm the results of this study, our findings highlight
the clinical value of serum IncRNAs in the diagnosis of MIBC and
provide potential directions for exploring the roles of IncRNAs in
cancer pathogenesis.
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