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Abstract

Accumulating evidence has been obtained to understand the mechanisms of long non-coding RNAs (IncRNAs) in bladder
cancer (BC). However, due to the recurrence and metastasis of BC, searching for IncRNAs that are related to prognosis and
metastasis and exploring the pathogenesis of BC might provide new insights for the treatment of BC. In the present study,
we used the TCGA and GEO databases and identified LINC02446 as associated with prognosis and differentially expressed
in bladder cancer tissues and para-cancer tissues. Then, we found that LINC02446 could affect the proliferation, migration
and invasion of BC cells. Additionally, we found that LINC(02446 could bind to the EIF3G protein and regulate the protein
stability of EIF3G and then inhibit the mTOR signalling pathway. In summary, all these findings show that LINC02446

might serve as a promising therapeutic target for BC intervention.

Introduction

Bladder cancer (BC) is one of the most common malig-
nancies of the genitourinary system. In 2018, the incidence
of BC ranked 12th among malignancies worldwide, ranking
6th among males and 10th among females, and the inci-
dence has been on the rise in recent years [1]. BC occurs
more frequently in men over 65 years old, but in recent
years, the onset age has tended to be younger, and the ratio
between men and women is 3:1-4:1 [2]. In clinical practice,
the most common pathological type of BC is urothelial
carcinoma. Approximately 75% of patients with BC at the
first diagnosis have superficial bladder cancer, and 25%
have muscle-invasive bladder cancer (MIBC). Non-
muscle—invasive BC has significantly different treatment
regimens and prognoses from MIBC. The former is
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characterised by a high recurrence rate and low mortality,
and the treatment is mainly assisted intravesical infusion of
BCG (Bacillus Calmette-Guérin) or chemotherapy after
urethral electrotomy. The latter is mainly treated with a
combination of surgery, chemotherapy and radiotherapy,
and ~50% of MIBC patients experience relapse within 2
years after radical cystectomy, depending on the patholo-
gical stage of the primary tumour and the status of lymph
nodes. Local recurrence accounts for 30% of the recurrence,
while distant metastasis is more common, with 10%—15%
of MIBC patients already having metastasis at the time of
the diagnosis of recurrence. The treatment of metastatic BC
has always been a difficult problem in clinical practice. The
median survival period is approximately 12 to 14 months,
and the prognosis is far worse than that of kidney cancer
and prostate cancer [3, 4].

As a kind of non-coding RNA, IncRNA refers to non-
coding RNAs (ncRNAs) with a length of >200 nucleotides
[5]. LncRNAs are involved in many biological functions,
such as the regulation of cell development and differentia-
tion, cell apoptosis and the cell cycle, as well as gene
imprinting, splicing, epigenetic regulation, transcription and
translation regulation [6—8]. With the continuous develop-
ment of molecular biology technology and bioinformatics
technology, it has been recognised that IncRNAs play
important roles in various diseases, such as tumours [9—13].
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The abnormal expression of IncRNAs is closely related to
biological behaviours such as the cell proliferation, invasion
and metastasis of malignant tumours [14—-16]. Under-
standing each IncRNA, by identifying its cell function,
dissecting its molecular mechanism, and linking it to its role
in disease, is of profound significance for tapping the
potential of IncRNAs in the application of cancer diagnosis
and targeted therapy.

In the present study, we used The Cancer Genome
Atlas (TCGA) database to search for differentially
expressed IncRNAs associated with prognosis, and
finally, we identified 38 differentially expressed
IncRNAs. Then, the GEO database was used to identify
differentially expressed IncRNAs associated with BC or
para-cancer tissues and BC tissues with or without lymph
node metastasis. Finally, we identified LINC02446 for
further research and found that LINC02446 could affect
proliferation, migration and invasion. Additionally, we
found that LINC02446 could bind to EIF3G protein and
regulate the protein stability of EIF3G and then inhibit the
mTOR signalling pathway. All these findings may con-
tribute new insights into the development of a novel
therapeutic target for BC.

Methods and materials
Data acquisition and bioinformatics analysis

In this study, expression profiles and clinical characteristics
were obtained from The Cancer Genome Atlas (TCGA)
database (https://cancergenome.nih.gov/) and the Gene
Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo/). The clinicopathological features of
patients from the TCGA, GSE89006, and GSE121738 data
sets were examined for a histological diagnosis of urothelial
carcinoma. The TANRIC tool was used to obtain FPKM
standardised data of BC IncRNA expression data. The linear
fitting method was used to obtain the differentially
expressed IncRNAs from samples of a specific survival
period. Single-variable Cox regression was applied to
screen the prognosis-related IncRNAs and to calculate
prognosis-related IncRNA risk values from low to high. A
LASSO prognostic model was also constructed for the
accurate selection of prognosis-related IncRNAs. For pre-
dicting prognosis, Cox regression analysis was also per-
formed and identified a specific 38-IncRNAs signature. The
files downloaded from the GEO database were assessed
with the R language analysis tool combined with the GCBI
website (https://www.gcbi.com.cn/) to identify differentially
expressed IncRNAs. The intersection of the identified
IncRNAs from the two databases was obtained by Venn
diagram.

Table 1 Correlations between the proportion of LNC02446 and
clinicopathological features in 40 BC patients.

Characteristics Case LNC02446 P-value®
expression
Low high
All cases 40 20 20
Age(years)” 0.2036
<65 18 11 7
265 22 9 13
Gender 0.3112
Male 27 15 12
Female 13 5 8
TNM stage 0.0003*
pTa-pT1 25 7 18
pT2-pT4 15 13 2
Histological grade 0.0009%*
Low 26 8 18
High 14 12 2
Metastasis 0.0064*
Negative 30 13 19
Positive 10 9 1

*The patients were divided into two groups according to the median
age that is 65 years.

bMann—Whitney U was used and *P < 0.05 was considered significant.

Clinical samples

A collection of 40 BC samples was obtained from patients
who underwent partial cystectomy or radical cystectomy at
the First Hospital of China Medical University. Forty mat-
ched adjacent bladder epithelial tissues were acquired from
a distance of more than 3 cm from the BC tissues. All tis-
sues were processed to be examined histologically. The
study was approved by the Medical Ethics Committee of the
First Hospital of China Medical University, and written
informed consent was obtained from each patient for sur-
gical and research purposes. The patients’ clinical char-
acteristics were list in Table 1.

Cell culture and transfection

The normal bladder epithelial cell line SV-HUC-1 and the
bladder cancer cell lines 5637, RT4, SW780, TCCSUP, J82,
T24 and UMUC3 were obtained from the Chinese Academy
of Sciences Cell Bank (CASCB, China). The cells were
cultured in RPMI 1640 medium (Gibco, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco, USA) at 37 °C in 5% CO,. LINC02446 and EIF3G
overexpression plasmids and small-interfering RNAs (siR-
NAs) targeting LINC02446 were synthesised by Gene-
Pharma Co. (Shanghai, China). The cells were transfected
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with the above plasmids and siRNAs using Lipofectamine
3000 Reagent (Life Technologies Corporation, USA). The
cells were transfected with 20 uM siRNA and 5 pg plasmid.
The LINC02446 siRNA and negative control (NC) siRNA
sequences used were as follows (5°-3’): siRNA, sense,
UAUGGAAACAAAUGUACACUC and antisense, GUGU
ACAUUUGUUUCCAUAAA; and NC, sense, UUCUCCG
AACGUGUCACGUTT and antisense, ACGUGACACG
UUCGGAGAATT.

Quantitative real-time reverse transcription PCR
(RT-PCR)

Total RNA was isolated with RNAiso Plus (Takara Bio-
technology, Dalian, China). For RT-PCR, the treated RNA
was directly reverse transcribed from 500 ng of RNA with
random primers using Prime Script RT Master Mix (Takara,
Dalian). To quantify the amount of LINC02446 and EIF3G
mRNA, real-time PCR analyses were performed using the
SYBR® Premix Ex Taq™ Kit (Takara, Dalian). GAPDH
was used as an internal control. All analyses were per-
formed using the Thermal Cycler Dice™ Real-Time
TP800 system (Takara, Kyoto, Japan). The 2" 22T method
was used to calculate the relative expression of different
genes. The primers are listed in Table 2.

Western blot analysis

Total protein was extracted by RIPA buffer. Protein quan-
tification was performed using the Bradford method (Bio-
Rad Co., USA). Equal amounts of proteins loaded on
4-20% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis gels were subsequently transferred onto poly-
vinylidene fluoride membranes. Then, separated protein
bands were blocked for one hour and incubated with pri-
mary anti-EIF3G (1:1000, ab192601, Abcam, MA, USA),
anti-E-cadherin (1:1000, 14772, Cell Signaling Technology,
MA, USA), anti-N-cadherin (1:1000, 13116, Cell Signaling
Technology, MA, USA), anti-Vimentin (1:1000, 5741, Cell
Signaling Technology, MA, USA), anti-mTOR (1:1000,
2972, Cell Signaling Technology, MA, USA), anti-p-
mTOR (1:1000, 5536, Cell Signaling Technology, MA,

Table 2 Real-time PCR primer sequences.

Primer name Primer sequences

5-GCAGAAAAGCGGAGTGCAAA-3’
5-CGAGACTGCCCCTTTGTGAT-3’
5-CTGGAGGAGGGCAAATACCT-3’
5-CTCGGTGGAAGGACAAACTC-3’
5-GAAGATGAGATGTATGGGCTC-3’
5-AAGTTCCTTGGCACGCTCAT-3’

LNC02446 forward
LNCO02446 reverse
EIF3G forward
EIF3G reverse
GAPDH forward
GAPDH reverse
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USA) and anti-GAPDH (1:5000, sc-25778, Santa Cruz,
CA, USA) antibodies overnight at 4 °C. The protein bands
were washed with TBST three times after incubation with
the secondary antibodies. Chemiluminescence detection
was performed on a chemiluminescence system (Bio-Rad,
CA, USA).

Real-time cell analysis (RTCA)

All the treated cells were dissociated with trypsin and then
seeded in cell culture E-plates at a cell density of 3,500 cells
per well and incubated in the incubator. The cell growth
curves were automatically recorded on the xCELLigence
System (Roche Applied Sciences) in real-time. The cell
index was followed for 3 days.

Transwell assay

Transwell assay was performed with or without matrigel,
respectively, of 2x10* BC cells suspended in 200 uL
serum-free RPMI 1640 medium for invasion and migration.
BC cells were incubated for 24 h at 37 °C. After incubation,
the non-invaded cells on the upper membrane surface were
removed with a cotton tip. Then, membrane was fixed and
stained by violet crystalline.

RNA immunoprecipitation (RIP) and RNA pull-down
assay

RIP and RNA pull-down assays were used to confirm the
interaction between LINC02446 and EIF3G protein.
According to the manufacturer’s recommendations, the RIP
assay was performed via the EZ-Magna RIP RNA-binding
Protein Immunoprecipitation Kit (Millipore, Billerica, MA,
USA). T24 and UMUCS3 cells were lysed and then incubated
with RIP buffer containing magnetic beads conjugated with
EIF3G and IgG antibodies. To identify the enrichment of
LINCO02446, purified RNAs were analysed using RT-PCR.
An RNA pull-down assay was conducted to confirm the
direct binding between LINC02446 and EIF3G protein.

Biotinylated RNAs were mixed with streptavidin magnetic
beads (Life Technologies, USA) for 4 h. Total cell lysates
were freshly prepared and added to each binding reaction with
protease/phosphatase inhibitor cocktail and RNase inhibitor,
and then the mixture was incubated with rotation for 1h at
4 °C. After washing thoroughly three times, the RNA—protein
binding mixture was detected by western blotting.

Statistical analysis
All data was expressed as the mean +SD for three inde-

pendent experiments. *p <0.05, **p<0.01 and ***p<
0.001. Data analyses were carried out using GraphPad
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Prism 7.0 (GraphPad Software, La Jolla, CA, USA) and
SPSS software ver. 20.0 (SPSS, Inc., Chicago, IL, USA).
Probability (P) values <0.05, as calculated using Student’s
t-test as appropriate, was considered statistically significant.
Comparisons of the expression of clinical sample data
detected by RT-PCR and the LINC02446 levels between
matched tumours and healthy adjacent specimens were
performed by the non-parametric Wilcoxon test, while
comparisons of tumour grades, stages and metastatic status
were performed by the non-parametric Mann—Whitney test.

Results

Identification of prognostic IncRNAs, establishment
of the 38-IncRNA signature risk score and prediction
of overall survival with the 38-IncRNA signature

We first downloaded BC data from the TCGA database,
including the standardised expression data of second-
generation sequencing FPKM, the clinical traits of
patients and prognosis-related data. The expression data
were matched with clinical data and prognostic data, and
finally, we obtained relevant information for 400 patients
with BC. All these data were used for the subsequent ana-
lysis. The limma linear fitting method was used to analyse
samples with survival times of >3 years (a total of 69 sam-
ples) and samples with survival times of less than 1 year
(a total of 77 samples). We then screened the differential
IncRNAs with the thresholds of llogFC | >0.1 and P-value <
0.01 and identified 130 upregulated and 16 downregulated
IncRNAs (Fig. 1A). Next, all 400 samples of the TCGA
dataset were randomly divided into a training set of
300 samples and a test set of 100 samples. All samples from
the training set were used for the next selection and model
construction. The prognosis of the differential IncRNAs in
the training set was analysed using the Cox model. A total
of 116 prognostic IncRNAs were screened with P <0.05 as
the threshold. The 116 IncRNAs related to prognosis were
input into the least absolute shrinkage and selection operator
(LASSO) prognostic model, the best lambda was screened
by 1000 cross validation, and the lambda value with the
smallest validation error was selected as the best threshold.
Finally, 38 IncRNAs were screened as key prognostic
IncRNAs (Fig. 1B, C). Next, we designed a 38-IncRNA risk
score based on the regression coefficients in single-variable
Cox regression and the expression of the 38 prognosis-
related IncRNAs. The 38-IncRNA risk score values of each
patient were calculated, and then the patients were arranged
from left to right according to the risk values from low to
high. Next, all the patients were divided into two groups,
the high-risk group (n = 150) and the low-risk group (n =
150), according to the median risk value of the training set

as the cutoff. Then, the risk values, survival time and
endpoint events of each patient and the expression levels of
each IncRNA were marked (Fig. 1D-F). We then divided
the patients into three risk groups (low risk, medium risk,
and high risk) according to the prediction of each patient’s
risk value of the 38-IncRNA signature by the Cox model.
The results of the KM curves were compared by the log
rank test. Survival analysis showed that the two models
performed well in stratifying the three groups of patients in
the training set and test set (Fig. 1G). Then, the two models
for the prediction of overall survival time were assessed by
the AUC. The AUC results showed that the model per-
formed well in terms of the prediction effect (Fig. 1H).

Prognostic value of the 38- IncRNA signature,
identification of 38-IncRNA signature correlated
biological pathways and co-expression network

In this study, univariate and multivariate Cox regression
analyses were performed to predict the prognosis related to
some clinical characteristics and specific IncRNAs in BC. A
nomogram was constructed to improve the convenience of the
application of our findings in clinical practice (Fig. 2A). Some
clinical characteristics (age, gender, lymph node count, lymph
nodes positive, response, new tumour event, new tumour
type, metastasis, neoplasm grade, tumour stage and patholo-
gic stage), as well as the 38-IncRNA risk score were assessed
by a Cox test to examine the independent risk factors in BC.
By comparing the hazard ratio of these factors, some clinical
characteristics, including positive lymph nodes, response, new
tumour event, metastasis, tumour stage and pathologic stage,
and the 38-IncRNA risk score were identified as covariates in
the analysis of the dataset. In Fig. 2B, the width of the hor-
izontal line represents the 95% confidence interval. Addi-
tionally, receiver operating characteristic (ROC) analysis was
performed to assess the sensitivity and specificity of various
models of survival prediction, including the 38-IncRNA risk
score and some significant clinical characteristics obtained in
the previous steps. In the ROC analysis, 3-year and S-year
survival predictions were tested in the training set and test set.
Compared with the current clinical indicators, our 38-IncRNA
signature exhibited a higher accuracy in predicting the 3-year
and S-year overall survival of BC patients (Fig. 2C, D).
Predicting functions and relevant pathways can provide a
more comprehensive and deeper understanding of the
pathogenesis of the relevant factors. First, the ssGSEA
method was used to score the pathway functions of each
patient based on the gene expression information of the full
transcriptome, and the 2199 functional gene set of canonical
pathways (CP) in the MSigDB database was selected to score
each patient. Then, according to the risk score, the patients
were divided into the low-risk group and the high-risk group,
and the limma linear fitting method was used for functional

SPRINGER NATURE
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Fig. 1 Identification of prognostic IncRNAs, establishment of the
38-IncRNA signature risk score and prediction of overall survival
with the 38-IncRNA signature. A Volcano plot showing the differ-
entially expressed IncRNAs in samples with survival times of more
than 3 years (a total of 69 samples) and survival times of less than 1
year (a total of 77 samples) with adjusted llogFC |>0.1 and P-value <
0.01. B The tuning parameter (1) selection in the LASSO model used
1000-fold cross-validation via minimum criteria. The vertical dashed
line indicates the minimum partial likelihood deviation. C LASSO
coefficient profiles of the 116 prognosis-related IncRNAs. D The 38

difference analysis. Finally, a total of 50 pathways with sig-
nificant differences in function between the two risk groups
were obtained with [logFC1>0.8 and FDR<0.05 as the
threshold (Fig. 2E). In addition, we also used the WGCNA
co-expression network to analyse the co-expression of the 38
IncRNAs with miRNAs and mRNAs (Fig. 2F).

Gene expression microarray analyses in the GEO
database and hub IncRNA selection

Currently, the Gene Expression Omnibus (GEO) database is
the largest and most comprehensive international public
gene expression data resource. LncRNAs associated with
prognosis are usually differentially expressed in tumour
tissues and corresponding normal or lymph node tissues.
Therefore, in the present study, we first compared human
bladder carcinoma tissues with matched para-carcinoma
tissues in a GEO dataset (GSE89006). Differential gene
expression analysis screened the top 5000 differentially
expressed IncRNAs by fold change>2 with p<0.01

SPRINGER NATURE
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prognosis-related IncRNA signature risk score distributions. E Four-
hundred patients’ survival time distribution according to the risk score.
F Heatmap showing the 38 prognosis-related IncRNA expression
profiles. The blue dotted line represents the median IncRNA risk score
cutoff dividing the patients into low-risk and high-risk groups.
G Kaplan—Meier curves of overall survival in the training (n = 300)
and testing (n = 100) sets stratifying the three groups of patients with
low risk, medium risk and high risk. H The AUC results showed the
prediction of overall survival time in the training (n = 300) and testing
(n=100) sets.

(Fig. 3A, B). Next, we used another GEO dataset
(GSE121738) to compare differentially expressed IncRNAs
in BC with or without lymph node metastasis. A total of 8427
DEGs were found by fold change > 2 with p <0.01 (Fig. 3C,
D). The differential IncRNA analysis from the original chip
data was performed by using the R language analysis tool
from the GCBI website. Heat maps and volcano plots were
applied to visualise the distribution of the expressed IncRNAs
between the two groups. To identify the hub IncRNAs that
might have an important influence on the occurrence and
prognosis of BC, a three-way Venn diagram of the 38
prognosis-related IncRNAs and the GSE89006 and
GSE121738 data sets was constructed and revealed that two
explicit IncRNAs were commonly changed (Fig. 3E). The
two explicit IncRNAs were HCG27 and LINC02446.
HCG27 has been reported in many diseases. Finally, we
selected LINC02446, which has not been reported before, for
further research. According to gene expression profiling
interactive analysis (GEPIA) (http://gepia.cancer-pku.cn/),
low levels of LINC02446 indicated poor prognosis (Fig. 3F).
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Fig. 2 Prognostic value of the 38- IncRNA signature, identification
of 38-IncRNA signature correlated biological pathways and co-
expression network. A A nomogram was constructed to improve the
convenience of the application of our findings in clinical practice.
B Forest plot represents the prognostic characteristics in the multi-
variable Cox proportional hazards regression analysis. C ROC analysis

LINC02446 expression is downregulated and acts as
a tumour suppressor in BC

As described above, LINC02446 was downregulated in BC
tissues compared with adjacent normal tissues, was down-
regulated in BC tissues with lymph node metastasis compared
with BC tissues without lymph node metastasis and was
negatively correlated with prognosis. Therefore, we first

for predicting 3-year survival in the training and test sets. D ROC
analysis for predicting 5-year survival in the training and test sets.
E Heatmap showing the top 50 significantly different functional
pathways between the two risk groups with llogFC |>0.8 and FDR <
0.05 as the threshold. F The co-expression of the 38 IncRNAs with
miRNAs and mRNAs using the co-expression network.

reconfirmed whether the expression of LINC02446 was
downregulated in BC tissues and BC cell lines. A total of 40
pairs of BC tissues and matched para-cancer tissues were
compared by gRT-PCR to examine the expression of
LINC02446. Compared with that in matched para-cancer
tissues, LINC02446 expression was downregulated in BC
tissues (Fig. 4A). Among the 40 BC tissues, LINC02446
expression was downregulated in 14 high-grade BC samples

SPRINGER NATURE



1382

X. Zhang et al.

A B

Color Key
—— GSE89006

Row Z-Score °
'
——

-log10 (FDR)

GsmassTods
GsmaasToss
GsMa3sTOs2
Gswzss70s0
Gsm23sT0M
Gsm23s7051
Gsmass7083
asmassTosT

0
log2 (fc)

Overall Survival

Cc D

Color Key
— GSE121738

-15 1
Row Z-Score
e ——

GSE121738

-1og10 (FDR)

LN T
3 3 3 3 3
2 H H 2 H
2 2 2 2 2
8 8 8 8 8

GSM3444970

log2 (fc)

TCGA GSE89006 e

08

0.6

Percent survival
04

0.2
1

0.0
L

— LowRP11-291B21.2 TPM
— High RP11-291B21.2 TPM
Logrank p=0.022
HR(high)=0.59

p(HR)=0.024

n(high)=97

n(low)=96

0 50 100
Months

GSE121738

Fig. 3 Gene expression microarray analyses in the GEO database
and hub IncRNA selection. A Representative images of the heatmap
showing the differentially expressed IncRNAs in human bladder car-
cinoma tissues and matched para-carcinoma tissues from the GEO
dataset (GSE89006). B Representative images of the volcano plot
showing the differentially expressed IncRNAs in human bladder car-
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showing the differentially expressed IncRNAs in BC tissues with or

compared with 26 low-grade BC samples (Fig. 4B). The
expression of LINC02446 was also downregulated in 15
invasive BC samples compared with 25 non-invasive BC
samples (Fig. 4C). Additionally, LINC02446 expression was
downregulated in 10 BC tissues with metastasis compared
with 20 BC tissues without metastasis (Fig. 4D). After con-
firming the LINC02446 expression level in tissues, we also
found that LINC02446 showed low expression in 5 BC cell
lines (5637, TCCSUP, J82, T24, and UMUC3) compared to
the immortalised normal urothelial cell line, SV-HUC-1 (SV)
(Fig. 4E). All the above findings urged us to explore the
functional performance of LINC02446. Thus, we transfected
T24 and UMUC3 cells with LINC02446 knockdown
(LINC02446 si) and LINC02446 overexpression plasmids
(LINC02446-OE). The relative expression of LINC02446
was assessed using qRT-PCR (Fig. 4F). Then, an RTCA
assay was performed to evaluate the proliferation of T24 and
UMUC3 BC cells, and LINC02446 expression revealed an
inverse correlation with cell proliferation (Fig. 4G). Next, we
used a transwell assay to assess the effect of LINC02446 on
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150

without lymph node metastasis from the GEO dataset (GSE89006).
D Representative images of the volcano plot showing the differentially
expressed IncRNAs in BC tissues with or without lymph node
metastasis from the GEO dataset (GSE89006). E Analysis of the
common differentially expressed IncRNAs of the 38 prognosis-related
IncRNAs and the GSE89006 and GSE121738 data sets by Venn
diagram. F Kaplan—Meier analysis of OS for the patients with different
LINC02446 expression.

the migration and invasion abilities of T24 and UMUC3 BC
cells, and an inversely correlated relationship was found
between LINC02446 expression and migration and invasion
abilities (Fig. 4H). In addition, as epithelial-mesenchymal
transition (EMT) plays an essential role in invasion and
metastasis in cancer, we also explored the expression of
EMT-associated markers, including E-cadherin, N-cadherin
and Vimentin, using western blotting. In this study, the
western blot assay showed that E-cadherin expression was
positively correlated with LINC02446 expression, while N-
cadherin and Vimentin expression was inversely correlated
with LINC02446 expression (Fig. 4I). Moreover, we found
that LINC02446 could inhibit the activation of the mTOR
signalling pathway via western blotting (Fig. 4J).

LINC02446 binds with EIF3G and regulates the
protein stability of EIF3G in BC cells

After understanding the biological functions of LINC02446,
we intended to further explore the pathogenesis of
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Fig. 4 LINC02446 expression is downregulated and acts as a
tumour suppressor in BC. A Relative expression level of
LINC02446 in BC tissues and matched para-carcinoma tissues using
qRT-PCR. B Relative expression level of LINC02446 in high-grade
BC tissues and low-grade BC tissues using qRT-PCR. C Relative
expression level of LINC02446 in non-invasive BC tissues and
invasive BC tissues using qRT-PCR. D Relative expression level of
LINC02446 in non-metastatic BC tissues and metastatic BC tissues
using qRT-PCR. E LINC02446 expression in seven bladder cancer
cell lines and SV-HUC-1 (SV) cells according to qRT-PCR. F Relative
expression level of LINC02446 in T24 and UMUCS3 cells using qRT-
PCR. G Proliferation in treated T24 and UMUCS3 cells was detected by
RTCA. H Cell migration and invasion in treated T24 and UMUC3
cells was performed by transwell assays with or without Matrigel,
respectively. I Relative expression levels of cell adhesion molecules
(E-cadherin, N-cadherin and Vimentin) in treated T24 and UMUC3
cells using western blotting. J Relative expression of mTOR and p-
mTOR in treated T24 and UMUC3 cells evaluated using western
blotting.

LINC02446 in BC. In recent years, many studies have
shown that IncRNAs can bind to specific proteins and then
mediate protein modification [17, 18], so we aimed to
identify the specific proteins that can bind to LINC02446.
Using a bioinformatics programme, catRAPID, we identi-
fied EIF3G as the putative target of LINC02446 (Fig. 5A).
The expression of EIF3G mRNA was not significantly
different in BC and adjacent normal tissues according to the
GEPIA database (Fig. 5B). EIF3G protein was over-
expressed in BC tissues compared with matched adjacent
normal tissues (Fig. 5C). Next, we attempted to investigate
the regulatory effect of LINC02446 on EIF3G, and EIF3G
mRNA and protein levels were measured by qRT-PCR and
western blot analysis. The results showed no significant
difference in EIF3G mRNA expression with the change in
LINC02446 compared with that in the corresponding con-
trol group (Fig. 5SD). EIF3G protein expression was nega-
tively regulated by LINC02446 compared with that in the
corresponding control group (Fig. 5E). To confirm the
binding relationship between LINC02446 and EIF3G, we
performed an RNA pull-down assay and confirmed that the
full-length LINC02446 probe pulled down EIF3G (Fig. 5F).
In addition, we also conducted a RIP assay to further pro-
vide proof of the binding relationship between LINC02446
and EIF3G (Fig. 5G). To further explore the regulatory
mode of LINC02446 on the EIF3G protein, we adopted the
bioinformatics method PhosphoSitePlus (https://www.
phosphosite.org/) to explore the molecular structure char-
acteristics of the EIF3G protein and its modification sites.
Interestingly, we found that EIF3G protein contains the
RPM1 domain, which is an RNA-binding domain that is
known to bind single-stranded RNAs, at the position of 241
to 310 amino acids. Additionally, near the RPM1 domain,
there may be a ubiquitination site at the 180th lysine of the
EIF3G protein (Fig. SH). All these findings indicated that
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LINC02446 regulates the biological process of BC by
binding to EIF3G protein and then affecting the stability of
EIF3G protein. With this assumption, to determine the
effect of LINC02446 on the half-life of EIF3G protein, we
first transfected T24 and UMUC3 cells with vector- and
LINCO02446-overexpressing plasmids, and then all the cells
were treated with 100 pg/mL cycloheximide (CHX) for the
indicated times. Western blot analysis revealed that the half-
life of EIF3G was reduced following the overexpression of
LINC02446 (Fig. 5I). Then, we used DMSO or 10 pmol/L
MG-132 to treat T24 and UMUC3 cells, which were
transfected with vector- and LINC02446-overexpressing
plasmids to determine the effect of LINC02446 on the
protein stability of EIF3G. The results showed that over-
expression of LINC02446 decreased EIF3G protein
expression, which could be restored after MG-132 treatment
(Fig. 5J). To investigate the ubiquitination site at the 180th
lysine of the EIF3G protein on the half-life and proteasome-
dependent degradation of EIF3G, plasmids with a sub-
stitution of the lysine residues (K180) of EIF3G with
arginine residues (K180R) were constructed separately.
Western blot analysis revealed that the half-life of EIF3G
was more stable following the mutation of EIF3G with
arginine (Fig. 5K). In addition, the cells with EIF3G K180
and K180R transfected with vector and LINC02446 over-
expression plasmids were used to determine the effect of
LINCO02446 on the protein stability of the EIF3G K180 site,
and the results demonstrated that overexpression of
LINCO02446 could destroy the stability of EIF3G protein
with K180R (Fig. S5L).

LINC02446 affects cell function and inhibits the
mTOR signalling pathway in an EIF3G-mediated
manner in BC

To further determine whether the oncogenic role of EIF3G in
BC depends on LINC02446, we transfected cells with
LINC02446-overexpressing plasmids or EIF3G-overexpressing
plasmids or co-transfected them with both. RTCA assays for
cell proliferation and transwell assays for cell migration and
invasion were performed. All the results revealed that over-
expression of EIF3G significantly promoted proliferation,
migration and invasion, while overexpression of LINC02446
depleted this promotion (Fig. 6A, B). Next, we also explored
the expression of EMT-associated markers, including E-cad-
herin, N-cadherin and Vimentin, using western blotting. The
results showed that E-cadherin expression was negatively cor-
related with EIF3G expression, and N-cadherin and Vimentin
expression was positively correlated with EIF3G expression,
while overexpression of LINC(02446 reversed this effect
(Fig. 6C). As EIF3G could affect the mTOR signalling path-
way in colorectal cancer, we sought to directly test whether
overexpression of EIF3G could result in pathogenic mTOR
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LINC02446 overexpression could rescue the abnormal activa-
tion of the mTOR signalling pathway in EIF3G-overexpressing
BC cells (Fig. 6D). The flow chart of the study procedure is
presented in supplementary Fig. 1.
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Fig. 5 LINC02446 binds with EIF3G and regulates the protein
stability of EIF3G in BC cells. A Identification of putative proteins
for binding with LINC02446 using a bioinformatics programme.
B EIF3G mRNA expression between BC tissues and adjacent normal
tissues from the GEPIA database. C Relative EIF3G protein expres-
sion between BC tissues and matched adjacent normal tissues
according to western blotting. D T24 and UMUC3 cells were trans-
fected with LINC02446 siRNA or LINC02446 overexpression plas-
mid. The relative expression of EIF3G was evaluated using qRT-PCR.
E T24 and UMUCS3 cells were transfected with LINC02446 siRNA or
LINC02446 overexpression plasmid. The relative expression of EIF3G
was evaluated using western blotting. F The binding relationship
between LINC02446 and EIF3G was determined by an RNA pull-
down assay. G The interaction relationship between LINC02446 and
EIF3G was detected by a RIP assay. H Molecular structure char-
acteristics of EIF3G protein and its modification sites by a bioinfor-
matics programme. I T24 and UMUC3 cells were transfected with
vector or LINC02446 overexpression plasmid and treated with
cycloheximide (100 pg/mL). The relative expression of EIF3G was
evaluated using western blotting. J T24 and UMUC3 cells were
transfected with vector or LINC02446 overexpression plasmid and
treated with MG-132 (10 umol/L). The relative expression of EIF3G
was evaluated using western blotting. K T24 and UMUCS3 cells were
transfected with WT (K180) and KI180R-mutant (K180R) EIF3G
plasmids and treated with cycloheximide (100 ug/mL). The relative
expression of EIF3G was evaluated using western blotting. L. T24 and
UMUCS3 cells were transfected with vector and LINC02446 over-
expression plasmids and transfected with WT (K180) and K180R-
mutant (K180R) EIF3G plasmids. The relative expression of EIF3G
was evaluated using western blotting.

Discussion

Although much progress has been made in the research of
BC in recent years, due to the recurrence and metastasis of
BC, the current treatment of BC is still limited to surgery
and chemotherapy, and molecular targeted therapy drugs
targeting specific targets have not yet been used in clinical
practice [19, 20]. Therefore, the discovery of specific
molecular targets related to the occurrence and development
of BC, the identification of pathogenic mechanisms and the
search for key molecular signalling pathways are important
for the future treatment of BC.

With the development of microarray chip technology,
especially gene chip technology, it has been found that non-
coding RNAs play significant roles in the normal life
activities of the organism, as well as in the occurrence and
development of diseases [21, 22]. LncRNAs, a type of
ncRNA, have attracted more attention recently and become
a hot topic in current research. LncRNAs have various and
complex functions in the body and can regulate gene
expression at the transcription, post-transcription and epi-
genetic levels, participate in genomic modification, tran-
scriptional ~ activation,  transcriptional  interference,
chromosome precipitation and other processes, and play an
important role in the occurrence and development of various
diseases, including tumours [23-26]. The study of the
intrinsic mechanisms of IncRNAs can help us to obtain a
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deeper understanding of tumours, and IncRNAs are
expected to be used as molecular markers for the diagnosis
and prognosis of tumours in clinical practice, thus providing
a new target for the clinical treatment of tumours.

The first step of our research was to search for differ-
entially expressed IncRNAs, to find the specific IncRNAs
associated with prognosis and to search for independent
predictors that may influence the progression of BC by
using the TCGA database, which is a large public resource
database [27]. After downloading BC data from the TCGA
database, collecting the clinical and prognostic data of
patients, applying the limma linear fitting method to analyse
the difference in IncRNAs of patients with a specific sur-
vival period, and further using the Cox model to analyse the
survival prognosis of the different IncRNAs, we applied the
LASSO prognosis model and finally selected 38 IncRNAs
related to prognosis for further analysis. A Cox model was
constructed with the 38 specific IncRNAs, and the risk score
was calculated for each patient. Then, the patients were
divided into low-risk, medium-risk and high-risk groups
according to the risk score in the training set and test set, and
their overall survival was analysed using Kaplan—Meier
analysis. Finally, we found that the 38-IncRNA signature
could be used to predict the survival of patients with BC.
Further analysis indicated that the prognostic value of the 38-
IncRNA signature was independent of lymph node metastasis,
new tumour event, metastasis, tumour stage and pathologic
stage. In addition, the independent predictors of the 38-
IncRNA signature were also assessed by ROC curve analysis
and evaluated for predicting 3-year and 5-year survival. All
these findings showed that the 38-IncRNA signature had good
stability and accuracy in predicting patient prognosis.

By using the GEO database to search for IncRNAs that
were differentially expressed in BC and corresponding
adjacent tissues, we further screened IncRNAs that were
differentially expressed in BC tissues with or without lymph
node metastasis. Based on the results of the TCGA database
analysis, we finally selected LINC02446 as the final study
object and speculated that LINC02446 may play an
important role in the occurrence, development, and prog-
nosis of BC and may become an ideal molecular target for
the diagnosis and treatment of BC. Further exploration of
the functional annotation of prognosis-related LINC(02446
might provide a better understanding of its molecular
mechanisms. Subsequent experiments showed that
LINC02446 expression in tumour tissues was lower than
that in adjacent tissues. Compared with that in low-grade
tumour tissues, LINC02446 expression was lower in high-
grade tumour tissues. Compared with that in non-invasive
tumour tissues, LINC02446 expression was lower in inva-
sive tumour tissues. Compared with that in non-metastatic
tumour tissues, LINC(02446 expression was lower in
metastatic tumour tissues. Moreover, functional experiments
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showed that LINC02446 negatively regulated the prolifera-
tion, migration and invasion of BC cells.

EIF3 is an integral part of eukaryotic translation initiation
factors (EIFs) and participates in protein synthesis at the
level of translation initiation [28]. Recent research has
revealed that EIF3, which contains 13 subunits named
EIF3a to EIF3m, is a key regulator in meditating the
interaction and formation of the 43S pre-initiation complex
and EIF4f-bound mRNA clients [29]. In addition to pro-
moting the translation initiation of protein synthesis, EIFs
have been shown to be involved in a variety of pathological
and physiological processes. The aberrant expression of
EIFs has been reported in many diseases, including
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cadherin, N-cadherin and Vimentin) in treated T24 and UMUCS3 cells
were assessed by western blotting. D T24 and UMUC3 cells were
transfected with LINCO02446 overexpression plasmid, EIF3G over-
expression plasmid or both. The relative expression of mTOR and p-
mTOR was evaluated using western blotting.

narcolepsy, neurodegenerative disorders, infection and
especially cancers [30-32]. As an essential part of the
subunits of EIFs, EIF3G could bind to the EIF3 holo-
complex via EIF3E, which is a necessary component to
facilitate the initiation of mRNA transcription. Recent stu-
dies have shown that EIF3G is overexpressed in several
tumours, including colorectal cancer, breast cancer and
prostate cancer [33-35]. The aberrant expression of EIF3G
may play an oncogenic role and may implicate the occur-
rence, development and progression of tumours by med-
iating apoptosis, drug resistance and other molecular
mechanisms [36, 37]. As EIF3G acts as an important phy-
siological regulator of transcription initiation and has a
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pathologic molecular mechanism that promotes the pro-
gression of many diseases, it is essential to explore its
expression and pathogenesis in BC. In the present study, we
observed that EIF3G was overexpressed at the protein level
in BC but not at the mRNA expression level. Mechan-
istically, we applied bioinformatics methods and demon-
strated that LINC02446 could bind with EIF3G protein and
regulate the protein stability of EIF3G. We also discovered
that the LINC02446/EIF3G axis could activate the mTOR
signalling pathway in BC. In conclusion, all these findings
might provide a deeper understanding of the molecular
mechanisms of BC and aid in the development of new target-
related therapeutic approaches for clinical practice. However,
there are still some limitations in this study. First, this paper
only screened prognostic IncRNAs from the perspective of
bioinformatics and did not perform further analysis on the
survival prognosis related to this IncRNA. Second, there were
few clinical data samples applied to assess the expression
levels of the studied factors in this paper, which need to be
further supplemented in the future. In addition, this paper only
carried out bioinformatics analysis of the studied factors, and
the corresponding gene sequencing verification and sub-
sequent experimental verification were few, so further
research is needed for further exploration.
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