
1492  |  	﻿�  Cancer Science. 2024;115:1492–1504.wileyonlinelibrary.com/journal/cas

1  |  INTRODUC TION

With nearly 1.4 million new cases and 375,000 deaths worldwide 
in 2020, PCa represents the second most frequent cancer and the 

fifth leading cause of cancer-related deaths among men.1 Most pa-
tients present with PRAD, characterized by luminal prostate cell-
like morphology, androgen-driven growth, and elevated serum PSA 
levels.2 Standard treatments include watchful waiting and active 
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Abstract
Long noncoding RNAs (lncRNAs) have emerged as important molecules and poten-
tial new targets for human cancers. This study investigates the function of lncRNA 
CTBP1 antisense RNA (CTBP1-AS) in prostate cancer (PCa) and explores the entailed 
molecular mechanism. Aberrantly expressed genes potentially correlated with PCa 
progression were probed using integrated bioinformatics analyses. A cohort of 68 
patients with PCa was included, and their tumor and para-cancerous tissues were 
collected. CTBP1-AS was highly expressed in PCa tissues and cells and associated 
with poor patient prognosis. By contrast, tumor protein p63 (TP63) and S100 calcium 
binding protein A14 (S100A14) were poorly expressed in the PCa tissues and cells. 
CTBP1-AS did not affect TP63 expression; however it blocked the TP63-mediated 
transcriptional activation of S100A14, thereby reducing its expression. CTBP1-AS 
silencing suppressed proliferation, apoptosis resistance, migration, invasion, and 
tumorigenicity of PCa cell lines, while its overexpression led to inverse results. The 
malignant phenotype of cells was further weakened by TP63 overexpression but re-
stored following artificial S100A14 silencing. In conclusion, this study demonstrates 
that CTBP1-AS plays an oncogenic role in PCa by blocking TP63-mediated transcrip-
tional activation of S100A14. This may provide insight into the management of PCa.
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surveillance for low-risk cases, and radical prostatectomy, radiation 
therapy, and cryotherapy for localized disease.3 Endocrine therapy 
is the primary option for advanced metastatic disease; however, 
patients usually progress to castration-resistant PCa with a poor 
prognosis after a median duration of 18–24 months of treatment.4 
The survival rate for localized disease is high, but it significantly de-
creases in advanced cases due to castration resistance and metasta-
sis.5 More effective strategies are needed to improve the outcomes 
of advanced patients.

LncRNAs have emerged as promising new targets for metastatic 
PCa and offered an explanatory understanding of several unknown 
facets of the malignancy.6 They are noncoding RNA molecules over 
200 nucleotides long and are essential in normal development and 
physiology; however, their aberrant expression has been associated 
with cancer.7 Recent advances in transcriptome profiling technol-
ogy have facilitated the identification of potential targets involved 
in tumor progression.8 LncRNA PCAT-1 (PCa-associated transcript 
1), for instance, has been identified in 2011 as a prostate-specific 
transcriptional repressor and a regulator of cell proliferation in PCa.9 
Later research demonstrated that it augmented the progression of 
advanced PCa by activating the oncogenic protein kinase B and 
nuclear factor κB signaling pathways.6 In this study, we identified 
CTBP1-AS as a promising lncRNA aberrantly expressed in PRAD fol-
lowing integrated bioinformatics analyses. Intriguingly, CTBP1-AS 
has been reported as a nucleus-localized, androgen-responsive ln-
cRNA linked to PCa progression.10 However, its interactive mole-
cules in PCa have not been fully investigated.

Furthermore, bioinformatics prediction suggests TP63 as an in-
teractive protein of CTBP1-AS and S100A14 as a target transcript 
of TP63 in PRAD. TP63, also known as p63 or Trp63, belongs to the 
TP53 family of tumor-suppressive transcription factors with sev-
eral isoforms that play diverse functions in cell biology.11 Markedly, 
TP63 mRNA has been reported to present a low-expression pattern 
in PCa tissues, indicating a potential suppressive effect in PCa.12 
Similarly, the absence of TP63 has reportedly been associated with 
the presence of multilayered luminal epithelium in high-grade pros-
tatic intraepithelial neoplasia lesions.13 Regarding S100A14, it has 
been recognized as an epithelial marker in PCa cells that suppresses 
the EMT process, a hallmark event for tumor dissemination.14,15 
Collectively, we conjectured that there might be a CTBP1-AS–
TP63–S100A14 axis that is aberrantly expressed in PCa and linked 
to PCa progression.

2  |  MATERIAL S AND METHODS

2.1  |  Clinical samples

Sixty-eight PCa patients who had undergone radical prostatectomy 
or transurethral prostatectomy at Harbin Medical University Cancer 
Hospital from June 2018 to June 2021 were included. None of the 
patients received prior antitumor treatment. Tumor and adjacent 
normal tissue specimens free from necrosis or bleeding and con-
firmed by pathology, were stored at −80°C. All participants provided 
written informed consent. This study was approved by the Ethics 
Committee of Harbin Medical University Cancer Hospital, following 
the Declaration of Helsinki.

2.2  |  Cell culture and treatment

Human PCa cell lines LNCaP clone FGC, C4-2, DU145, and 22Rv1 
were procured from the ATCC (Manassas, VA, USA). The human nor-
mal prostate epithelial cell line RWPE-1 was procured from the BeNa 
Culture Collection (Henan, China). All cells were incubated in RPMI 
medium containing 10% fetal bovine serum and 1% antibiotics at 
37°C in 5% CO2. Exponentially growing DU145 cells and 22Rv1 cells 
were transfected with the overexpression plasmid of CTBP1-AS or 
TP63 (oe-CTBP1-AS, oe-TP63), short hairpin (sh)RNA of CTBP1-AS 
or S100A14 (sh-CTBP1, sh-S100A14), or the negative control plas-
mids (oe-NC; sh-NC) using Lipofectamine 2000 (Invitrogen, Thermo 
Fisher Scientific). The transfection plasmids were synthesized by 
Sangon Biotech Co., Ltd. (Shanghai, China).

2.3  |  RT-qPCR

Total RNA from tissues or cells was extracted using TRIzol reagent 
(Thermo Fisher Scientific). The cDNA was synthesized using the 
PrimeScript RT reagent kit (RR047A, TaKaRa Holdings Inc., Kyoto, 
Japan), which was applied to qPCR analysis using the Fast SYBR 
Green PCR kit (4402956, Thermo Fisher Scientific) on an ABI PRISM 
7500 qPCR system (Applied Biosystems, Thermo Fisher Scientific). 
Three duplicated wells were set. Relative gene expression values 
to GAPDH were analyzed using the 2−ΔΔCt method. The primer se-
quences are listed in Table 1.

Gene symbol Forward sequence (5′–3′) Reverse sequence (5′–3′)

CTBP1-AS CTACAACTGGTCACTGGCGT CAGCTGAAAGGCCCATGAGA

TP63 CAGGAAGACAGAGTGTGCTGGT AATTGGACGGCGGTTCATCCCT

S100A14 CCTCATCAAGAACTTTCACCAGTA GGTTGGCAATTTTCTCTTCCAGG

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Abbreviations: CTBP1-AS, CTBP1 antisense RNA; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; S100A14, 
S100 calcium binding protein A14; TP63, tumor protein p63.

TA B L E  1  Primer sequences used for 
RT-qPCR.
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2.4  |  WB analysis

Tissues or cells were lysed in RIPA lysis buffer to collect total pro-
tein. The protein concentration was examined using the BCA kit 
(71285-M, Sigma-Aldrich). Equal amounts of protein samples were 
separated using SDS-PAGE and transferred onto polyvinylidene 
fluoride membranes. The membranes were blocked with 5% bovine 
serum albumin and probed with the antibodies against S100A14 
(1:1000, PA5-106282, Thermo Fisher Scientific), TP63 (1:1000, 
ab32353, Abcam Inc., Cambridge, MA, USA), and GAPDH (1:5000, 
ab9485, Abcam) overnight at 4°C, followed by incubation with sec-
ondary antibody (1:20,000, ab205718, Abcam) at room temperature 
for 90 min. The protein bands were developed by the enhanced 
chemiluminescence substrate (32109, Thermo Fisher Scientific). The 
protein expression relative to GAPDH was analyzed using ImageJ 
software (Bio-Rad, Inc., Hercules, CA, USA).

2.5  |  Nucleus/cytoplasm separation assay

The nuclear and cytoplasmic components of PCa cells were sepa-
rated using the Ambion™ PARIS™ kit (AM1921, Thermo Fisher 
Scientific). The nuclear and cytoplasmic RNA was extracted, in which 
the CTBP1-AS expression was determined using RT-qPCR. GAPDH 
and U6 were used as the internal loading genes for cytoplasm and 
nucleus, respectively.

2.6  |  RIP assay

The binding between CTBP1-AS and TP63 protein was exam-
ined using an RIP kit (17-704, Millipore Corp., Billerica, MA, USA). 
Briefly, DU145 and 22Rv1 cells were lysed in the RIPA buffer in an 
ice bath, followed by centrifugation at 12,000 g at 4°C for 10 min 
to collect the supernatant. Part of the cell extract was collected 
as Input, and another part of the extract was reacted with protein 
A/G magnetic bead-conjugated anti-TP63 (1:100, GTX102425, 
GeneTex Inc., San Antonio, TX, USA) or IgG (1:100, ab172730, 
Abcam) at 4°C overnight. The magnetic-protein complexes were 
eluted and de-crosslinked, and CTBP1-AS expression was exam-
ined by RT-qPCR.

2.7  |  ChIP-qPCR

When confluency reached 70%–80%, DU145 and 22Rv1 cells were 
treated with 1% formaldehyde for DNA–protein crosslinking. After 
that, the cells were lysed and ultrasonicated to truncate the DNA 
into fragments. The supernatant was reacted with anti-TP63 (1:100, 
GTX102425, GeneTex) or IgG (1:100, ab172730, Abcam) at 4°C 
overnight. The DNA–protein complex precipitation was collected 
by Protein Agarose/Sepharose. Subsequently, the precipitated 

complex was eluted and de-crosslinked, and the DNA fragments 
were purified for qPCR analysis to analyze the enrichment of the 
S100A14 promoter.

2.8  |  Dual luciferase reporter gene assay

The binding site between the S100A14 promoter and TP63 was 
obtained from the Jaspar system (https://​jaspar.​gener​eg.​net/​analy-
sis). The WT or MUT sequence was inserted into the pGL6 vector 
(Beyotime Biotechnology Co., Ltd., Shanghai, China) to construct 
WT or MUT luciferase reporter vectors. Constructed vectors were 
co-transfected with oe-CTBP1-AS, sh-CTBP1-AS, oe-TP63, oe-NC, 
or sh-NC into DU145 and 22Rv1 cells. After 48 h, the luciferase ac-
tivity in cells was examined using the dual luciferase reporter assay 
kit (RG005, Beyotime).

2.9  |  EdU labeling assay

DU145 and 22Rv1 cells were cultured in 24-well plates at 1 × 105 
cells per well. After 48 h, each well was supplemented with 10 μM 
EdU reagent (C0081S, Beyotime), followed by another 2 h of in-
cubation at 37°C. Subsequently, the cells were fixed with 4% 
paraformaldehyde, penetrated with Triton X-100 and incubated 
with Click reaction solution in the dark for 30 min, followed by 
Hoechst 33342 staining and microscopic observation. The EdU-
positive rate was calculated as follows: rate = (EdU-positive cells/
total cells) × 100%.

2.10  |  Flow cytometry

The Annexin V-FITC/PI kit (556547, BD Biosciences, San Jose, CA, 
USA) was used to detect the apoptosis of DU145 and 22Rv1 cells. 
In short, the cells were digested and centrifuged at 800 g to discard 
the supernatant. Subsequently, the cells were resuspended in 500 μL 
binding buffer and incubated with 5 μL Annexin V-FITC and 5 μL PI 
reagent in the dark for 15 min. The apoptosis rate of cells was ana-
lyzed using a flow cytometer (BD Biosciences).

2.11  |  Transwell assays

DU145 and 22Rv1 cells were suspended in serum-free medium and 
added to Transwell apical chambers. The basolateral chambers were 
added with 500 μL fresh medium containing 10% fetal bovine serum. 
Specifically, Matrigel was pre-coated onto apical chambers before 
seeding the cells in invasion tests. After 24 h of incubation, the cells 
that invaded or migrated to the lower membranes were fixed and 
stained with crystal violet. The number of migratory and invasive 
cells was calculated under the microscope.

https://jaspar.genereg.net/analysis
https://jaspar.genereg.net/analysis
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2.12  |  Xenograft models in nude mice

Male BALB/c nude mice (3–4 weeks old, 14–18 g) were procured 
from SJA Laboratory Animal Co., Ltd. (Hunan, China) and fed in 
specific pathogen-free conditions at 18–22°C with 50%–60% 
humidity. 22Rv1 cells administered lentivirus-carried sh-NC + oe-
NC, sh-CTBP1-AS + oe-NC, sh-CTBP1-AS + oe-TP63, oe-
TP63 + sh-NC or oe-TP63 + sh-S100A14 were injected into mice 
subcutaneously. Each mouse received an injection of 0.1 mL of cell 
suspension containing 2 × 107 cells/mL. There were eight mice for 
each injection. The tumor volume (V ) was calculated weekly as 
follows: V = major axis × minor axis2 × 0.5. After 4 weeks, the mice 
were euthanized by overdosed (150 mg/kg) pentobarbital sodium 
and the tumors were collected and weighed. All animal procedures 
were approved by the Animal Ethics Committee of Harbin Medical 
University Cancer Hospital.

2.13  |  Immunohistochemistry (IHC)

The harvested tumor tissue sections (4 μm) were deparaffined, 
rehydrated, blocked with 3% H2O2, antigen-retrieved in a water bath 
(98°C) for 20 min, and blocked with normal goat serum. Subsequently, 
the sections were incubated with anti-S100A14 (1:200, PA5-55666, 

F I G U R E  1  CTBP1-AS is significantly 
highly expressed in PCa tissues and cells. 
(A, B) Volcano plots for differentially 
expressed genes between PCa and 
normal tissues (adj. p-value <0.05 and 
|Log FC| > 2 as the thresholds) in the 
GSE155056 and GSE179321 datasets; (C) 
expression of CTBP1-AS in the tumor and 
the paracancerous tissues from clinical 
PCa patients (N = 68) determined using 
RT-qPCR; (D) expression of CTBP1-AS in 
the procured PCa cell lines (LNCaP clone 
FGC, C4-2, DU145 and 22Rv1) and normal 
RWPE-1 cells determined using RT-qPCR. 
For cellular experiments, three biological 
replicates were performed. Differences 
were compared by paired t-test (C) or one-
way ANOVA (D). *p < 0.05.

TA B L E  2  Correlation between CTBP1-AS expression and the 
clinical characteristics of patients with PCa (N = 68).

Characteristics

CTBP1-AS expression

p-valueHigh (N = 34) Low (N = 34)

Age

<60 18 21 0.624

≥60 16 13

Primary tumor

≤T2 6 23 <0.001

>T2 28 11

Distant metastasis

M0 9 24 <0.001

M1 25 10

Lymph node metastasis

Yes 22 7 <0.001

No 12 27

PSA at initial diagnosis (ng/mL)

≤20 8 29 <0.001

>20 26 5

Note: The associations between every two categorical variables were 
analyzed by chi-squared test. A p-value less than 0.05 was considered 
statistically significant.
Abbreviations: CTBP1-AS, CTBP1 antisense RNA; PCa, prostate cancer; 
PSA, prostate-specific antigen; TNM, tumor node metastasis.
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F I G U R E  2  CTBP1-AS interacts with TP63, a molecule poorly expressed in PCa. (A) Subcellular localization of CTBP1-AS in DU145 
and 22Rv1 cells analyzed by nucleus/cytoplasm separation assay; (B) bioinformatics analyses of the candidate interactive proteins of 
CTBP1-AS in PCa predicted using the RNAInter system and their intersections with the differentially expressed genes in the GSE179321 
and GSE155056 datasets; (C) direct binding between CTBP1-AS and the TP63 protein in DU145 and 22Rv1 cells examined by RIP assay; 
(D) TP63 mRNA and protein levels in the clinically collected PCa cancer and paracancerous tissues (N = 68) examined by RT-qPCR and 
WB assays, respectively; (E) TP63 mRNA and protein levels in the procured PCa cell lines (LNCaP clone FGC, C4-2, DU145, and 22Rv1) 
and normal RWPE-1 cells determined by RT-qPCR and WB assays, respectively. For cellular experiments, three biological replicates were 
performed. Differences were analyzed by unpaired t-test (C), paired t-test (D), or one-way ANOVA (E). *p < 0.05.
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Abcam) at 4°C overnight and then with IgG (1:100, ab205718, Abcam) 
at 37°C for 30 min. After color development using DAB and nuclear 
staining by hematoxylin, the sections were sealed for microscopic 
observation.

2.14  |  Statistical analysis

All experimental data were analyzed and plotted using Prism 
8 (GraphPad, La Jolla, CA, USA). All data are expressed as the 
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mean ± standard deviation. To compare differences, Student's t-
test was used for two groups, and one-way or two-way ANOVA 
with Tukey's post hoc test was used for difference analysis when 
more than two groups were involved. Correlations between gene 
expression and the clinical characteristics of patients were analyzed 
using the chi-squared test. A p-value <0.05 was considered 
statistically significant.

3  |  RESULTS

3.1  |  CTBP1-AS is significantly highly expressed in 
PCa tissues and cells

Differentially expressed genes between PCa and normal tissues 
were identified by analyzing GSE155056 and GSE179321 datasets 
(Figure 1A,B). Significantly differentially expressed lncRNAs were 
obtained by adj. p-value <0.05 and |Log FC| > 2, and nine shared 
outcomes were obtained (Figure  S1A). LINC00239, NPY6R, 
TBX5-AS1, GPC5-AS1, CTBP1-AS, PCAT18, and LINC01213 
were predicted to show differential expression profiles between 
PRAD and normal samples in the StarBase (http://​starb​ase.​sysu.​
edu.​cn/​) (Figure  S1B). Among them, CTBP1-AS stood out, as it 
has been reported as a nucleus-predominant oncogene in PCa 
by suppressing the expression of tumor-suppressor genes.10 Of 
note, the cancer tissues exhibited higher CTBP1-AS expression 
compared with the paracancerous tissues (Figure  1C). The 68 
patients were allocated into high- or low-CTBP1-AS expression 
groups based on the median gene expression value. As shown in 
Table  2, high CTBP1-AS expression was significantly correlated 
with tumor size, distant metastasis, lymph node metastasis, and 
high PSA level in patients while having no correlation with age. 
Similarly, increased expression of CTBP1-AS was detected in PCa 
cell lines (LNCaP clone FGC, C4-2, DU145, and 22Rv1) compared 
with the normal RWPE-1 cells (Figure 1D). The 22Rv1 and DU145 

cells with relatively higher CTBP1-AS expression were selected 
for subsequent use.

3.2  |  Silencing of CTBP1-AS suppresses the 
malignant phenotype of PCa cells in vitro

Three shRNAs of CTBP1-AS were transfected into DU145 and 
22Rv1 cells. The sh-CTBP1-AS-1 with the best interfering effect was 
selected for subsequent use (Figure  S2A). The EdU labeling assay 
revealed that the CTBP1-AS silencing significantly reduced the pro-
liferation of cells (Figure S2B). By contrast, the apoptosis rate in cells 
was increased after CTBP1-AS silencing (Figure S2C). In addition, the 
Transwell assays revealed that the migration and invasion of DU145 
and 22Rv1 cells were blocked by sh-CTBP1-AS (Figure S2D,E).

3.3  |  CTBP1-AS interacts with TP63 to suppress 
S100A14 transcription

The nucleus/cytoplasm separation assay revealed a nucleus-
predominance of CTBP1-AS in DU245 and 22RV1 cells (Figure 2A). 
Subsequently, we predicted interactive proteins of CTBP1-AS in the 
RNAInter system (http://​www.​rnain​ter.​org/​). The outcomes were 
compared with the differentially expressed genes (|Log FC| > 2) in the 
GSE155056 and GSE179321 datasets (Figure 2B), with three inter-
sections obtained: TP63, GATA3, and SNAI2. Among them, TP63 had 
the highest |Log FC| in both datasets. Subsequently, we confirmed 
the successful binding between the TP63 protein and CTBP1-AS in 
both DU145 and 22Rv1 cells using RIP assays (Figure 2C). The RT-
qPCR and WB assays showed that both the mRNA and protein lev-
els of TP63 were decreased in the clinically collected tumor tissues 
(Figure 2D) and in the PCa cell lines (Figure 2E).

The target transcripts of TP63 were then predicted using the 
hTFtarget system (http://​bioin​fo.​life.​hust.​edu.​cn/​hTFta​rget/#​!/​ ). 

F I G U R E  3  CTBP1-AS interacts with TP63 to suppress S100A14 transcription. (A) Downstream targets of TP63 predicted in the hTFtarget 
system and their intersections with differentially expressed genes in the GSE179321 and GSE155056 datasets; (B) expression pattern 
of S100A14 in PRAD and normal samples in the StarBase system; (C) correlations of S100A14 with CTBP1-AS and TP63 in PRAD in the 
StarBase system; (D) putative binding sites between TP63 and S100A14 promoter obtained from the Jaspar system; (E) S100A14 mRNA and 
protein levels in the clinically collected PCa cancer and paracancerous tissues (N = 68) examined by RT-qPCR and WB assays, respectively; 
(F) S100A14 mRNA and protein levels in the procured PCa cell lines (LNCaP clone FGC, C4-2, DU145 and 22Rv1) and normal RWPE-1 cells 
determined by RT-qPCR and WB assays, respectively; (G) binding relationship between TP63 and S100A14 promoter in DU145 and 22Rv1 
cells determined by the ChIP-qPCR assay; (H) expression of CTBP1-AS in DU145 and 22Rv1 cells after sh-CTBP1-AS or oe-CTBP1-AS 
transfection determined by RT-qPCR; (I) binding relationship between TP63 and S100A14 promoter in DU145 and 22Rv1 cells with artificial 
CTBP1-AS upregulation or silencing determined by ChIP-qPCR assay; (J) transcriptional activity of the WT or MUT S100A14 promoter 
luciferase reporter vectors in DU145 and 22Rv1 cells with artificial CTBP1-AS upregulation or silencing examined by dual luciferase reporter 
gene assay; (K) transcriptional activity of the WT or MUT S100A14 promoter luciferase reporter vectors in DU145 and 22Rv1 cells with 
artificial TP63 upregulation examined by dual luciferase reporter gene assay; (L) expression of CTBP1-AS, TP63 mRNA, and S100A14 mRNA 
in DU145 and 22Rv1 cells after different transfection combinations determined by RT-qPCR; (M) protein levels of TP63 and S100A14 in 
DU145 and 22Rv1 cells after different transfection combinations determined by WB analysis. For cellular experiments, three biological 
replicates were performed. Differences were analyzed by paired t-test (E), unpaired t-test (G), one-way ANOVA (F) or two-way ANOVA 
(H–M). *p < 0.05.

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
http://www.rnainter.org/
http://bioinfo.life.hust.edu.cn/hTFtarget/#!/
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F I G U R E  4  The CTBP1-AS/TP63/S100A14 axis affects the malignant properties of PCa cells in vitro. (A) Expression of TP63 and S100A14 
in DU145 and 22Rv1 cells after several combinations of oe-NC, oe-TP63, sh-NC, and sh-S100A14 administration determined by RT-qPCR; 
(B) proliferation of DU145 and 22Rv1 cells determined by EdU labeling assay; (C) apoptosis of DU145 and 22Rv1 cells determined by flow 
cytometry; (D, E) migration (D) and invasion (E) of DU145 and 22Rv1 cells determined by Transwell assays. Three biological replicates were 
performed. Differences were compared using one-way ANOVA (B–E) or two-way ANOVA (A). *p < 0.05.
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The possible targets were intersected with the differentially ex-
pressed genes in the two GSE datasets as well, with two outcomes 
obtained: LGR6 and S100A14 (Figure 3A). S100A14, which has been 
demonstrated as a promising tumor-suppressive marker in PCa,15 
was selected for subsequent research. According to the StarBase 
data, S100A14 shows a low-expression pattern in PRAD samples 
(Figure 3B), which presents a negative correlation with CTBP1-AS 
while a positive correlation with TP63 (Figure  3C). Additionally, 
the Jaspar database suggests the existence of multiple TP63 bind-
ing sites near the S100A14 promoter region (chr1:153615196–
153,616,467) (Figure 3D). Notably, we identified reduced S100A14 
levels in the PCa tissues and cell lines (Figure  3E,F). ChIP-qPCR 
assays revealed the direct binding of TP63 to the S100A14 pro-
moter in both DU251 and 22Rv1 cells (Figure  3G). Additionally, 
we treated the DU145 and 22Rv1 cells with sh-CTBP1-AS or oe-
CTBP1-AS, with the successful gene alteration confirmed by RT-
qPCR (Figure 3H). Notably, the CTBP1-AS overexpression reduced 
the binding between TP63 and the S100A14 promoter, whereas 
its silencing increased the binding (Figure  3I). In addition, the 
dual luciferase assay revealed that the transcriptional activity of 
the WT S100A14 promoter in cells was suppressed by CTBP1-AS 
overexpression but increased after CTBP1-AS silencing. However, 
the CTBP1-AS alteration did not significantly affect the luciferase 
activity of the reporter vector harboring the MUT S100A14 pro-
moter (Figure 3J). Additionally, overexpression of TP63 was found 
to enhance the luciferase activity of the WT S100A14 promoter 
reporter vector while having no impact on the MUT S100A14 
promoter reporter vector (Figure 3K). In addition, the CTBP1-AS 
overexpression led to a decline in the S100A14 mRNA and pro-
tein levels while having no impact on TP63 expression. The oe-
TP63 transfection in cells led to increased expression of TP63 and 
S100A14, and further administration of oe-CTBP1-AS reduced the 
S100A14 expression again (Figure 3L,M).

3.4  |  The CTBP1-AS/TP63/S100A14 axis 
affects the malignant property of PCa cells in vitro

Additionally, we constructed DU145 and 22Rv1 cell lines with oe-
CTBP1-AS + oe-NC, oe-CTBP1-AS + oe-S100A14, oe-TP63 + sh-NC 
and oe-TP63 + sh-S100A14 transfections. The oe-S100A14 and sh-
S100A14 administration successfully altered S100A14 expression in 
the cells while having no effect on CTBP1-AS or TP63 expression 
(Figure 4A). Notably, CTBP1-AS overexpression promoted the pro-
liferation of DU145 and 22Rv1 cells while decreasing cell apoptosis. 
Further overexpression of TP63 or S100A14 blocked proliferation 
and enhanced apoptosis of the cells. In the presence of TP63 over-
expression, further silencing of S100A14 restored cell proliferation 
while suppressing cell apoptosis (Figure 4B,C). Similarly, the migra-
tion and invasion of cells were promoted by CTBP1-AS overexpres-
sion but were decreased by TP63 or S100A14 overexpression. Still, 
S100A14 silencing restored cell migration and invasion blocked by 
TP63 overexpression (Figure 4D,E).

3.5  |  The CTBP1-AS/TP63/S100A14 axis 
affects the tumorigenicity of PCa cells in nude mice

For in vivo validation, 22Rv1 cells stably transfected with sh-
NC + oe-NC, sh-CTBP1-AS + oe-NC, sh-CTBP1-AS + oe-TP63, oe-
TP63 + sh-NC, or oe-TP63 + sh-S100A14 were injected into mice 
subcutaneously (to reduce animal sacrifice, only one cell line was 
used). Prior to injection, the successful gene interference was vali-
dated by RT-qPCR. Notably, oe-TP63 also enhanced the S100A14 
levels, and sh-CTBP1-AS increased S100A14 expression without 
altering TP63 expression (Figure  5A). Markedly, CTBP1-AS silenc-
ing reduced the growth rate and weight of the xenograft tumors. 
Overexpression of TP63 further weakened the tumorigenic activity 
of the 22Rv1 cells. However, S100A14 silencing restored the volume 
and weight of xenograft tumors suppressed by TP63 (Figure 5B–D). 
IHC assay concerning gene expression in tumor tissues revealed that 
S100A14 expression was increased by CTBP1-AS silencing, further 
increased by TP63 overexpression, and suppressed by S100A14 si-
lencing (Figure 5E).

4  |  DISCUSSION

There have been significant developments in comprehending the 
genomic makeup and underlying biology of both primary and meta-
static PCa, causing the management of this disease to progress rap-
idly. LncRNAs can regulate gene expression at various levels and 
have important biological functions in cells and pathological events, 
including PCa development.16,17 In this study, the authors report 
that lncRNA CTBP1-AS drives the malignant phenotype of PCa cells 
by inhibiting the TP63–S100A14 axis.

Bioinformatics analyses indicated CTBP1-AS as an important 
aberrantly expressed lncRNA in PCa. In fact, CTBP1-AS has been 
reported as an androgen-responsive lncRNA localized in the nu-
cleus that contributed to PCa progression by repressing the tran-
scriptional co-regulator CTBP1 through sense–antisense regulation, 
as well as globally regulating tumor-suppressor genes through epi-
genetic mechanisms.10 In breast cancer, CTBP1-AS has been iden-
tified as a predictor of poor patient outcomes and survival, as well 
as a supporter of the malignant behavior of cells.18 In this case, 
CTBP1-AS was found to act by sponging microRNA-940 in the cy-
toplasm. Other studies have confirmed a close relationship between 
CTBP1-AS upregulation and the development of polycystic ovary 
syndrome.19,20 In this study, we identified elevated CTBP1-AS ex-
pression in PCa tissues and cells and confirmed its association with 
aggressive tumor presentation in clinical patients and malignant 
properties of cells. These trends were partly in line with the obser-
vations by Takayama et al.10 Interestingly, Takayama et al. claimed 
that the androgen-responsive CTBP1-AS is highly expressed in long-
term androgen-deprived cells derived from LNCaP, an androgen re-
ceptor (AR)-positive cell line; however, they only found the presence 
of strong CTBP1-AS expression in AR-positive patients.10 We found 
that the baseline expression of CTBP1-AS was lower in the C4-2 cell 
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line (isolated from an LNCaP cell subcutaneous xenograft tumor of 
castrated mouse) compared with that in the LNCaP clone FGC. This 
evidence indicates that the expression of CTBP1-AS in advanced 
PCa might not be solely regulated by AR signaling.

In general, lncRNAs can regulate gene expression at the tran-
scriptional level by binding to DNA or transcription factors, at the 
post-transcriptional level by targeting microRNAs, mRNAs, or pro-
teins, or at the epigenetic-dependent manner by interfering with 
chromatin complexes.21 The functional mechanisms depend on its 
subcellular localization. They regulate chromatin remodeling and 
transcription within the nucleus while regulating mRNA turnover 
and translation in the cytoplasm.22 We confirmed the nucleus-
predominance of CTBP1-AS in both DU145 and 22Rv1 cell lines. 
Therefore, we set out to explore its possible interactive proteins 
in PCa. Based on comprehensive bioinformatics, we confirmed 
the direct binding between CTBP1-AS and TP63. The binding is 
possibly supported by the sterile alpha motif (SAM) domain in the 
C-terminal region of TP63 protein.23,24 The SAM domain involves 
not only protein–protein interaction but also RNA binding.24,25 In 
contrast with its paralog tumor-suppressor TP53 that frequently 

mutates in cancers, TP63 is rarely mutated and exhibits either 
tumor-suppressive or tumor-oncogenic effects depending on the 
cellular contexts and specific gene isoforms.26–28 In squamous 
cell carcinoma cells, TP63 has been suggested as an oncogenic 
transcription factor participating in the regulation of hundreds of 
cis-regulatory elements and activation of cancer-promoting path-
ways.29 Specifically, the TP63 gene, especially the ΔN isoform, 
has been identified as a prostate basal cell marker and critical for 
the normal development of the prostate.30 The ΔNp63-positive 
PCa cells presented a basal-like cell phenotype but showed no 
sign of bone metastasis.31 In PCa, TP63 downregulation has been 
detected in tumor tissues.12 Robert and colleagues also identi-
fied decreased expression of TP63 in PCa induced by microRNA-
301a, leading to increased EMT.32 TP63 can target several types 
of proteins, such as chromatin-modifying proteins, cell surface 
proteins, metabolism-related proteins, inhibitors of NF-κB kinase 
subunit α, and so forth.11 In the previous study by Mukherjee S 
and Sudandiradoss C, TP63 was reported as one of the key tran-
scription factors controlling the expression of hub genes related 
to tumor invasion and metastasis, with TP63 downregulation 

F I G U R E  5  The CTBP1-AS/TP63/S100A14 axis affects the tumorigenicity of PCa cells in nude mice. (A) Expression of CTBP1-AS, 
TP63, and S100A14 in 22Rv1 cells after several combinations of sh-NC, oe-NC, sh-CTBP1-AS, oe-TP63, and sh-S100A14 administration 
determined by RT-qPCR; (B) volume of the xenograft tumors formed by the 22Rv1 cells; (C) representative images of the xenograft tumors 
on week 4 after animal euthanasia; (D) weight of the collected xenograft tumors; (E) expression of S100A14 in the xenograft tumor tissues 
analyzed by IHC. In each group, n = 8. Differences were compared by one-way ANOVA (D, E) or two-way ANOVA (A, B). *p < 0.05.
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found to have a causative relationship with metastatic castration-
resistant PCa.33 In the present study, we identified reduced TP63 
expression levels in the PCa tumors and cells and found that TP63 
overexpression blocked the malignant phenotype of two PCa cell 
lines. When it comes to the downstream targets of TP63, S100A14 
was obtained by integrated bioinformatics analyses. S100A14 has 
shown aberrant and tissue-specific expression patterns across 
several cancers, linking to specific cellular functions,34 playing 
either tumor-suppressive or tumor-promoting functions.35–38 In 
this study, we found that the S100A14 expression in PCa cells 
was increased upon TP63 upregulation. Functional experiments 
revealed that S100A14 suppressed the proliferation, survival, mi-
gration and invasion, and tumorigenic activity of the PCa cells, 
which were partly in line with previous findings by Jiang et al.14 
Notably, we found that the CTBP1-AS upregulation (or down-
regulation) in the two PCa cell lines decreased (or enhanced) the 
S100A14 expression without affecting TP63 expression, indicat-
ing that the CTBP1-AS plays an oncogenic role in PCa, at least 
partly, by blocking the TP63-mediated transcriptional activation 
of S100A14. Jiang et al. ascribed the tumor-suppressive function 
of S100A14 to the upregulation of the tumor-suppressor FAT1 and 
the activation of the Hippo signaling pathway.14 Sapkota and col-
leagues have demonstrated that S100A14 increases the nuclear 
accumulation of p53, leading to upregulation of p21 and cell cycle 

arrest.39 Therefore, S100A14 might function through multiple 
mechanisms. However, the precise downstream molecular mech-
anisms responsible for the antitumor effects of S100A14 in PCa 
remain unclear in this study, which represents an interesting topic 
for further investigation.

In conclusion, the present study demonstrates that CTBP1-AS 
suppresses TP63-mediated transcriptional activation of S100A14 to 
augment the malignant phenotype of cells (Figure  6). Also, we val-
idated the tumor-suppressive effect of TP63 and S100A14 in PCa. 
The findings may shed new light on the management of PCa that sup-
pression of CTBP1-AS, or restoration of TP63 or S100A14 levels, may 
favor the clinical outcome of PCa patients. However, there remain 
several limitations. First, as mentioned above, the downstream mo-
lecular mechanisms implicated in the antitumor effects of S100A14 
remain unclear. Additionally, a follow-up study of the enrolled clinical 
respondents, scheduled for 5 years, is ongoing, and the data are not 
yet complete. This may limit the clinical translational value of the pres-
ent study. We are diligently collecting and analyzing the necessary 
information and would like to fill in these gaps in the near future.
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