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Abstract: Long non-coding RNAs (IncRNAs) were confirmed to be involved in regulating various malignant behaviors
of tumor cells in prostate cancer (PCa). Using The Cancer Genome Atlas (TCGA) prostate adenocarcinoma datasets,
several endogenous competing RNA (ceRNA) networks of IncRNA/miRNA/mRNA associated with the progression-
free survival (PFS) and Gleason score (GS) were identified using bioinformatics analysis. IncRNA AC004447.2 (IncH-
UPC1, ENSG00000269131)/miR-133b/serologically defined colon cancer antigen-3 (SDCCAG3) was a newly iden-
tified ceRNA network that affected cell growth and apoptosis in PCa. Using g-PCR, IncHUPC1 and SDCCAG3 were
found to be up-regulated in PCa cells, while miR-133b was down-regulated. The same results were found in tissue
samples from 70 PCa cases. It was confirmed that the knockdown of IncHUPC1 increased the expression of miR-
133b and decreased that of SDCCAG3, which further increased apoptosis and inhibited cell growth, while the miR-
133b inhibitor partially reversed these effects. After transfection with miR-133b mimic after IncHUPC1-knockdown,
the expression of miR-133b increased while that of SDCCAG3 reduced, and the apoptosis of the cells was more
obvious and the growth of the cells was slower. Therefore, IncHUPC1 was confirmed to regulate SDCCAG3 by binding
to miR-133b. Additionally, we found that the transcription factor Forkhead Box A1 (FOXA1) directly bound to the pro-
moter of IncHUPC1 to activate it. In conclusion, the ceRNA network of IncHUPC1/miR-133b/SDCCAG3 affected the
growth and apoptosis of PCa cells, and FOXA1 may be involved in the process as a transcription factor of IncHUPC1.
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Introduction Long-chain non-coding RNA (IncRNA) is an
important non-coding RNA. Its length exceeds
200 nucleotides and it performs a wide range
of functions [4]. miRNA is an endogenous non-

coding RNA consisting of 20-25 nucleotides. In

According to the “Global Cancer Statistics
2018" released by the World Health Or-
ganization, PCa is the second most common

cancer in men. In 2018, there were a total of
1.276 million new cases of PCa worldwide [1].
Also, in Asian countries, the rate is increasing
substantially. The etiology and pathogenesis of
PCa are still unclear [2]. The main treatment of
PCa is surgical resection, and the treatment
efficacy in advanced PCa is not good. Exploring
the etiology and pathogenesis of PCa has
important clinical significance for the early
diagnosis of the disease and the identification
and development of targeted drugs [3].

the cytoplasm, miRNA can bind to the 3’-non-
coding region of the target gene mRNA, leading
to the degradation of the mRNA or inhibition of
its translation, and downregulation of the
expression of the target gene. Some IncRNA
can be seen as a natural “molecular sponge” in
the cytoplasm, which can absorb a large
amount of miRNA by interfering with the
3’-untranslated regions (3’-UTR) of miRNA and
inhibit the effect of miRNA on target genes, and
therefore, reduce the ability of miRNAs to inter-
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fere with their target genes. The IncRNA,
miRNA, and mRNA form a ceRNA [5]. For
instance, Wu et al. found that after PAX5
induced the activation of IncRNA forkhead
box P4 antisense RNA 1 (FOXP4-AS1), it up-reg-
ulated FOXP4 by adsorbing miR-3184-5p and
promoted growth of PCa cells [6]. Zhang et al.
found that PCA3 up-regulated the expression
of high mobility group protein 1 (HMGB1) by
binding to miR-218-5p and promoted the pro-
gression of Pca [7]. SDCCAG3 interacted with
Protein tyrosine phosphatase non-receptor
type 13 (PTPN13) via the FERM domain to regu-
late cytokinesis in colon cancers, which con-
trolled the termination of Fas signal, inhibiting
apoptosis in tumor cells [8, 9]. As an important
factor in gene transcription and post-transcrip-
tional regulation, transcription factors (TFs)
also participate in the regulation of IncRNA-
related signaling pathways. For example, the
transcription factors FOXA1 and cAMP-res-
ponse element binding protein 1 (CREB1) were
related to advanced PCa, and CREB1/FOXA1
target genes could predict the recurrence of
Pca [10]. However, the mechanisms underlying
the regulation by miRNA, IncRNA, TFs, and
mMRNA in PCa need further elucidation.

TCGA database of the Cancer Genome Atlas is
a cancer research project jointly conducted by
the National Cancer Institute (NCI) and the
National Human Genome Research Institute
(NHGRI). In the current work, the role of Inc-
RNA AC004447.2 (ENSGO00000269131), a
cancer promoting IncRNA, in PCa was analyzed
using the TCGA database. No relevant public
literature on other tumor cells was available.
According to the naming principle of HGNC
(Hugo Gene Nomenclature Committee) [11],
INcRNA AC004447.2 (ENSGO00000269131)
was named IncHUPC1 (highly up-regulated 1 in
prostate cancer). The current study used data-
bases, clinical samples, and data from in vivo
and in vitro experiments to elucidate a pathway
that inhibited PCa cell apoptosis and promoted
PCa growth, which helped understand the
molecular mechanism underlying the occur-
rence and development of PCa and provided
valuable clues for further research.

Materials and methods
Database analysis and primary analysis

The Prostate Adenocarcinoma (PRAD) dataset
was selected from TCGA [12]. Data on 440
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patients whose histological type was Prostate
Adenocarcinoma Acinar Type were included in
the analysis (440 PCa tissue, 48 normal pros-
tate tissue). Because there were few overall
survival events of patients in this dataset, pro-
gression-free survival (PFS) was selected as
the prognostic parameter for analysis. The
“limma” package of R software was used to
perform differential analysis. Genes between
tumor and normal prostate tissues with fold
change (FC) > 1.5 or FC < 2/3 equivalent to
[log,FC| > 0.584963 and adjust p-value <
0.01 were considered as significantly differen-
tially expressed genes. The Cox regression
was used for survival analysis and P < 0.01
were considered as a significant difference.
The online databases LncBase [13], miRWalk
[14], and Targetscan [15] were used to predict
the targets of IncRNA, miRNA, and mRNA,
respectively.

Tissue samples

The tissue samples used in the current study
were obtained from 70 PCa patients at the
First Affiliated Hospital of the Chongqing
Medical University (Chongging, China) between
November 2018 and November 2021. After
the samples were obtained, they were frozen
using liquid nitrogen and stored at -80°C. Table
1 shows the clinical characteristics of patients
with PCa.

Cell lines and cell culture

The human normal prostate cell line (RWPE-1)
and 4 different PCa cell lines (LNCaP, 22RV1,
DU145, and PC3) were purchased from the
Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). All PCa cell lines were cul-
tured in the Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Grand Island, NY,
USA) with 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY, USA) and 1% Penicillin-
Streptomycin (Gibco, USA). RWPE-1 cells were
cultured in a special prostate epithelial cell cul-
ture medium (PEpiCM, ScienCell, USA) contain-
ing prostate epithelial cell growth supplement
(PEpICGS, USA), 10% fetal bovine serum, 1%
cereal Aminoamide. All cell lines were cultured
in a humidified incubator containing 5% CO, at
a constant temperature of 37°C.

Cell transfection

sh negative control (sh control) and sh-IncH-
UPC1 lentiviruses were purchased from Han
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Table 1. The clinical characteristics associated with IncHUPC1 expression in PCa

IncHUPC1 levels

Characters N=70 - p-value
High (n = 35) Low (n = 35)

Age (Years) 0.4731
>70 36 20 16
<70 34 15 19

PSA (ng/ml) 0.0109*
<10 23 6 17
>10 47 29 18

Gleason score 0.0079**
<7 40 14 26
>7 30 21 9

Vascular invasion 0.4274
Yes 20 12 8
No 50 23 27

Extracapsular metastasis 0.5602
Yes 15 6 9
No 55 29 26

Lymph node metastasis 0.4751
Yes 9 6 3
No 61 29 32

TNM 0.0083**
Il 32 10 22
I-1v 38 25 13

Endocrine therapy 0.6694
Yes 6 4 2
No 64 31 33

*P <0.05, **P < 0.01.

Heng Biotechnology (Shanghai, China). The
microRNA-133b mimic (miR-133b mimic), mi-
croRNA-133b inhibitor (miR-133b inhibitor),
microRNA negative control (miR NC), FOXA1
siRNA (si-FOXA1), SDCCAG3 siRNA (si-SDC-
CAG3), and siRNA negative control (si-NC) were
purchased from RiboBio Co., Ltd. (Guangzhou,
China). Cell transfection was performed ac-
cording to the instructions provided by the
respective manufacturer.

Quantitative real-time polymerase chain reac-
tion (g-PCR)

According to the manufacturer’s protocol,
TRIzol (Invitrogen) was used to extract total
RNA from PCa tissues and cells. All IncRNA,
mMiRNA, and mRNA in this experiment were
reverse-transcribed into cDNA using Prime-
Script™ RT Master Mix purchased from Takara
Biomedical Technology Co. (Beijing, China).
Platinum SYBR-Green g-PCR SuperMix (Invi-
trogen) was used for g-PCR. The normalization
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control used for miRNA was U6, and that for
IncRNA and mRNA was Actin. The primers used
in the study were manufactured by Qingdao
Biotechnology Co., Ltd. (Beijing, China). The
g-PCR primer sequences were as follows: IncH-
UPC1: 5-ATAAACCCAAACTCCATCCTCC-3,5-CT-
TTCTTTAAGCCACAGACTTCCTA-3". miR-133h: 5™-
CTCAACTGGTTCGTGGAGTCGGCAATTCAGTTGA-
GTAGCTGGT-3,5-ACACTCCAGCTGGGTTTGGTCC
CCTTCAAC-3. SDCCAG3: 5-GACGCTTGAGCG-
GAAGTTAGA-3,3-GCCTTTACAGCCCGTTTGG-5.
FOXA1l: 5-GAAGATGGAAGGGCAT-3,5-GCCTGA-
GTTCATGTTGCTGA-3'. U6: 5-CTCGCTTCGGCAG-
CACA-3,5-AACGCTTCACGAATTTGCGT-3". Actin:
5’-CACCCAGCACAATGAAGATCAAGAT-3,5-CC-
AGTTTTTAAATCCTGAGTCAAGC-3..

Cell counting kit-8 (CCK-8)

The trypsinized cell suspension was diluted
with culture medium to 4 x 10* cells/ml and
inoculated in a 96-well plate. After 24 hours of
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inoculation, CCK-8 reagent (Hanbio Technolo-
gy) was added and the cells were incubated in
a humidified incubator for 2 hours. Absorbance
was measured at 450 nm using a microplate
reader. These detection steps were repeated
on days 1, 2, 3, and 4 after vaccination.

Colony formation assay

The cells in the logarithmic growth phase were
seeded on a 6-well plate (1 x 103/well) after
resuspension and counting. After culturing the
cells for 10-14 days, the colonies were visible
to the naked eye. The cell colonies were fixed
with methanol for 20 minutes, then stained
with 0.5% crystal violet for 20 minutes, and
then imaged.

Cell apoptosis analysis

Hoechst 33342/PI Double Stand Kit (Solarbio,
Beijing, China) was used to measure the rate of
apoptosis according to the manufacturer’s pro-
tocol. The treated samples were then subject-
ed to flow cytometry analysis and fluorescence
microscopy for observation.

Western blotting

The lysate and Phenylmethanesulfonyl fluoride
(PMSF) were used to extract total protein from
the cells, and the concentration of total protein
was determined using the Bicinchonininc acid
(BCA) method. An appropriate amount of pro-
tein was taken for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).
After electrophoresis, the protein was trans-
ferred to polyvinylidene fluoride (PVDF) mem-
branes. These PVDF membranes were blocked
with TBS + Tween (TBST) prepared with 5%
skimmed milk, at room temperature for 1 hour.
Then, the primary antibodies were added and
the membranes were incubated overnight at
4°C. Then, the corresponding secondary anti-
bodies were added and the membranes were
incubated at room temperature for 1 hour.
ECL western blot substrate (Thermo Fisher
Scientific) was added to the film for exposure
and imaging. SDCCAG3, FOXA1, cleaved Cas8,
cleaved Cas3 and B-actin primary antibodies
and the corresponding secondary antibodies
were purchased from Abcam (UK).

In situ hybridization of the IncRNA fish probe

IncRNA fish probe in situ hybridization assay
was performed to detect IncHUPC1 cell local-
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ization. FISH Probe Mix targeting 18S rRNA,
U6, and IncHUPC1 were designed and synthe-
sized by Guangzhou RiboBio Biotechnology
Co., LTD. RiboBio’s RiboTM Fluorescent In Situ
Hybridization Kit was used and hybridization
was performed according to the manufactur-
er’s protocol.

Immunohistochemistry (IHC)

The paraffin-embedded tissue sections were
stained with HE to determine whether the tis-
sue was cancerous or non-cancerous. The PCa
tissues were assigned Gleason scores accord-
ing to the rules. The sections were stained with
Ki6e7, SDCCAG3, and cleaved Cas8 immunohis-
tochemical stains to assess the corresponding
protein levels. Finally, the K-viewer scanning
microscope imaging system was used to view
the slides. Ki67 results were evaluated using
the percentages of positive cells, and other
indicators (SDCCAG3, cleaved Cas8 and
FOXA1) were evaluated using the immuno-
histochemistry scores. The staining intensity
used to score was - O for no stain, 1 for weak
stain, 2 for medium stain, and 3 for strong
stain. Finally, the percentage of positive cells x
staining intensity score was used to calculate
the final score.

Luciferase reporter assays

The wild-type (wt) and mutant (mut) sequences
of IncHUPC1 and the mutated (mut) and the
3'UTR sequences of SDCCAG3 were design-
ed and cloned into the PHY-811 vector
(Guangzhou RiboBio Co., Ltd., China). The wt or
mut luciferase plasmid and miRNA mimic
were co-transfected into the 22RV1 cells in
the same culture dish. The IncHUPC1 promoter
was cloned and inserted into the pGL3 basic
vector (GeneCreate Biological Engineering Co.,
Ltd., Wuhan, China), and the pGL3-IncHUPC1
vector was co-transfected with si-control or si-
FOXALl. Then, the luciferase activity was de-
tected using the dual-luciferase reporter gene
detection system using the manufacturer’s
(Promega, USA) instructions, 48 hours after
transfection.

Chromatin immunoprecipitation (ChIP)

The ChlIP kit (Beisinbo, Guangzhou, China) was
used to study the intracellular interaction
between FOXA1 and IncHUPC1 promoters,
according to the manufacturer’s protocol. Cells
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were cross-linked with 1% formaldehyde, qu-
enched in glycine solution, and treated with
ultrasonic shattering to an average length of
200-1000 bp. Then, immunoprecipitation was
performed using FOXA1 antibody (Abcam, UK)
and IgG control.

Chromatin isolation by RNA purification assays

Six oligonucleotide probes corresponding to
the IncHUPC1 transcript were synthesized by
RiboBio Co., Ltd. (Guangzhou, China), and the
biotin label was located at the 3’ end. The
probes were divided into two pools (even and
odd probe groups) to eliminate non-specific
signals. The probe with LacZ as the target
was set as a negative control. Chromatin was
separated by RNA purification (ChIRP) analysis
using the ChIRP kit (Beisinbo, Guangzhou,
China) according to the manufacturer’s proto-
col. The enrichment of IncHUPC1 by miR-133b
was identified and quantitatively analyzed
using g-PCR.

Rapid-amplification of cDNA ends

TRIzol Plus RNA Purification Kit (Invitrogen)
was used to extract total RNA from the 22RV1
cells. IncHUPC1 cDNA was used as a template
to design primer sequences, and Primer
Premier 6.0 software was used to design the
5/3'RACE primers. Two rounds of nested PCR
were performed. The PCR product showed a
specific band after electrophoresis. After the
gel was cut and the bands were recovered, the
pGM-T vector was used to transform the high-
efficiency chemically competent DH5x cells,
and then, the sequencing analysis was
performed.

Animal models

The subcutaneous tumor transplantation mo-
del and bone metastasis model were estab-
lished using nude mice to evaluate the growth
and metastasis of PCa cells in vivo. A total of
16 4-week-old male nude mice were purchas-
ed from SLAC Experimental Animal Center,
Chinese Academy of Sciences, Shanghai, and
randomly divided into 4 groups (4 mice in each
group). 22RV1 cells transfected with lentivirus-
packed IncHUPC1 knockdown system (sh IncH-
UPC1 group) and empty lentivirus (sh control
group) were used. In the xenogenous subcuta-
neous tumor transplantation model, 22RV1
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cells from the two transfected groups were sub-
cutaneously injected into the left back of the
mice at a rate of 1 x 10° cells/needle. Tumor
size was measured every 7 days. Tumor volume
was calculated using the formula: tumor vol-
ume = 0.52 x (long diameter) x (short diame-
ter)?. After 4 weeks, the subcutaneous tumor
was removed and weighed. The transfected
22RV1 cells from the above two groups (1 x
10¢ cells/needle) were injected into the tibial
nodule of nude mice to establish the bone
metastases model (also 4 mice in each group).
The mice were sacrificed 6 weeks later and
bone metastases were examined using X-ray
images. Subcutaneous tumor and bone me-
tastasis were dissected and the ratio of the
weight of bone metastasis to the weight of a
single hind leg of nude mice was calculated.
Pathological sections of both subcutaneous
and bone metastases were prepared and
stained with HE and IHC. The animal experi-
ments were approved by the Animal Protection
and Utilization Committee of the Chongging
Medical University.

Statistical analysis

The data are presented as mean * standard
deviation, and each experiment was replicated
at least 3 times independently. GraphPad
Prism V5.0 (San Diego, CA, USA) and SPSS
software 24.0 (SPSS Inc., Chicago, IL, USA)
were used to perform student t-test and AN-
OVA. Kaplan-Meier method, logarithmic rank
test, and Pearson correlation analysis were
performed to assess statistical significance.
The P < 0.05 was considered statistically
significant.

Results

Database analysis showed that IncHUPC1,
miR-133b and SDCCAGS3 had differences in
expression and PFS in PCa

A total of 208 IncRNAs were identified to be
up-regulated and 71 IncRNAs were down-regu-
lated (Figure 1A). 1079 IncRNAs were nega-
tively correlated with PFS, and 95 IncRNAs
were positively correlated with PFS. On the
whole, 44 up-regulated IncRNAs negatively
related to PFS (HR > 1, P < 0.01) and 11 down-
regulated IncRNAs positively related to PFS
were identified (HR < 1, P < 0.01) (Figure 1B).
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Figure 1. IncHUPC1, miR-133b and SDCCAG3 all have differences both in expression and PFS in PCa from TCGA
database analysis. A. Heatmap of differentially expressed IncRNA associated with PFS. B. Volcanic plot of differen-
tially expressed IncRNAs. C. Heatmap of differential expressed miRNA which correlated with PFS. D. Volcano plot of
differential expressed miRNAs. E. Heatmap of differential expressed mRNA which correlated with PFS. F. Volcano
plot of differential expressed mRNAs. G. The alluvial diagram of regulatory network of INcRNA/miRNA/mRNA.

A total of 40 miRNAs were found to be down-
regulated and 115 miRNAs were up-regulated
(Figure 1C). About 29 miRNAs positively were
related to PFS and 38 miRNAs negatively relat-
ed to PFS. Taken together, 16 up-regulated
miRNAs negatively associated with PFS (HR >
1, P < 0.01), and 10 down-regulated miRNAs
positively associated with PFS (HR < 1, P <
0.01) (Figure 1D).

A total of 792 mRNAs were found to be up-reg-
ulated and 1230 mRNAs were down-regulated
(Figure 1E). 2773 mRNAs were negatively relat-
ed to PFS, and 522 mRNAs were positively
related to PFS. To sum up, 103 up-regulated
mRNAs negatively correlated with PFS (HR >
1, P < 0.01), and 122 down-regulated mRNAs
positively correlated with PFS (HR <1, P < 0.01)
(Figure 1F).

LncBase predicted tool was used to predict the
targeted miRNAs of IncRNAs, and IncRNAs
and miRNAs that were differentially expressed
and related to PFS were analyzed. It was identi-
fied that the up-regulated IncRNA ENSGOO-
000269131 (IncRNA AC004447.2) was target-
ed with miR-133b, ENSGO0000250508 was
targeted with hsa-miR-5586-5p and hsa-miR-
106b-5p, and ENSGO0000258274 was target-
ed with hsa-miR-93-5p and hsa-miR-106b-5p.
Then, the miRwalk database was used to pre-
dict the target mRNAs of miRNAs. Also, only dif-
ferentially expressed miRNAs and mRNAs
associated with PFS were analyzed. Then, the
correlations between IncRNA, miRNA and
mRNA were analyzed. The correlation coeffi-
cient |R| was set to greater than 0.2 and P <
0.05 (Figure 1G). Taken together, IncRNA
ENSG00000269131-miR-133b-SDCCAG3 (mi-
RNA-mRNA, |R| > 0.4, P < 0.05) was selected
as a newly identified ceRNA will be verified
empirically in experiment. There were no stud-
ies regarding ENSG00000269131 (IncRNA
AC004447.2) reported previously, and there-
fore, we named IncRNA AC004447.2 as IncH-
UPC1 (Highly Up-regulated in Prostate Cancer
1).

In the 440 PCa cases obtained from the TCGA
database (440 PCa tissues and 48 normal
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prostate tissues), the expression of IncHUPC1
and SDCCAG3 in PCa was significantly higher
than that in normal samples (P < 0.0001, Fi-
gure 2A and 2C). The expression of miR-133b
in PCa was lower than that in normal samples
(P < 0.0001, Figure 2B). In samples with a
higher Gleason score (GS > 7), the expression
levels of IncHUPC1 (P = 0.0032, Figure 2D) and
SDCCAG3 (P < 0.0001, Figure 2F) were also
higher than those in samples with a lower GS
(GS £ 7). The high expression of miR-133b
appeared in a higher number of samples with
lower GS (P < 0.0001, Figure 2E). In the same
dataset, survival analysis showed that PCa
with a high expression of IncHUPC1 (HR =
1.816, 95% Cl (1.168-2.823), P = 0.008, Fi-
gure 2G) and SDCCAG3 (HR = 2.336, 95% CI
(1.479-3.688), P < 0.001, Figure 2I) had a
shorter PFS, while on the contrary, a high
expression of miR-133b was associated with
a longer PFS (HR = 0.433, 95% CI (0.276-
0.680), P < 0.001, Figure 2H). In the correla-
tion analysis, IncHUPC1 and miR-133b (r =
-0.2949, P < 0.0001, Figure 2J), and miR-133b
and SDCCAG3 (r =-0.4222, P < 0.0001, Figure
2L) were found to be negatively correlated,
while IncHUPC1 and SDCCAG3 were found
to be positively correlated (r = 0.5316, P <
0.0001, Figure 2K).

The differential expression and clinical signifi-
cance of IncHUPC1/miR-133b/SDCCAG3 in
Pca

The g-PCR results confirmed the high expres-
sion of IncHUPC1 and SDCCAG3 in the clinical
samples (P < 0.05, Figure 3A and 3C), and the
expression of miR-133b in PCa tissues was
lower than that in adjacent non-tumor tissues
(P < 0.05, Figure 3B). Similar to the results of
the database analysis, in samples with a high
GS (GS > 7), the expression levels of IncHU-
PC1 (P = 0.0007) and SDCCAG3 (P = 0.0032)
were also higher than those in samples with a
lower score (GS < 7) (Figure 3D and 3F). A high
expression of miR-133b was observed in a
higher number of samples with lower GS (P =
0.0005, Figure 3E). In the correlation analysis,
IncHUPC1 and miR-133b (r = -0.3446, P =
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Figure 2. The expression difference, survival analysis and expression correlation of IncHUPCZ1, miR-133b and SDC-
CAG3 in PCa in the TCGA database. A, C. The expression levels of IncHUPC1 and SDCCAG3 in PCa were higher than
those in normal tissues. B. The expression of miR-133b in PCa was lower than that in normal samples. D, F. The
expression levels of IncHUPC1 and SDCCAG3 were higher in samples with a higher Gleason score (GS > 7). E. The
high expression of miR-133b appeared in samples with lower Gleason score (GS < 7). G, I. High IncHUPC1 or SDC-
CAG3 expression indicated poor PFS. H. High miR-133b expression indicated long PFS. J. The relativity between
IncHUPC1 and miR-133b. K. The relativity between IncHUPC1 and SDCCAG3. L. The relativity between miR-133b

and SDCCAG3.

0.0035, Figure 3G), and miR-133b and SD-
CCAG3 (r = -0.4567, P < 0.0001, Figure 3H)
were negatively correlated, while IncHUPC1
and SDCCAG3 were positively correlated (r =
0.5064, P < 0.0001, Figure 3I). HE and immu-
nohistochemical staining showed that SD-
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CCAG3 was stained positive in tumor tissues
and negative in samples of adjacent tissues,
and samples with a higher Gleason score
showed stronger staining than those with a
lower Gleason score (P < 0.05, Figure 3J and
3K). The relative expression of IncHUPC1 in tis-
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Figure 3. The differential expression and clinical significance of IncHUPC1/miR-133b/SDCCAG3 in PCa. A-C. The
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expression level of IncHUPCZ1, miR-133b and SDCCAG3 in GS <7 vs GS > 7 in PCa tissues. G. The relativity between
IncHUPC1 and miR-133b. H. The relativity between IncHUPC1 and SDCCAGS3. I. The relativity between miR-133b
and SDCCAG3. J, K. HE and IHC staining showed that SDCCAG3 was stained positive in tumor tissues and negative
in samples of adjacent tissues, and samples with a higher Gleason score showed stronger staining than those with
a lower Gleason score. L. The AUC curve of IncHUPC1. *P < 0.01.
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sues and the diagnosis of PCa in clinical sam-
ples form the ROC curve, and the area under
the ROC curve (AUC) was 0.955, indicating that
IncHUPC1 was a better diagnostic marker of
PCa (P < 0.0001, Figure 3L).

Then, based on the median expression of
IncHUPC1 in PCa tissues, patients were
categorized into IncHUPCZ1-high or -low groups
to explore the clinical significance of IncHUPC1
in PCa. Tissue analysis showed that a high
expression of IncHUPC1 was significantly cor-
related with a higher GS score (P = 0.0079),
PSA (P = 0.0109), and advanced tumor lymph
node metastasis (TNM) stages (P = 0.0083)
(Table 1).

Expression of IncHUPC1/miR-133b/SDCCAG3
in PCa cell lines in vitro and localization of In-
cHUPC1

In vitro experiments were performed using
various PCa cell lines (LNCaP, 22RV1, DU145,
and PC3) and immortal normal prostate cell
line (RWPE-1). The expression levels of IncH-
UPC1, miR-133b, and SDCCAG3 were mea-
sured using g-PCR and western blotting (WB).
The g-PCR results showed that IncHUPC1 and
SDCCAG3 were highly expressed in PCa cells
(P < 0.05, Figure 4A and 4C), while miR-133b
expression was low in PCa cells (P < 0.05,
Figure 4B). WB results also verified the results
for SDCCAG3 (Figure 4D). The expression of
IncHUPC1 in the nucleus and cytoplasm was
analyzed using g-PCR (Figure 4E) and FISH
probes (Figure 4F) by extracting RNA from the
nucleus and cytoplasm, respectively. The
results of the two experiments showed that
IncRNA was mainly expressed in the cytoplasm.
The sequence of IncHUPC1 was verified in
22RV1 cells using the 5’RACE and 3'RACE
experiments. The primers and sequencing
results are shown in Table S1 and Figure 4G.
The results proved that the total length of the
IncHUPC1 sequence was 2924 bp, which was
consistent with the UCSC database.

IncHUPC1 helps inhibit PCa cell apoptosis and
promote growth in vitro

To study the function of IncHUPC1 in PCa cells
in vitro, we first used lentivirus-packed plas-
mids to stably knockdown IncHUPC1 in 22RV1
cells (sh IncHUPC1 vs sh control). The transfec-
tion efficiency of the two PCa cell lines in the
case of IncHUPC1 knockdown is shown in
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Figure 5A (P < 0.05). The CCK-8 and clonogen-
esis experiment results showed that LNCaP
and 22RV1 cells knocked down using IncH-
UPC1 grew significantly slower than those in
the control group (P < 0.05, Figure 5B and
5C). Flow cytometry analysis showed that IncH-
UPC1 deletion significantly induced apoptosis
in LNCaP and 22RV1 cells (P < 0.05, Figure 5D
and 5E). Also, knocking down IncHUPC1 in
PCa cells resulted in a significant downregula-
tion in SDCCAG3 and cas8 cleavage of key
apoptosis-related proteins, as shown using WB
(P < 0.05, Figure 5F).

IncHUPC1 promotes the growth and metasta-
sis of PCa cells in vivo

The results of in vitro experiments showed that
IncHUPC1, as an oncogene, is involved in the
progression of PCa. To fortify the results, vari-
ous in vivo experiments were conducted to
study the effect of IncHUPC1 on the growth
and metastasis of PCa cells. The 22RV1 cells
transfected with sh IncHUPC1 and sh control
group were implanted into nude mice using
subcutaneous and tibial injections. The results
showed that compared to the sh control group,
down-regulating IncHUPCZ1 in 22RV1 cells sig-
nificantly inhibited the growth of the subcuta-
neous tumor cells (P < 0.05, Figure 6A). The
subcutaneous tumor formed in nude mice was
dissected, and IHC staining of the IncHUPC1
knockdown group also confirmed that the
expression of Ki67 and SDCCAG3 significan-
tly reduced, while that of cleaved cas8 signifi-
cantly increased (P < 0.05, Figure 6B). In the
bone metastasis mice model, the ratio of bone
metastases/whole hind limbs in the sh IncH-
UPC1 group was lower than that in the sh con-
trol group (P < 0.05, Figure 6C). It was also
found that the bone metastases in the nude
mice in the sh IncHUPC1 group caused less
bone damage than that in the sh control group
(Figure 6D). HE and IHC staining results show-
ed that the bone destruction by metastases in
the sh IncHUPC1 group was less than that in
the sh control group, and the expression of
cleaved cas8 in bone metastases was signifi-
cantly increased, as shown using IHC staining
(P < 0.05, Figure 6E).

IncHUPC1 affects the expression of SDCCAG3
through miR-133b

These two kinds (LNCaP and 22RV1) of PCa
cells were transfected with sh IncHUPC1 plas-
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mid packaged by lentivirus, along with mimic
and inhibitor of miR-133b. An empty virus plus
blank control sequence group (sh control + miR
NC), IncHUPC1 knockdown plus miRNA blank
control group (sh IncHUPC1 + miR NC), IncH-
UPC1 and miR-133b simultaneous knockdown
group (sh IncHUPC1 + miR-133b inhibitor), and
IncHUPC1 knockdown and miR-133b overex-
pression group (sh IncHUPC1 + miR-133b
mimic) were created. Compared to the sh con-
trol + miR NC group, the sh IncHUPC1 + miR
NC, IncHUPC1 + miR-133b inhibitor, and IncH-
UPC1 + miR-133b mimic groups showed the
same degree of decrease in IncHUPC1 (P <
0.05, Figure 7A). The expression of miR-133b
in the sh IncHUPC1 + miR NC group was sig-
nificantly higher than that in the sh IncHUPC1 +
miR NC group, while miR-133b in the sh IncH-
UPC1 + miR-133b inhibitor group showed some
decrease. The expression of miR-133b in the
sh IncHUPC1 + miR-133b mimic group was the
highest among the 4 groups, and the result
was significant (P < 0.05, Figure 7B). The
expression of SDCCAG3 mRNA decreased in
the sh IncHUPC1 + miR NC group compared to
the sh control + miR NC group, and the ex-
pression of SDCCAG3 increased after adding
miR-133b inhibitor in the sh IncHUPC1 + miR-
133b inhibitor group. The expression of
SDCCAG3 in the sh IncHUPC1 + miR-133b
mimic group was the lowest among the 4
groups (P < 0.05, Figure 7C). WB results con-
firmed that knock down of IncHUPC1 reduced
the expression of SDCCAG3 and increased
that of cleaved caspase8 and cleaved caspa-
se3, activating the apoptotic pathway. When
the expression of IncHUPC1 and miR-133b was
reduced at the same time (sh IncHUPC1 + miR-
133b inhibitor group), the expression of
SDCCAG3 partially increased, and that of
cleaved caspase8 partially reduced. Decreas-
ing the expression of IncHUPC1 and increasing
the expression of miR-133b can significantly
reduce the expression of SDCCAG3 and
increase that of cleaved caspase8 (P < 0.05,
Figure 7D).

The biological function of ceRNA of IncHUPC1/
miR-133b/SDCCAG3

To investigate whether IncHUPC1 affected the
growth and apoptosis of PCa cells through
miR-133b/SDCCAG3 forming a ceRNA network,
we conducted the following experiments. The
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results of the CCK-8 and colony formation
experiments showed that miR-133b inhibitors
can partially reverse the anti-proliferative and
apoptotic effects of sh IncHUPC1, while miR-
133b mimic enhanced these effects and
decreased the proliferation ability of the cells
and enhanced apoptosis (P < 0.05, Figure 8A
and 8B). In addition, the results of flow cytom-
etry and Hoechst/PI in situ staining showed
that co-transfection with miR-133b inhibitors
can inhibit the apoptosis induced by the down-
regulation of IncHUPCZ1, while miR-133b mimic
can enhance the effect of IncHUPC1 on cell
apoptosis (P < 0.05, Figure 8C and 8D).

miR-133b bounds with IncHUPC1

Firstly, we predicted the binding sites of IncH-
UPC1 3’UTR and miRNA 5’'UTR using Targets-
can and RNAhybrid databases (Figure 9A).
g-PCR results again verified that knocking
down IncHUPC1 increased the expression of
miR-133b (P < 0.05, Figure 9B). Luciferase
assay results showed that miR-133b mimics
decreased luciferase activity in vectors con-
taining wild-type IncHUPC1 (wt) but failed to
decrease luciferase activity in vectors contain-
ing IncHUPC1 mutation (mut), suggesting that
miR-133b may directly bind to IncHUPC1 (P <
0.05, Figure 9C). We, then, performed the
ChIRP assay to determine the direct interaction
between IncHUPC1 and miR-133b. To improve
the specificity of ChIRP detection, 5 oligonucle-
otide probes targeting IncHUPC1 were design-
ed and divided into even and odd groups.
Results confirmed that miR-133b was adsorb-
ed by IncHUPC1 significantly in even and odd
probe pools compared to control LacZ probes
set in LNCaP and 22RV1 cells (P < 0.05, Figure
9D).

SDCCAGS3 was the direct target of miR-133b

The Targetscan database was used to predict
the binding sites of SDCCAG3 3'UTR and miR-
133b 5’UTR (Figure 9E). The results of g-PCR
and WB confirmed that the mRNA and protein
expression of SDCCAG3 decreased after tran-
scription of miR-133b mimic (P < 0.05, Figure
9F and 9G). The results of the luciferase as-
say showed that miR-133b mimic can signifi-
cantly negatively regulate the luciferase ac-
tivity of the wild-type SDCCAG3 mRNA vector
(wt) but cannot reduce the luciferase activity of
the mutant vector (mut) (P < 0.05, Figure 9H),

Am J Cancer Res 2022;12(6):2465-2491



IncHUPC1 promotes tumor progression by inhibiting apoptosis in prostate cancer

>
@
(@]

5 Fe] [+2] *
o 0 * Q
> o I — < =
T 159 #* b - g 157 . —
% TR £ & P 8 —
2 Y —— s 101
g 1.0 S 5 d
L 5 221
? 05 g £os
= - 81 7 g &
3 | i 2 | 0
= 900l : ; ; & ol ; ; ; £ 00l ; ; :
3 ¢ $ © 2 O (@) 3 G © O fel < G
& @@e &\“ﬁ & & TS & &S : ;@\ & & &
& 5 ) 5 3 & X o & O
& & L & F 8 S S s P
& F & & & & : L Q_,'\'E‘
BN \(\0 ,@\ 0\* & c',b ,¢<°\ WX P (\‘2‘ x‘é\\ N
LAP DN 5 & s &
> £ R S
\(‘& ol &\) ® (\(}k F
e e\(\ & ¢3°\
o 8 : 3 "
—_
i 4 <4 b S 159 *
< *k x * 8 x
% — £l g @ —
=10 S ' © 1.0
5 g 5
5 922 @
205 g 2 051
S FEEE™ I =
3 2 ; o
X woo . . . g0 . . . £ o= . . .
o c=1 < € [7] £ e o S
N & & S A O T
&8 & P & & § 0 & -o
& &£ & £ A F & P
&F £ o &8 F & & g & &
2N & & o ¢ R & £ K RN 4
2 F N O PN & N & « X N
SN Q N %) N O
RN & & K L N
& o Q\O (\5?‘ Qs\) \Qc‘f\
& & \{\o N \,\\o P
P> & £
D LNCaP 22RV1
- e —
cleaved cas8 e m 18KD s e v D
cleaved cas3 - s s == 17kD —
B'aCtin — s —— UKD e e e e
shcontrol + - = + - s =
mRNC + + o + o+ - -
shincHUPC1 - + + + ~ + +
miR-133b inhibitor - s A & & = + o
miR-133b mimic . - " + = = - %

Figure 7. IncHUPC1 affects the expression of SDCCAG3 through miR-133b. (A) Compared with the sh control + miR
NC group, the sh IncHUPC1 + miR NC, IncHUPC1 + miR-133b inhibitor, and IncHUPC1 + miR-133b mimic groups
showed the same degree of decrease in IncHUPC1. (B) The expression of miR-133b, (C) SDCCAG3 in PCa cells
transfected with sh IncHUPCA or miR-133b inhibitor or miR-133b mimic compared to their negative controls. (D)

The changes of SDCCAG3 protein expression in each treatment group were demonstrated by WB results. *P < 0.05,
**P < 0.01.

2482 Am J Cancer Res 2022;12(6):2465-2491



2483

IncHUPC1 promotes tumor progression by inhibiting apoptosis in prostate cancer

4 -
-
e

-

Viability (OD450)
N

LNCaP

sh control+NC
sh IncHUPC1+miR NC

sh IncHUPC1+miR-133b inhibitor
sh IncHUPC1+miR-133b mimic

0 T T T T T
Oh 24h 36h 48h 72h
LNCaP
sh control+ sh IncHUPC1 sh IncHUPCA1 sh IncHUPC1
miR NC +miR NC +miR-133b inhibitor  +miR-133b mimic

b ot

sh control+ sh IncHUPC1 sh IncHUPC1 sh IncHUPC1
miR NC +miR NC

+miR-133b inhibitor

+miR-133b mimic
ool .

>
ey

22RV1
41 -e- sh control+NC
<% sh IncHUPC1+miR NC
5 -4 sh IncHUPC1+miR-133b inhibitor "
é -¥ sh IncHUPC1+miR-133b mimi I*
5 I
Q *
O 2
z
8
S 19
0 T T T T T
Oh 24h 36h 48h 72h
LNCaP 22RV1
400 * 400 P e |
, H— =t .
— —
_ 3001 * _ 3004
5 — S
8 8
2 200 2 200
S S
Q Q
) )
100- 100+
0- - 0 .
O @) & © o o o ©
& & & & & &S
L & & PO &
Qc;\ '3;5" q-'\% & Qc;\ '3;5“ q-'\%
& & & 8 & & ¢ &
S oS & ¥ Y X & N
2 N @) 2 N ¢)
O K O K
SR SR
S8 & &

Am J Cancer Res 2022;12(6):2465-2491



IncHUPC1 promotes tumor progression by inhibiting apoptosis in prostate cancer

C LNCaP
sh control sh IncHUPC1 sh IncHUPCA1 sh IncHUPCA1
+miR NC +miR NC +miR-133b inhibitor ~ +miR-133b mimic

a8 a0 Jom 640 3% 3 a7 Joa2 a2

Pl

pEN o Jas a3
3517 187
e I
0 6w 0°

10?404 o
00 137

Hoechst
22RV1

sh IncHUPC1 sh IncHUPCA1
+miR NC +miR NC +miR-133b mh[bltor

oH| T 5 F
305 s 305 a6 a5
J287 121 J201 130 Jost

sh IncHUPC1
+miR-133b mimic

sh control

PI

Apoptosis rate (%)
>
Apoptosis rate (%)

2484

O

sh contol

+miR NC

sh IncHUPC1

sh IncHUPC1
+miR NC

sh IncHUPC1

sh contol

+miR NC

sh IncHUPC1

sh IncHUPC1
+miR NC

sh IncHUPC1

+miR-133b inhibitor

+miR-133b mimic

+miR-133b inhibitor

+miR-133b mimic

LNCaP
Hoechst Merge
. . . LNCaP
*
e |
R B
X x
; 15
2
o 10
3
§ 5
<
vqﬁo ¢ @\&\c
PO
\x N SR
o 5> N
\x"Q & &
\QO \,(é‘ OQO\
£
\03‘ «
. .
22RV1
Hoechst Merge
*
—_
B
§ s
“15
o
8
210
2
9
§ 5
<

S

& & &
& @ Y
& Y

o &

(('\9' &

\" QO'\

O

&

S

$

Am J Cancer Res 2022;12(6):2465-2491




IncHUPC1 promotes tumor progression by inhibiting apoptosis in prostate cancer

Figure 8. Biological function of ceRNA of IncHUPC1/miR-133b/SDCCAG3. (A) The CCK-8 assays, (B) colony forma-
tion experiments showed that miR-133b inhibitors can partially reverse the anti-proliferative and apoptotic effects
of sh IncHUPC1, while miR-133b mimic enhanced these effects and decreased the proliferation ability of the cells.
the results of (C) flow cytometry, (D) Hoechst/Pl in situ staining showed that co-transfection with miR-133b inhibi-
tors can inhibit the apoptosis induced by the downregulation of IncHUPC1, while miR-133b mimic can enhance the

effect of IncHUPC1 on cell apoptosis. *P < 0.05.

indicating that miR-133b can directly bind to
SDCCAG3 mRNA.

FOXA1 regulates the IncHUPC1/miR-133b/
SDCCAGS3 signaling loop

Several studies have confirmed that FOXA1
plays a key role in the occurrence and progres-
sion of PCa. According to the analysis of the
predicted results by the animal TFDB and
JASPAR databases, FOXA1 may bind to the
promoter sequence of IncHUPC1 as a trans-
cription factor (Figure 10A-D). Knockdown of
FOXA1 using plasmid transfection and evalua-
tion using WB showed that SDCCAG3 was sig-
nificantly reduced in the cells (P < 0.05, Figure
10E). It was verified again, using WB, that the
knockdown of IncHUPC1 reduced the expres-
sion of SDCCAG3 (P < 0.05, Figure 10F). How-
ever, there was no change in FOXA1, miR-
133b, and IncHUPC1 levels after SDCCAG3
was knocked down (P < 0.05, Figure 10G). We
established a luciferase reporter vector con-
taining IncHUPC1 promoter that overexpress-
ed transcription factor FOXAl. The results
showed that the transcription factor FOXA1
positively regulated the promoter of IncHUPC1,
and the luciferase activity was reversed by
knocking down the promoter of IncHUPC1 (P <
0.05, Figure 10H). In addition, ChIP-PCR analy-
sis further confirmed the direct binding of
FOXA1 to the promoter of IncHUPC1 (P < 0.05,
Figure 10I).

These results indicated that FOXA1 can dire-
ctly bind to the DNA promoter of IncHUPC1 to
activate transcription of IncHUPC1, and miR-
133b and SDCCAG3 are downstream target
genes regulated by IncHUPC1. In short, the
FOXA1/IncHUPC1/miR-133b/SDCCAG3 path-
way functions in PCa.

Discussion
In recent years, a large number of INcRNAs and

miRNAs have been identified to be closely re-
lated to the growth and progression of PCa.
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Several studies have confirmed that IncRNA
constitutes a large proportion of miRNA in the
cell (mainly in the cytoplasm), and can buffer
and reduce the miRNA'’s ability to degrade tar-
get gene mRNA and interfere with the transla-
tion process like a “sponge”. Therefore, the
association of IncRNA and mRNA becomes the
ceRNA network through these related points
miRNA [16, 17]. Specifically, miRNAs can target
and bind to the corresponding mRNA through
the guide RNA-induced silencing complex
(RISC), resulting in mRNA degradation or post-
translational inhibition, leading to the downreg-
ulation of the expression of the corresponding
protein [18]. A few studies have shown that
PCA3 (prostate cancer antigen-3) IncRNA is a
prostate-specific IncRNA, which can be used
for the early diagnosis of prostate cancer, and
has higher specificity and sensitivity compared
to PSA [7]. In addition, IncRNA UCA1 also pro-
motes the progression of PCa by regulating the
ceRNA of AFT2 [17].

Through the integration of bioinformatics data,
we found a sponge regulatory network of
IncRNA-mediated targeting of protein-encod-
ing driver genes in PCa-related databases,
namely IncRNA AC004447.2/miR-133b/SDC-
CAG3. The IncRNA AC004447.2, miR-133b,
and SDCCAG3 in the ceRNA network were
related to the progression of PCa and had a
survival impact (PFS) in PCa. Since this particu-
lar IncRNA had not been reported previously
and is highly expressed in PCa, we named it
IncHUPC1. In addition, we found that the
expression of miR-133b and IncHUPC1 and
that of miR-133b and SDCCAG3 were negative-
ly correlated, while that of IncHUPC1 and
SDCCAG3 was positively correlated.

IncHUPC1 acted as a tumor promoter by pro-
moting the growth and metastasis of PCa cells
both in vitro and in vivo. The current study con-
firmed the carcinogenic effect of IncHUPC1 in
PCa for the first time. The subcellular localiza-
tion of IncRNA could revealed the regulatory
mechanism underlying its function. In particu-

Am J Cancer Res 2022;12(6):2465-2491



IncHUPC1 promotes tumor progression by inhibiting apoptosis in prostate cancer

A B [ sh control
miR-133b binding site 857 W shincHUPCY .
Luciferace  IncHUPC1 Poly A E4
£,
IncHUPC1-wt  5-UCAAGGACCAAAUCCACUAC-3' g
AR "
miR-133b 3’-CAGCCCUC|5CUGUAGCUGGCU-S' % | I
D 4
IncHUPC1-mut  5-UCAACCUCCUAUAACUGUAC-3' e LNCaP 22RV1
c LNCaP 22RVA1
g 205 . g = ” 3 miR-NC
] 8 E= miR-133b mimic
S 1.5 T 454
3 * g 5 El miR-133b inhibitor
@ @
2 1.04 £ 1.04
3 3
g 0.5+ GZ, 0.5
& ©
& 0.0 & 0.0
WT mut
D ?4“ LNCaP E N
E 80+ . E e [ Lacz
[v4 —_— & ol — E=E Even probes pool
S 01 ok 5 E3 0Odd probes pool
: : ek
& 40 i .
= £
g 20 £ 204
7 ]
2ol le=ki — 2 1 B ]
8 miR-133b IncHUPC1 = miR-133b IncHUPC1
o @
E F 2 miR NC
@15, EE miR-133b mimic
miR-133b binding site S
(&)
SDCCAG3 coding region JUTR 2PN
2
g
SDCCAG3 3UTR-wt 5-CCUCAGACGACAGCUCGACUGC-3 2 01 - *
PILLEEL 1 0
MiR-133b 3-CAGCCCUGCUGUAG—CUGGCU-S = - l
SDCCAG3 3UTR-mut 5-AGUCACUGCUGUGGUCGUGUGC-3' @ M ap 22RV1
G O ©
S & @ O3 mRNC
3 0 Ie] - miR- 1335 mimic
‘\‘0 ’\'brb $0 ‘p\'brb § N
& & & & 3
g 1.0
SDCCAG3 == SDCCAG3 === H =
B-actin s — B-actin e — g’
gdﬂ
g LNCaP 22RV1
LNCaP 22RV1 £
H LNCaP 22RV1
.0- * 2 2.5-
i = 3 miR-NC
8 S 20- % £ miR-133b mimic
@ 2 Bl miR-133b inhibitor
@ © 1.5
2 ko)
g 5 1.0
= 2 o5
© ©
o) ©
@ o 0.0-

2486

Am J Cancer Res 2022;12(6):2465-2491



IncHUPC1 promotes tumor progression by inhibiting apoptosis in prostate cancer

Figure 9. IncHUPC1 could directly bind to miR-133b, and miR-133b could directly bind to mRNA of SDCCAG3. A.
Predicted binding sites between miR-133b and IncHUPC1 and mutation sequences of potential binding sites of
miR-133b in IncHUPC1. B. Expression changes of miR-133b after knockdown of IncHUPCZ1. C. The result of lucif-
erase reporter assay suggested that IncHUPC1 may directly bind to miR-133b. D. The ChIRP assay determined the
direct interaction between IncHUPC1 and miR-133b. E. Predicted binding sites between miR-133b and SDCCAG3
and mutation sequences of potential binding sites of miR-133b in SDCCAG3. F. g-PCR results showed expression
changes of SDCCAG3 after overexpression of miR-133b. G. WB showed expression changes of SDCCAG3 protein
after overexpression of miR-133b. H. The result of luciferase reporter assay suggested that miR-133b may directly

bind to the mRNA of SDCCAG3. *P < 0.05.

lar, IncRNAs located in the cytoplasm generally
regulate gene expression at the post-transcrip-
tional level through the ceRNA mechanism [19-
21]. In the current study, we observed, using
subcytoplasmic separation experiments, that
IncHUPC1 was mainly located in the cytoplasm,
suggesting that IncHUPC1 may play a carcino-
genic role in PCa by acting as a miRNA sponge.
The expression of IncHUPC1 and SDCCAG3
was positively correlated in PCa tissue. We
proved through a series of repeated experi-
ments that miR-133b mediated the carcinogen-
ic function of IncHUPC1 in PCa cells. In conclu-
sion, we determined that IncHUPC1 could
adsorb miR-133b in the cytoplasm of PCa cells.

It has been reported that SDCCAG3 is an endo-
some-related protein involved in cell division
and the regulation of the late fusion of endo-
somes and lysosomes. In previous studies, in
colon cancer cells, SDCCAG3 and PTPN13
formed a complex, which was involved in regu-
lating cell division and reducing apoptosis [8].
The activated Fas formed FADD trimers and
gradually transferred from endosomes to lyso-
somes, thereby activating caspase8, causing
the activation of downstream caspase3 and 7,
and leading to cell apoptosis. SDCCAG3 binds
to PTPN13 and Dysbindin and competes for
the binding site of FADD on the lysosome, lead-
ing to the termination of the apoptosis signal
and promoting cell proliferation [22]. Through
bioinformatics prediction and experimental
verification, we determined that SDCCAG3 was
the direct target of miR-133b in PCa cells. We
also conducted a series of knockdown and
overexpression experiments to prove that IncH-
UPC1 promoted the expression of SDCCAG3 in
PCa through absorption of miR-133b.

Next, we used the TRInc database to predict
transcription factors that bind to the IncHUPC1
promoter (Figure 9A), and then analyzed the
scores of the transcription factors using the
JASPAR website (Figure 9B). Finally, FOXA1 was
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identified as the transcription factor with the
highest score. In PCa, FOXA1 was considered
to be the pioneer of HOXB13 and androgen
receptor (AR) binding [23]. In addition to playing
arole in the AR signaling pathway, FOXA1 could
also regulate the expression of genes involv-
ed in cell cycle regulation in PCa. FOXA1 could
also inhibit the migration of cancer cells and
their transition from epithelial cells to mesen-
chymal cells (epithelial-to-mesenchymal transi-
tion, EMT) through the AR-independent path-
way [24]. A few clinical studies have concluded
that FOXA1l expression was a sign of poor
prognosis of prostate cancer, and high FOXA1
levels were associated with a shorter PSA re-
elevation or PCa survival [25, 26]. In the cur-
rent study, we first explored the effect of FO-
XA1 on the expression of IncHUPC1. We con-
firmed the regulatory effect of FOXA1 on IncH-
UPC1 transcription using ChIP and dual-luci-
ferase reporter gene detection. Our results
showed that the expression of IncHUPC1 and
SDCCAG3 induced by FOXA1 knockdown was
significantly reduced. Knockout of IncHUPC1
and SDCCAG3 had no significant effect on the
expression of FOXA1. These results indicated
that FOXA1, as a transcription factor, can
directly bind to the IncHUPC1 promoter and
activate its transcription. FOXA1 promoted the
expression of IncHUPC1 via the FOXA1/IncH-
UPCA1/miR-133b/SDCCAGS3 signaling pathway
in Pca (Figure 11).

In summary, by analyzing the data from the
TCGA database, we identified a novel ceRNA
network, IncHUPC1/miR-133b/SDCCAG3, whi-
ch enhanced PCa growth and proliferation and
reduced apoptosis. Our in vivo and in vitro
experiments showed that IncHUPC1 regulated
the growth of PCa cells via the miR-133b/
SDCCAG3 axis and FOXA1 was used as a tran-
scription factor to regulate the transcription of
IncHUPC1. These results suggested that IncH-
UPC1 is a potential novel therapeutic target
and prognostic predictor for PCa.
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Figure 10. FOXA1 regulate a IncHUPC1/miR-133b/SDCCAG3 signaling loop. (A) Prediction of transcription factors
that promote IncHUPC1 transcription in TRInc database. (B) The possible binding base sites of IncHUPC1 promoter
to FOXA1 were predicted in JASPAR. (C) Motif enrichment results were obtained by ChiP-seq in JASPAR. (D) FOXA1
may be associated with the promoter region of IncHUPC1. After (E) knocking down of FOXA1, (F) knocking down of
IncHUPC1, (G) knocking down of SDCCAG3, changes in protein expression levels of FOXA1 and SDCCAG3 in the
cells. (H) The luciferase reporter assay exhibited FOXA1 binding to IncHUPCZ1 promoter. (I) The enrichment of FOXAL1

in IncHUPC1 promoter region relative to IgG was analyzed by ChIP. *P < 0.05.

Apoptosis |

miR-133b

SDCCAG3 1

Figure 11. Schematic diagram of the results of this study.
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Table S1. The primers and sequencing results of RACE of IncHUPC1

A: 5-RACE Primer name and sequence

Primer sequence (5’ to 3’)

rAC004447.2-R1 GCTCTCTGAACAGTTGCCATACTTGAGT
rAC004447.2-R2 GCATCTTGAGAGACTTAATGAAATTTTAGC
B: 5-RACE Primer name and sequence

Primer sequence (5’ to 37)

rAC004447.2-F1 GCTAACAGAGCACTTCTGGAGAGCAATGG
rACO04447.2-F2 GAGGAGCTGGTTCCTCAGCACTCACA

C: The gene sequence of IncHUPC1 (IncRNA ACO04447.2)

TGCATTTCCTCTACATTTATTGCAACGGCTAAATGATTAACAACATTCACAACTTCTTAGATCTTAAAAAACAGAAA-
CAAAAGAAAACTTCCATTTTGTAACATCACAAATGTCTTCTAGGCTTTATCAAGGACCAAAAACACTACAATTCTCTAAGTGATTTC-
CAGTGATGGAAACAAGCCAGAGACAGTAAAGCACCCAGAGTGGCGAGAGAGCACTTCCAGATGCCTGTTGTCCTCTCGGGGGT-
GACCCTGGAACTAGAACGACAGAAAAGACACTGTGACTTTGACACGGCTGTGCCACCACACATCACGCGCGACACGAG-
GATCCTGCAGAGCGGCCTCTGCAGAGAGCAAGGACAGCCTCGGTTAAGAGGGAGGGGCTGGGGGCACGGAGGGCCAGTG-
GCATCTCCTCTATCCCGGCTGGCCGGCAGCTGGCAGCACGCACCATGCTCTGCTGGCTCCCGACACCTTCACTGCCCCAGC-
GCTGAATCCACAGGAGAGGTGTCCTCTGAGAGTGTAGGGGGCTTTCTAGGTTCAAGGAGATGTGCCCTTTGACCCCTGC-
CAAGGACTCACAGAACCATCTCAGCTCAAACTTGGAGGAGCGGCAGGAGGTGGGGGGCGGTCAGTGGCCACACGCCA-
CAGATTCCTAAAGCATTTAACTTTTTAATAAAATGAAGTGGAGAAAGTCAAGAATGAACATGCTAGGACAAAGCACATGGAATG-
GTCAGGGCGATGCTGGAGAGAGTGCGCTTGATCCACGCTGCAGGTGTGTGCGCCTCGCTCGGGTCAATGGGCTGAGCCCC-
GCTTGGAGCTCCATCCATTCACCTGACCCATGGCCAACATGGAAGCTGTCGGAGGGGTCAGGAAAGGAGAAGGAGAAAGGA-
GATGATGAACCCCCCGCACCTGTGACTCCCCAAAACCAGCTCCACTCCAGGCCCCCACAGGCTGGTTCGTTCGAGGGTTGGGT-
TATAAACCCAAACTCCATCCTCCATGCTGGCACCTCTACTGCCATAAAGATCTGCCAGTTGCCAAAGCTACAGAAGC-
CACTGGAAGCAAGCAGAGCCCCTGGGGGTGGTGGCACTGCAAGGTGACAGGGACCAGGCAGACAAGGAGCTGGGACCA-
CAGCCTAGGAAGTCTGTGGCTTAAAGAAAGCCAGGATTTCCTTTTTTTTTTTTGAGACAGAGTCTCGCTCTGTTGCCAGGCTG-
GAGTGCGGTGGCACAATCTCGGCTCACTGCAACCTCCGCCTCCCGGGTTCAAGTGATTCTCCTGCCTCAGCCTCCTGAG-
TAGCTGGGACTACAAGCGCCCGCCACCACGCCCAGCTAATTTTTTGCATTTTTAGTAGAGACAGGGTTTCACCATGTTGGCCAG-
GATGGTCTCGATCTCTTGACCTCGTGATCCACCTGCCTCGGCCTCCCAAAGTGCTGGAATTATAGGCGTGAGTCACCGTGC-
CGGCCTTTTTTTTTTTTTTTTTGGAGATGGAGTCTTGCTCTGTCGCCCAGGCTGGAGTGGAGTGGCATGATCTCAGCTCACTG-
CAACCTCTGCCTCCCCGGTTCAAGTGATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACAGGTGCCCGCTACCACGCCTG-
GCTAATTTTTTTGTATTTTTAGTAGAGACGGGGTTACACCATGTTGGCCAGGCTGGTCTCAAACTCCTGACCTCAGGTGATCCATC-
CGCCTCAACCTCCTAAAGTGCTGGGATTACAGGCTTGAGCCACTGTGCCTGGCCCAAAGCCAGGATTTCTTTACAGCCAATA-
CAAGTGGCATTTCCCGCTCAGTTCTGTGGCTGATGCCCTAGCCACTGCTGTGTCCCCTAATCCTGGGGTGTCAGAGGGATCCTA-
AGTTTTCCAGATTTTTGCCCATACTTAAAACTTCAACGATCCTGCTTCACAAGGAAGGATGAGTGGAGAATTGAGTGGAGTTACAC-
GCAGCAGAGTGCTGGGGAATCTGGAGAGCGGGGGCGATCACATGCCTGGAAATAGAGCAGCTGCAGAGCCCACCCCAGGAG-
GAGCCTGCCTCTCCTTACAAAGGCTGTAATAAGACAGCACTTGACGATGCCATACGTGCGAAAAGTGCAGAGTCTCAGAGGGTT-
TACAACCCCCATCCCTTTGTAACTGTAGTTTGCTTACACTGTGGATTCTAAAGAGACATGTAAATCTGGGGCCGATTTCATCTGTT-
TAATGATTACTCCCCACCCGATAGAGCTATTCTATACTGTTGCTAAAATTTCATTAAGTCTCTCAAGATGCATTGATGAGATGAGACAC-
CATGAATAACACATTCATCAACTCAAGTATGGCAACTGTTCAGAGAGCTTCAGAGCTTTGGTACCCGAGTGCAGACTTGGTAATTAC-
CGGGAATTTGTCTCCCCCGTATAAATTCTGGCGAACAACGAGAAAACACCATCTGTGATCGTTTCCACATCACGTTTGCTAACAGAG-
CACTTCTGGAGAGCAATGGCCAGTCCAACTGGAAAATCAGCCAGAGGAGCTGGTTCCTCAGCACTCACAGGCTGAGGTGC-
CTTTCGGGGGCAGCGCCACCTTCTGAAGGGGAACCAAGACAGATTTGGAGGGGACTTGCTGCTAAAAGCATGTGAACAGAGAG-
GAGAGGCAAAAGCACATTGAAAATGGTGCATGTTTTTTTCTTTGAGAGAAAGAAAAGCCAGCGAAACCTCCGCCCCAGAGACT-
GCAGAGACGTTTGTTTTCATGTACACACCAAACCGTACTTGGGCACTGGCTCCAGGCCGATCCAGGGCAGGGATGATGTTTTA-
AGGGCAATTGCTGCTTCAAGGCTTATCTTTCACATCAGTGGTTTTGATCTATTCAGGAAGAGAACGATTTTGTTCAAAACTGAGGTG-
GAAATTAGGTGAGGGGGCAACTAAAAAAAAAAAAAAAA




