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Abstract
Objective Cancer stem cells (CSCs) play an important role in tumor development. Some studies have
demonstrated that P-element–induced wimpy testis (Piwi)–interacting ribonucleic acids (piRNAs)
participate in the progression of various cancers. However, the detailed function of piRNAs in CSCs
requires further investigation. The aim of the present study was to investigate the effect of the uknown
upregulated piRNA MW557525 and its predicted target gene nucleolar protein 56 (NOP56) inPiwi-like
protein 2 (Piwil2)–induced CSCs (Piwil2-iCSCs).

Methods We screened differential piRNAs of Piwil2-iCSCs using high-throughput sequencing (HTS).
Target genes were predicted by the miRanda algorithm and subjected to Gene Ontology (GO) analysis.
One of the differential piRNAs, MW557525, and its target gene NOP56 were transfected and silenced in
Piwil2-iCSCs, respectively. Quantitative real-time polymerase chain reaction (qRT-PCR) was conducted to
detect expression levels of piRNA MW557525 and NOP56 in Piwil2-iCSCs after transfection. We
measured protein levels of NOP56 in different groups via Western blot (WB), veri�ed interactions using a
dual luciferase reporter assay (LRA) and investigated the effect of piRNA MW557525 and NOP56 on
Piwil2-iCSC proliferation using a Cell Counting Kit-8 (CCK-8). In addition, we evaluated cell migratory and
invasive abilities via transwell assay and detected cell apoptotic ability via �ow cytometry (FCM) assay.
Protein levels of Cluster of Differentiation 24 (CD24), CD133, Krüppel-like factor 4 (KLF4) and sex-
determining region Y–related high-mobility group (HMG) box 12 (SOX2) were measured to evaluate the
change in Piwil2-iCSC pluripotency after transfection.

Results Via HTS, we screened out 204 differential piRNAs, and miRanda predicted 77 target genes. GO
analysis showed that the biological processes (BPs) of these target genes were mainly involved in
regulating the calcium concentration of cells and their molecular functions (MFs) were mainly involved in
ATPase activity.The expression of piRNA MW557525 and NOP56 were signi�cantly upregulated,and
piRNA MW557525 was negatively associated with NOP56 in Piwil2-iCSCs. PiRNA MW557525 promoted
proliferation, migration, invasion and pluripotency and inhibited apoptosis, while NOP56 suppressed
proliferation, migration, invasion and pluripotency and induced apoptosis, in Piwil2-iCSCs.

Conclusion Taken together, these �ndings suggested that piRNA MW557525 promoted and maintained
the vitality and pluripotency of Piwil2-iCSCs, while NOP56 inhibited these characteristics. Therefore,
piRNA MW557525 might be a novel therapeutic target in Piwil2-iCSCs.

1. Introduction
P-element–induced wimpy testis (Piwi) protein of the Argonaute protein family is mainly expressed in
germline stem cells of various organisms or embryonic/gonadal tumor tissues; it interacts with Piwi-
interacting ribonucleic acid (piRNA), maintaining the stability of key conserved genes in germ cells [1].
Piwi-like proteins 2 and 4 (Piwil2 and Piwil4) and piRNA have been con�rmed to be differentially
expressed in a variety of tumor tissues, while the expression level and distribution of piRNA differ by
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tumor type [2–4]. Studies have found that piR-L-163 can directly bind and regulate phosphorylated ezrin–
radixin–moesin (ERM) and plays a key role in protein activation in lung cancer [9, 15]. PiR-Hep1 is
upregulated in liver cancer tumor tissues (46.6%) and promotes tumor cell invasion, activity and
migratory ability [5, 16, 22]. These differentially expressed piRNA also have potential for clinical use. PiR-
823 is signi�cantly downregulated in gastric-cancer (GC) tissues, and its expression level has no
correlation with the clinicopathological characteristics of GC. However, in cell and animal experiments,
piR-823 inhibits the growth of GC cells, indicating that it is a potential therapeutic target in this cancer
[23]. Yin et al. believe that piR-823 can promote the occurrence of colorectal cancer (CRC). Knockdown of
this piRNA can induce cell G1 resistance and apoptosis to inhibit the viability of CRC cells. Therefore, piR-
823 could be a potential treatment target in CRC. Another study pointed out that the piR-932/Piwil2
complex accelerates the activity of breast cancer (BC) stem cells by promoting emulsion methylation,
thereby promoting epithelial–mesenchymal transition (EMT). It is speculated that Piwil2 and piR-932 will
become targets for blocking BC metastasis [24]. Therefore,clarifying the roles of piRNAs in various
tumors will be helpful in tumor diagnosis and treatment.

Occurrence, drug resistance and metastasis of malignant tumors are all related to the presence of a small
number of cancer stem cells (CSCs) in the tumor [6–7]. In current research, CSCs are generally obtained
by isolating stem cell from solid tumor tissues, but there remain considerable di�culties in the extraction
and culture of CSCs. In the early stage of this study, our research group established tumor-like stem cells
by reprogramming human �broblast (FB) genes with Piwi family protein Piwil2 [8]. We cultured these
tumor-like stem cells for use in an in vitro tumor stem cell model; the differentially expressed piRNA
regulated by Piwil2 was screened by high-throughput sequencing (HTS) technology, and its target gene
was predicted. Analyzing the pro�le of differentially expressed piRNA and its predicted target genes and
clarifying their effect on Piwil2-iCSCs would help us more comprehensively understand the mechanism of
CSCs.

In this study, 204 differentially expressed piRNAs had 77 predicted target genes. Gene Ontology (GO)
analysis of these target genes showed that their biological processes (BPs) mainly involved regulation of
the calcium concentration in cells, and their molecular functions (MFs) mainly involved ATPase activity.
We picked one of the differentially expressed piRNAs, piRNA MW557525, to conduct an in vitro cell assay.
Results showed that this piRNA could promote cell proliferation, migration and invasion and inhibit
apoptosis in Piwil2-iCSCs. As predicted by the miRanda algorithm
(http://cbio.mskcc.org/microrna_data/manual.html), the target gene of piRNA MW557525 was nucleolar
protein 56 (NOP56), a yeast nucleolar protein that is part of a complex with the nucleolar proteins
NOP58p and �brillarin. NOP56p is required for assembly of the 60S ribosomal subunit and is involved in
pre–ribosomal-RNA (pre-rRNA) processing. Silencing NOP56 promoted proliferation, migration and
invasion and inhibited apoptosis in Piwil2-iCSCs. NOP56 was indirectly modulated by piRNA MW557525,
and western blot (WB) results showed that piRNA MW557525 could increase the pluripotency of Piwil2-
iCSCs.
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2. Materials And Methods

2.1. Cells and cell culture
The Piwil2-GFP-labeled lentiviruses were infected with the primary cultured pediatric foreskin FB, named
Piwil2-iCSCs. In vitro cell chromosome karyotype analysis con�rmed that Piwil2-iCSCs are tumor-like
stem cells induced by Piwil2 [8], and they were stored in liquid nitrogen for a long period of time. For our
experiments, we removed the Piwil2-iCSCs and FB cells from the − 80°C refrigerator, quickly rewarmed
them in a 37°C water bath, transferred the cell suspension to a 10-mL EP tube, added 2 mL F-12 medium
and washed the mixture via centrifugation. Next, cells were cultured in F-12 medium containing 10% FBS
in a 10-cm petri dish and then in an incubator at 37°C with 5% CO2. The medium was exchanged every 48
h and used for experiments when they grew to > 80% con�uence.

2.2. High-throughput sequencing and target gene prediction
We sent both sets of cell samples, the Piwil2-iCSCs and the GFP-FBs, to Shanghai Huiyan Biotechnology
Co., Ltd. (Shanghai, China) for second-generation sequencing. The Piwil2-iCSCs served as the
experimental group, and the GFP-FBs served as the control group. Shanghai Huiyan constructed a
complementary deoxyribonucleic acid (cDNA) library and performed HTS. Screening criteria for
differential genes were P < 0.05 and fold change (FC) ≥ 1.5. We used the miRanda algorithm
(http://www.microrna.org/microrna/getDownloads.do) to predict target genes of differential piRNAs.The
target genes of piRNAs were analyzed by GO (http://www.geneontology.org) and
KEGG(http://www.genome.jp/dbget-bin). The P-value (P b 0.05) denotes the signi�cance of GO terms
enrichment in the DE genes and the Pathway correlated to the conditions. The lower the p-value, the more
signi�cant the GO Term and Pathway.

2.3. PiRNA mimic/inhibitor and small interfering RNA
(siRNA) transfection
PiRNA MW557525 inhibitor, PiRNA MW557525 mimic and corresponding controls were synthesized by
Shanghai GeneBio (Shanghai, China), from whom we also purchased NOP56 siRNA and negative control
(NC). We plated Piwil2-iCSCs into six-well plates and transiently transfected them using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) per manufacturer’s protocol. Sequences of these oligonucleotides
are listed in Table 1.

Table 1

PiRNA MW557525 interference and NOP56 siRNA sequences
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piRNA MW557525 interference sequences(5’-3’)

piRNA MW557525 Mimics 5’-UGGAGGUGAUGAACUGUCUGAGCCUGACCUU-3’

piRNA MW557525 Mimics NC 5’-UCACAACCUCCUAGAAAGAGUAGA-3’

piRNA MW557525 Inhibitor 5’-AAGGUCAGGCUCAGACAGUUCAUCACCUCCA-3’

piRNA MW557525 Inhibitor NC 5’-UCUACUCUUUCUAGGAGGUUGUGA-3’

NOP56 siRNA 5’-UGGCAAACAAAUGCAGUAU-3’

  5’-AUACUGCAUUUGUUUGCCA-3’

2.4. qRT-PCR assay for miRNA and gene expression
Total RNA from transfected Piwil2-iCSCs was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). The isolated RNA was reverse transcribed using an miRcute miRNA FirstStrand Synthesis Kit
(Tiangen, Beijing, China) for miRNA and Prime Script RT Master Mix (Takara, Kusatsu, Shiga, Japan) for
mRNA according to the manufacturer’s instructions. MiRNA quantity was measured using the miScript
SYBR Green PCR Kit (Tiangen, Beijing, China), and mRNA quantity was measured using the QuantiNova™
SYBR Green PCR Kit (Qiagen GmbH, Hilden, Germany). Reactions were performed on a CFX96 Real-Time
PCR Detection System (Bio-Rad, USA). The PCR conditions were 30 s at 95°C, followed by 40 cycles at
95°C for 5 s and 60°C for 45 s. The relative expression levels of piRNA MW557525 and NOP56 mRNA
were calculated by the comparative cycle threshold (Ct) method using the expression of U6 small nuclear
RNA as the reference for miRNA and GAPDH as the reference for mRNA. The 2−ΔΔct method was used for
analysis. The sequence-speci�c primers used for piRNA MW557525, U6, NOP56 and GAPDH are shown in
Table 2.

Table 2

Sequence-speci�c primers.

primers sequences(5’-3’)

piRNA MW557525 GGAGGTGATGAACTGTCTGAGCCTGACCTT

NOP56 Fwd:TGAAGATCATCAACGACAATGC

  Rev:TTCAGATAAAGACACCACACGA

The internal reference primer U6 and GAPDH are brought from Sangon Biotech (Shanghai) Co., Ltd.

2.5. Western blotting
Total proteins from transfected Piwil2-iCSCs were isolated using RIPA buffer (Beyotime, China)
supplemented with phenylmethanesulfonyl �uoride (PMSF), and concentrations were checked via
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bicinchoninic acid (BCA) assay. We separated the proteins using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred the electrophoretic bands onto polyvinylidene
�uoride (PVDF) membranes (MilliporeSigma, Burlington, MA, USA). Next, the membranes were blocked
with 5% bovine serum albumin (BSA; ZSGB-BIO Technology Co., Ltd., Beijing, China)/tris-buffered saline + 
Polysorbate 20 (TBST) for 1 h at room temperature (RT). We used an NOP56 mouse antibody (1:1000;
Abcam, Cambridge, UK), Cluster of Differentiation 24 (CD24) rabbit antibody (1:500; Santa, USA), CD133
rabbit antibody (1:1000, Abcam), Krüppel-like factor 4 (KLF4) rabbit antibody (1:1000; Chengdu Zen
Bioscience Co., Ltd., Chengdu, China), sex-determining region Y–related high-mobility group (HMG) box
12 (SOX2) mouse antibody (1:1000; Abcam), B-cell lymphoma 2 (Bcl-2)–like protein 4 (BAX) mouse
antibody (1:1000), Bcl-2 mouse antibody (1:1000) and GAPDH rabbit antibody (1:1000; all three from
Chengdu Zen) as primary antibodies. After incubation with primary antibodies overnight at 4°C, we
washed the membranes with TBST three times for at least 10 min per wash at RT. The membranes were
then incubated with secondary antibody at RT for 1 h, followed by three washes with TBST for 10 min
each. We analyzed the membranes using a ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Hercules, CA, USA) after treating them with an Electrochemiluminescence (ECL) Kit (Vazyme Biotech Co.,
Ltd., Nanjing, China).

2.6. Cell Counting Kit-8 (CCK-8) assay
Cell proliferation assays were performed using Cell Counting kit-8 assays (MCE, China) following the
manufacturer’s protocol. Approximately 3 × 103 Piwil2-iCSCs were plated in 96-well plates and
transfected with mimics, inhibitor, NOP56 siRNA, or NC oligonucleotides. At the indicated time points
(days 0, 1, 2 and 3), we removed the culture medium and added 100 µL CCK-8 medium to each well. Cells
were incubated for an additional 2 h, and optical density (OD) was measured at an absorbance
wavelength of 450 nm on a microplate reader (Bio-Rad, USA).

2.7.Flow cytometry assay

An FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen™, USA) was used to check cell apoptosis
following the manufacturer’s instructions. 5 × 105 Piwil2-iCSC cells transfected with mimics, inhibitor,
NOP56 siRNA, or negative control were trypsinized and washed twice with phosphate-buffered saline
(PBS). The cells were resuspended using the binding buffer, and then, 5 µL Annexin V-�uorescein
isothiocyanate (FITC) and 5 µL propidium iodide (PI) were added to the buffer and the mixture incubated
for 15 min in the dark. We analyzed the stained cells on a �ow cytometer (BD Biosciences, USA), and the
apoptosis rate was analyzed using FlowJo software (BD Biosciences).

2.8.Transwell assay

Transwell chambers precoated with Matrigel (1:8, BD, USA) were employed to check the capacity of cell
invasion. Piwil2-iCSCs (1 × 105 cells suspended in 200 µL of culture medium without FBS) transfected
with mimics, inhibitor, NOP56 siRNA, or negative control were seeded into the upper chamber. Meanwhile,
600 uL of medium containing 10% FBS was added to the lower chamber. According to their varying
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migratory abilities, cells were returned to the incubator and permitted to culture for 24h. Next, we removed
the transwell chambers and washed them three times each with 1 × PBS. Then, the cells were �xed with
4% paraformaldehyde for 15 min and stained with 0.5% crystal violet solution for 30 min. Cells on the
upper surfaces of the chambers were carefully wiped off with water and cotton swabs. Images were
taken in �ve randomly selected ��elds using a microscope.The transwell migration assay was conducted
identically to the transwell invasion assay, except that the upper chamber was not coated with Matrigel.
These experiments were independently carried out three times each.

2.9. Dual luciferase reporter assay (LRA)
Bioinformatics prediction algorithms were used to show that the 3′-UTR of NOP56 contained potential
binding sites for piRNA MW557525. We inserted the wild-type (WT) sequence of NOP56 3′-untranslated
region (UTR) harboring the binding sites of piRNA MW557525 into the pGL3 vector (Shanghai GeneBio)
to construct the luciferase reporter vector NOP56 3′-UTR-WT. Similarly, we established NOP56 3′-UTR–
mutated (MUT) reporter vector by mutating the potential target sites of the piRNA. Piwil2-iCSCs were
cotransfected with the recombinant-vector piRNA mimic and NC plasmid using Lipofectamine 2000. We
measured Fire�y and Renilla luciferase activity 48 h after cotransfection using a Dual LRA Kit (Promega
Corp., Fitchburg, WI, USA) per manufacturer’s instructions and calculated the values based on the activity
of the Renilla/Fire�y luciferase genes.

2.10.Statistical analysis

We performed calculations of experimental data using Graph Pad Prism 8.0.1(GraphPad, San Diego, CA,
USA) and presented the data as means ± standard deviations (SDs). Two independent groups were
compared by using Student’s t test. One-way analysis of variance (ANOVA) was followed by a Bonferroni
post hoc test for multiple groups or an unpaired, two-tailed Student’s t-test for two groups. Each
experiment was independently repeated at least three times.

3. Results

3.1 PiRNA expression pro�le and target gene prediction
We screened 204 differentially expressed piRNAs from Piwil2-iCSCs and compared them with the piRNA
Database (http://www.regulatoryrna.org/database/piRNA/). We found that 159 of them had been
discovered and reported (45 in human genes, 114 in non-human genes), and the remaining 45 were new,
unreported piRNAs. Of all 204 differentially expressed piRNAs, 121 (22 of which were unknown) were
signi�cantly upregulated, and 83 (28 of which were unknown) were signi�cantly downregulated, in Piwil2-
iCSCs (Fig. 1A).We used ND to name the unknow downregulated piRNAs,and NU was uesd to name the
unknown upregulated piRNA.piRNA MW557525 was one of the unkown upregulated piRNAs.Then we
used the miRanda algorithm to predict target genes of the 204 differentially expressed genes. From a
total of 74 piRNAs, a total of 77 target genes were predicted. We found that NOP56 was the predicted
taget gene of piRNA MW557525. GO analysis of the latter (P ≤ 0.05) via DAVID found that their BPs
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might be mainly involved in regulating cytosolic calcium ion concentration, and their MFs might be
mainly involved in ATPase activity (Fig. 1B). KEGG results showed that the adenosine triphosphate
(ATP)–binding cassette (ABC) transporter pathway was the most likely pathway of these genes’ BPs and
MFs (Fig. 2C). We used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING;
www.string-db.org) to carry out protein interaction network analysis (interaction score 0.15). Among the
77 predicted target genes, myosin IXa (MYO9A) and protein tyrosine phosphatase receptor type delta
(PTPRD) each had seven interacting proteins, representing the strongest interaction points. The highest
combined-score pair was RPS8 and RPS29 (0.999); the second-highest was RPS8 and NOP56 (0.994;
Fig. 1D).

A:Heatmap of differentially expressed piRNA in Piwil2-iCSCs. The difference between duplicate groups
may be due to measurement errors.B-C: GO functional classi�cation and KEGG analysis of predicted
target genes of differentially expressed piRNAs in Piwil2-iCSCs. Regulation of cytosolic calcium ion
concentration, ATPase activity, and ABC transporters pathway were the most possible processes involved
in these target genes. The results of GO analysis showed that the p value was greater than 0.05, so the
results were only for reference.

D:Protein interaction analysis of predicted target genes of differentially expressed piRNAs in Piwil2-
iCSCs. The higher combined score meaned higher credibility and proteins with more interaction points
were more important in PPI.The highest combined score pairs were RPS8 and RPS29. PTPRD and
MYO9A had the most interaction points.

3.2. Expression of piRNA MW557525/NOP56 and their
successful transfection in Piwil2-iCSCs
We measured the expression of piRNA MW557525 and NOP56 in Piwil2-iCSCs versus FBs. The results
showed that the levels of piRNA MW557525 and NOP56 were signi�cantly upregulated (Fig. 2A–B). Next,
we detected the expression of piRNA MW557525 and NOP56 after transfection with MW557525 mimic,
inhibitor, NOP56 siRNA and corresponding NC plasmid to con�rm transfection e�ciency. PiRNA
MW557525 mimic transfection increased piRNA MW557525 expression, while PiRNA MW557525
inhibitor transfection decreased piRNA MW557525 expression (Fig. 2C). In addition, siRNA NOP56
transfection decreased mRNA and protein levels of NOP56 (Fig. 2D–E).

3.3. PiRNA MW557525 was negatively associated with
NOP56 in Piwil2-iCSCs
To con�rm whether piRNA MW557525 was associated with NOP56, we examined its effect on NOP56
expression by detecting NOP56 mRNA and piRNA MW557525 levels 48 h after transfection. Upregulation
of piRNA MW557525 decreased mRNA and protein levels of NOP56, while downregulation thereof
increased these levels (Fig. 3A–B). Furthermore, siRNA transfection increased the mRNA levels of piRNA
MW557525 (Fig. 3C). Therefore, we speculated that piRNA MW557525 might modulate NOP56

http://cbio.mskcc.org/microrna_data/manual.html
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expression. Bioinformatics prediction algorithms showed that the 3′-UTR of NOP56 contained potential
binding sites for piRNA MW557525 (Fig. 3D). Then, we performed a dual LRA to con�rm this prediction,
and the data indicated that piRNA MW557525 did not signi�cantly diminish the luciferase activity of
NOP56 3′-UTR-WT versus NOP56 3′-UTR-MUT in Piwil2-iCSCs (Fig. 3E). Taken together, these results
showed that piRNA MW557525 was negatively associated with NOP56 in Piwil2-iCSCs.

3.4. PiRNA MW557525 promoted proliferation, migration
and invasion and inhibited apoptosis in Piwil2-iCSCs
To investigate cellular biological changes of piRNA MW557525 in Piwil2-iCSCs, we used CCK-8, transwell,
FCM and WB assays to detect cell proliferation, migration, invasion and apoptosis, respectively. Results
showed that the proliferative ability of Piwil2-iCSCs in the mimic transfection group was remarkably
higher, and their apoptotic ability lower, than in the NC group. Downregulation of piRNA MW557525
suppressed cell proliferation and induced apoptosis (Fig. 4A–C). Upregulation of piRNA MW557525 via
piRNA MW557525 mimic transfection signi�cantly promoted Piwil2-iCSC cell migration (Fig. 4D) and
invasion (Fig. 4E), while downregulation of piRNA MW557525 yielded the opposite results. Taken
together, these results strongly supported the hypothesis that piRNA MW557525 might help promote the
occurrence and progression of Piwil2-iCSCs.

3.5. NOP56 inhibited proliferation, migration and invasion
and promoted apoptosis in Piwil2-iCSCs
We then performed cell functional experiments to detect the effect of NOP56 on Piwil2-iCSC proliferation,
migration, invasion and apoptosis. Results showed that the NOP56 silencing group had remarkably
higher proliferative ability than the NC group, and that silencing NOP56 suppressed Piwil2-iCSC apoptosis
(Fig. 5A–C). Knockdown of NOP56 via NOP56 siRNA promoted Piwil2-iCSC migration (Fig. 5D) and
invasion (Fig. 5E) compared with the NC group. These results suggested that NOP56 inhibited the
occurrence and progression of Piwil2-iCSCs.

3.6. PiRNA MW557525 promoted the pluripotency of
Piwil2-iCSCs, while NOP56 suppressed the pluripotency of
Piwil2-iCSCs
Piwil2-iCSCs act as tumor-like stem cells, the most important characteristic is pluripotency. We performed
WB to detect changes in the pluripotency of piRNA MW557525 and NOP56 in Piwil2-iCSCs. As CD24,
CD133, KLF4 and SOX2 are markers of stem cell pluripotency, we detected their expression levels.
Compared with the NC group, overexpression of piRNA MW557525 increased the expression of CD24,
CD133, KLF4, SOX2, while downregulation of piRNA MW557525 yielded the opposite results (Fig. 6A). In
addition, NOP56 knockdown also upregulated the expression of CD24, CD133, KLF4 and SOX2 compared
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with NC (Fig. 6B). Taken together, these results showed that PiRNA MW557525 promoted the pluripotency
of Piwil2-iCSCs, while NOP56 suppressed it.

4. Discussion
CSCs have the characteristics of carcinogenicity, multiple differentiation and self-renewal. Some scholars
believe that tumor recurrence, metastasis and resistance to radiotherapy and chemotherapy were due to
the existence of tumor stem cells [10]. The �rst solid tumor to prove the existence of CSCs was BC; Al-Hajj
et al. proved that CD44+/CD24−/(low)–lineage cells isolated from BC tissue can form tumors in
immunode�cient mice [25]. Studies have shown that in CRC, CSCs expressing CD133+ and
CD44+/CD166+ are more resistant to treatment [26]; CD133 is also a surface marker of pancreatic-cancer
(PC) stem cells [29, 30]. CSCs rich in CD133+ and CD44+/cMet+ in PC are also more prone to drug
resistance [31]. This research on CSCs is expected to be applied to clinical treatment. Hedgehog (Hh),
Wingless/Integrated (Wnt), Notch and nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB)
pathway inhibitors can inhibit the renewal of PC tumor stem cells; the pluripotency of stem cell factors
such as Pituitary–Octamer–Unc-86 (POU) class 5 homeobox 4 (OCT4), SOX2, cellular myelocytomatosis
oncogene (c-Myc) and Nanog; and tumor growth in vivo and in vitro [32]. CD133+/CD44+ liver cancer stem
cells show stem cell characteristics such as extensive proliferation, self-renewal and the ability to
differentiate into cancer cells. Therefore, some researchers believe blocking CD44 signal transduction
with anti-CD44 antibodies could be a potential strategy to eradicate hepatic CSCs and cure patients [33].
Exploring the origin and markers of CSCs involved in the occurrence and growth will help us better judge
the prognoses of patients with tumors and more accurately target therapies. In the early stage of this
study, our group used Piwil2 to reprogram human FBs in order to establish Piwil2-iCSCs that stably
expressed Piwil2-GFP. The cell biological-behavior test and tumor stem cell marker test con�rmed that the
reprogrammed cells were tumor-like stem cells [8], which could be used in an ideal in vitro CSCs model.

A piRNA is a small non-coding RNA (sncRNA) 23–31 nt long; it is characterized by common
monophosphate uracil at the 5′-end and methylation modi�cation at the 3′-end [11]. After piRNA is
combined with Piwi proteins (including Piwil2 and Piwil4), it inhibits the function of transposon via the
ping-pong effect and stabilizes genes. In addition, piRNA can participate in gene regulation via DNA
methylation and histone modi�cation [12–14]. Many studies have proven that abnormally expressed
piRNA is related to lung, liver, stomach, colorectal, bladder and breast cancers.

In the in vitro CSCs model constructed by reprogramming FBs with Piwil2, we speculated that the
expression and functional changes of related piRNAs caused by overexpression of the Piwil2 gene might
play important roles in the process of tumorigenesis, and the differentially expressed piRNA might affect
tumor tissues. Therefore, the differentially expressed piRNAs could be of great value for exploring the
mechanism underlying the occurrence and promotion of CSCs.

In this study, we screened 204 differentially expressed piRNAs of Piwil2-iCSC using HTS technology, and
a total of 77 target genes were predicted by the miRanda algorithm. GO analysis of the selected target
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genes with differential expression of piRNAs revealed that the main BP regulated cell calcium ion
concentration and the main MF participated in ATPase activity. After we used STRING to analyze the
protein interaction network, the results showed the highest combined score of interaction between RPS8
and RPS29 (0.999) and the second-highest between RPS8 and NOP56 (0.994). MYO9A and PTPRD each
had seven interacting proteins, representing the strongest interaction points. Based on these
bioinformatics data, we speculated that the role of piRNA in CSCs might be related to energy metabolism.
Many studies have shown that tumors and their stem cells have abnormalities in energy metabolism. As
they have signi�cantly fewer mitochondriaes than normal cells, tumors and CSCs mainly produce energy
via glycolysis [27, 28]. It is speculated that piRNA regulates the energy metabolism of CSCs by targeting
its target genes or by some other mechanism.

Next, we chose piRNA MW557525 to further study the function of piRNAs in CSCs. Via WB, qRT-PCR, CCK-
8, Transwell and FCM assays, we found that piRNA MW557525 could promote proliferation, migration
and invasion and inhibit apoptosis in Piwil2-iCSCs, which suggested that it could trigger CSCs occurrence
and progression. By detecting the expression of CD24, CD133, KLF4 and SOX2 via WB, we found that
piRNA MW557525 could upregulate these markers of stem cell pluripotency, meaning that it could
increase Piwil2-iCSCs pluripotency and decrease CSCs differentiation. Therefore, we think that piRNA
MW557525 could be an important factor in the occurrence and maintenance of CSCs. Interestingly, we
detected high expression of NOP56 in Piwil2-iCSC. Regarding this phenomenon, we believe that
increasing the amount of Piwil2 in cells not only changes the expression of MW557525, but also
regulates other genes that can target NOP56, thereby increasing the expression of NOP56 at the overall
level.

Via the miRanda algorithm, we predicted NOP56 as the target gene of piRNA MW557525. NOP56
participates in the modi�cation of rRNA precursor ribose methylation and is a component of the small-
molecule nucleolar ribonucleoprotein (snoRNP) complex [19]. Studies have found that its abnormality is
related to the Myc gene mutation in Burkitt lymphoma [20]. Some scholars have shown that NOP56 could
be a promising potential therapeutic target in CRC [21]. In our study, silencing NOP56 could promote
proliferation, migration and invasion and inhibit the apoptosis of Piwil2-iCSCs. We found that
upregulation of MW557525 decreased the expression of NOP56 and vice versa, and a dual LRA
con�rmed that NOP56 was negatively related by piRNA MW557525 and indirectly modulated by
MW557525.

Many studies have shown that Piwi and piRNA regulate embryogenesis and somatic-cell development in
many organisms. The ping-pong effect of piRNA and Piwi protein can consume transposable factors,
thereby ensuring the stability of key genes. The piRNA pathway has been proven to in�uence cell
stemness in primitive animals with high regenerative ability, as well as in germ lines and somatic stem
cells of other animals [34, 35]. In planarians and ascidians, Piwi is an essential gene for maintaining
function in pluripotent stem cells (PSCs) [36]. In Drosophila, Piwi affects somatic-cell function through
epigenetic and post-transcriptional regulation [37, 38]. Piwi/piRNA complex has also been shown to be
related to brain development, memory formation and translation of neuronal damage [39]. Meanwhile,



Page 12/22

some scholars believe that the Piwi protein family can enhance the pluripotency of mammalian cells, but
it is dispensable for mouse somatic development and for reprogramming FBs into PSCs [40]. The results
of this study showed that upregulating piRNA MW557525 alone could enhance the stemness of cells. We
speculate that piRNA maintains cell stemness through Piwi/piRNA complex in vitro, and that it has other
ways of doing so such as direct or indirect regulation of targeted genes.

In addition to targeting related genes, piRNA has many other means of regulating the genes of
tumor/cancer stem cells. Many studies have reported that piRNA is involved in tumorigenesis, most
commonly by regulating the function of transposons by combining with Piwi protein to affect
tumorigenesis [17]. In addition, piRNA and Piwi/piRNA complex can also regulate tumor growth by
targeting certain protein-coding genes, such as recruiting DNA methyltransferase (DNMT) to regulate DNA
methylation. [18]. Therefore, we speculate that piRNA MW557525 indirectly affects NOP56 by other
means or through other elements, rather than simply targeting it directly.

This research innovatively sequenced cancer stem cells constructed arti�cially to obtain unknown
differentially expressed piRNA.MW557525 is one of the unknown differentially expressed piRNA and its
target gene is predicted to be NOP56.We conduct cell experiments to prove the function of unknown
piRNA and its relationship with the predicted target gene NOP56.In conclusion, our research
demonstrated that piRNA MW557525 could promote and maintain the vitality and pluripotency of Piwil2-
iCSCs while NOP56 inhibited the vitality and the stemness of Piwil2-iCSCs.PiRNA MW557525 was
negatively associated with NOP56 in Piwil2-iCSCs.Silencing the target gene NOP56 could also promote
and maintain the vitality and pluripotency of Piwil2-iCSCs. This �nding provides a novel focus, piRNA, in
the exploration of CSCs’ mechanism. We next plan to research the process by which piRNA MW557525
targets NOP56, as well as MW557525’s effect on normal or cancer cells.
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Figure 1

The analysis of target gene of differentially expressed piRNA in Piwil2-iCSCs. A:Heatmap of differentially
expressed piRNA in Piwil2-iCSCs. The difference between duplicate groups may be due to measurement
errors.B-C: GO functional classi�cation and KEGG analysis of predicted target genes of differentially
expressed piRNAs in Piwil2-iCSCs. Regulation of cytosolic calcium ion concentration, ATPase activity,
and ABC transporters pathway were the most possible processes involved in these target genes. The
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results of GO analysis showed that the p value was greater than 0.05, so the results were only for
reference. D:Protein interaction analysis of predicted target genes of differentially expressed piRNAs in
Piwil2-iCSCs. The higher combined score meaned higher credibility and proteins with more interaction
points were more important in PPI.The highest combined score pairs were RPS8 and RPS29. PTPRD and
MYO9A had the most interaction points.

Figure 2

Expression of piRNA MW557525/NOP56 and their successful transfection in Piwil2-iCSCs. A–B:
Expression of piRNA MW557525 and NOP56 in Piwil2-iCSCs compared with FBs as shown by qRT-PCR.
C: piRNA MW557525 expression was measured via qRT-PCR to con�rm mimic and inhibitor transfection
e�ciency in cells. D-E: NOP56 mRNA level was assayed via qRT-PCR and WB analyses after transfection
with NOP56 siRNA. For comparisons, Student’s t test was performed; *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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Figure 3

PiRNA MW557525 was negatively associated with NOP56 in Piwil2-iCSCs. A–B: NOP56 mRNA level was
assayed via qRT-PCR and WB analyses after cell transfection with piRNA MW557525 mimic, inhibitor or
control. C: Effect of NOP56 silencing on piRNA MW557525 expression after cells were transfected with
NOP56 siRNA plasmid or empty vector. D:Binding seqeunces between piRNA MW557525 and NOP56 was
forecast by Bioinformatics prediction algorithms. E:LRA of cells after cotransfection with WT or MUT
NOP56 3′-UTR and piRNA MW557525. For comparisons, Student’s t test was performed; *P < 0.05, **P <
0.01, ***P < 0.001.
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Figure 4

PiRNA MW557525 promoted cell proliferation, migration and invasion and inhibited apoptosis. Piwil2-
iCSCs were transfected with piRNA MW557525 mimic, inhibitor or NC. A: We performed a CCK-8 assay to
determine cell proliferation. B–C: Cell apoptosis was detected by FCM and WB assays. D–E: Transwell
assays were performed to assess migration and invasion of Piwil2-iCSCs. Results are shown as the mean
± SD. For comparisons, Student’s t test was performed; *P < 0.05, **P < 0.01, ***P < 0.001 vs. NC.
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Figure 5

NOP56 knockdown promoted cell proliferation, migration and invasion and suppressed apoptosis. Piwil2-
iCSCs were transfected with NOP56 siRNA or NC siRNA. A: Cell proliferation was assessed at the
indicated time points via CCK-8 assay. B–C: FCM and WB analyses were performed to determine cell
apoptosis. D–E: A transwell assay was performed to evaluate cell migration and invasion in vitro. Results
are shown as the mean ± SD. For comparisons, Student’s t test was performed; *P < 0.05, **P < 0.01, ***P
< 0.001 vs. NC.
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Figure 6

piRNA MW557525 and NOP56 regulated the pluripotency of Piwil2-iCSCs. A: CD24, CD133, KLF4, SOX2
and GAPDH levels were detected via WB 72 h after transfection with piRNA MW557525 mimics, inhibitor,
or NC.B: Relative expression of CD24, CD133, KLF4, SOX2 and GAPDH was detected via WB 72 h after
cell transfection with NOP56-speci�c siRNAs. Columns represent the mean of three independent
experiments and the bars represent SD;*P < 0.05.


