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Abstract

Growing evidence indicates that long intergenic non-coding RNAs play an important role in 

cancer progression by affecting gene regulation at the transcriptional and post-transcriptional 

levels. Recent studies have shown that lincRNA functions as a competitive endogenous RNA, 

which can interact with and mitigate the function of microRNA. In this study, we investigated 

the molecular mechanism by which LINC00162 regulates cell proliferation and apoptotic 

cell death. By analyzing RNA sequencing data, LINC00162 was identified to be a target of 

heterogeneous nuclear ribonucleoprotein K (hnRNPK). HnRNPK positively regulated LINC00162 
expression through p38 mitogen-activated protein kinase. Lowering the level of either hnRNPK 

or LINC00162 decreased proliferation and colony formation while it increased apoptotic cell 

death. Small RNA sequencing followed by the ASO pulldown, revealed that LINC00162 
interacts directly with miR-485–5p which exhibited tumor-suppressing effects by suppressing cell 

proliferation and colony formation, and increasing apoptotic cell death. Through the bioinformatic 

approaches, progestin and adipoQ receptor 4 (PAQR4) was selected as a common target of 

LINC00162 and miR-485–5p. MiR-485–5p decreased the expression of PAQR4 by directly 

binding to the 3’UTR of PAQR4 mRNA. Knockdown of hnRNPK and LINC00162 increased 

the level of functional miR-485–5p, indicating that LINC00162 may compete for miR-485–5p, 
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thereby derepressing PAQR4 expression. Overexpression of either hnRNPK or LINC00162, or 

inhibition of miR-485–5p, protected cells against etoposide-induced apoptotic death. Our findings 

demonstrate that a regulatory paradigm implicating hnRNPK, LINC00162, miR-485–5p, and 

PAQR4 plays an important role in cell proliferation and apoptosis, and is a promising target for 

cancer therapeutics.
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1 ǀ INTRODUCTION

Long non-coding RNAs (lncRNAs) are single-strand RNA transcripts, longer than 200 

nucleotides in length, transcribed by RNA polymerase II. Like mRNAs, lncRNAs are 5’ 

capped, 3’ polyadenylated, and spliced, but do not generally code for protein (Guttman et 

al., 2009; Iyer et al., 2015). According to their location relative to coding genes, lncRNAs 

are divided into 5 groups: sense, antisense, bidirectional, intronic, and intergenic lncRNA. 

Due to their structural diversity, lncRNAs can affect gene expression on many levels, 

including chromatin remodeling, transcription, translation, and splicing (Schmitz, Grote, & 

Herrmann, 2016). By influencing the expression of subsets of proteins, lncRNAs participate 

in many cellular processes, including proliferation, migration, invasion, differentiation, and 

apoptosis (Aprile, Katopodi, Leucci, & Costa, 2020; M. C. Jiang, Ni, Cui, Wang, & Zhuo, 

2019; Panda, Abdelmohsen, & Gorospe, 2017; Schmitt & Chang, 2016).

Accumulating evidence indicates that lncRNAs are expressed abnormally in various 

cancer cells and exert both oncogenic and tumor-suppressing effects through epigenetic, 

transcriptional, and post-transcriptional regulation (Deng, Wang, Guo, & Xia, 2016). 

The cytoplasmic lncRNA mainly functions as a competitive endogenous RNA (ceRNA) 

of microRNA (miRNA) (Salmena, Poliseno, Tay, Kats, & Pandolfi, 2011). Like many 

mRNAs, lncRNAs may harbor more than one miRNA recognition elements (MREs) in 

their sequences and might mitigate the inhibitory function of miRNAs and enhance the 

expression of subsets of mRNAs. Many lncRNA/miRNA/mRNA networks have been found 

to regulate cancer cell growth and apoptosis. Examples include lncRNA CCAT2/miR-424/

VEGFA (S. L. Sun, Shu, & Tao, 2020), lncRNA XIST/miR-126/IRS1 (Cheng, Luo, & Guo, 

2020), lncRNA NEAT1/miR-185–5p/DNMT1 (Yu, Xu, Wu, Wang, & Chen, 2021), lncRNA 

DLEU1/miR-421/MEF2D (Feng, He, Rao, Diao, & Zhu, 2019), lncRNA PVT1/miR-543/

SERPINI1 (Qu, Dai, Guo, Qin, & Liu, 2020), lncRNA UCA1/miR-143/FOSL2 (X. Chen et 

al., 2020), and LINC00152/miR-612/AKT2 (Cai et al., 2018).

We have investigated the molecular mechanism by which heterogeneous nuclear 

ribonucleoprotein K (hnRNPK) promotes the malignant properties of cancer. In previous 

report, two intergenic non-coding RNAs (lincRNAs) were identified as the target of 

hnRNPK (Lee et al., 2021). LINC00263 strengthens the proliferative and metastatic abilities 

by sponging miR-148a, thus increasing the expression of calpain 2. We studied here the 

molecular function of the other lincRNA, LINC00162 which is the most upregulated 
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lincRNA in cutaneous squamous cancer cells, in comparison to normal human epidermal 

keratinocyte (Luo, Morgan, & Wang, 2016; Piipponen et al., 2016). Since p38 mitogen-

activated protein kinase (MAPK) has a significant impact on the expression of LINC00162, 

it is also known as p38 inhibited cutaneous squamous cell carcinoma associated lincRNA 

(PICSAR). This study investigates the molecular mechanism by which LINC00162 controls 

cell proliferation and apoptosis.

2 ǀ MATERIALS AND METHODS

2.1 ǀ Cell culture

HeLa, HEK293, U2OS, Caki, 786-O, Beas-2B cells were maintained in DMEM (Hyclone) 

and H1299, H322 cells were maintained in RPMI (Gibco-BRL). Media were supplemented 

with 10% FBS (GIBCO-BRL) and 1% antibiotic-antimycotic solution (GIBCO-BRL). Cells 

were maintained in 37°C in a humidified incubator with 5% CO2.

2.2 ǀ Chemical treatment

For induction of apoptotic cell death, the cells were treated with etoposide (5 – 20 μM; 

341205, Calbiochem) for 48 h. To determine the role of p38 MAPK on the expression of 

LINC00162, p38 MAPK inhibitor BIRB796 (0.5 or 1 μM; 506172, Calbiochem) was treated 

into HeLa cells for 24 h. Dimethyl sulfoxide (final concentration = 0.1%) was used for 

vehicle control.

2.3 ǀ Plasmid construction, siRNA and miRNA synthesis

Full length LINC00162 (NR_024089.2) was amplified using pfu DNA polymerase (Bioneer) 

and cloned into a pcDNA3.1 vector. For TAK1 (NM_003188) and PAQR4 (NM_152341) 

overexpression, the human tagged ORF clone (RC204454 and RC207628, respectively) 

were purchased (Origene). Small interfering RNAs (siRNAs) directed at HNRNPK mRNA, 

LINC00162, PAQR4 mRNA, and TAK1 mRNA were synthesized (Bioneer). The sequences 

of siRNAs are listed in Supplementary table 1. For the overexpression and inhibition of 

miRNA, a miR-485–5p precursor (PM10837, Ambion) and inhibitor (AM10837, Ambion) 

were purchased respectively.

2.4 ǀ siRNA, miRNA and vector transfection

For siRNA and miRNA transfection, an equal number of cells (3.5 × 105 cells/60 mm 

dish) were plated for overnight and total 100 nM of siRNAs or miRNAs were introduced 

into cells. For plasmid, designated concentrations of vectors were introduced into cells an 

equal number of cells (6.0 × 105 cells/60 mm dish). All transfections were performed using 

Lipofectamine2000 (Invitrogen) in accordance with manufacturers instruction.

2.5 ǀ Western blot analysis

Transfected cells were lysed in RIPA buffer (10 mM Tris-HCl pH 7.4, 1% NP-40, 1 

mM EDTA, 0.1% SDS, 150 mM NaCl) containing complete protease and phosphatase 

inhibitors (Roche). Equal amounts of protein were separated by SDS–polyacrylamide gel 

electrophoresis at 80 V for 2.5 h. Gels were transferred to polyvinylidene difluoride 
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membranes (Millipore, Billerica, MA, USA) at 15 V for 1.25 h. After blocking with 5% 

skim milk for 1 h at RT, membranes were incubated with the indicated primary antibody 

(Supplementary table 3) for overnight at 4°C. Next day, the membranes were washed with 

TBS-T buffer 3 times for 10 min and incubated with the appropriate secondary antibody 

(1:10,000) for 1 h at RT. Protein bands were visualized using an enhanced chemiluminescent 

reagent (1859697, Thermo Scientific). GAPDH was detected as a loading control.

2.6 ǀ Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen), in accordance with 

the manufacturer’s protocol. 1ug of RNAs were used for reverse transcription using 

the SuperScript III First-Strand Synthesis System (Invitrogen). The level of mRNA was 

determined by RT-qPCR, using Power SYBR Green PCR Master Mix (Applied Biosystems) 

and normalized by the level of GAPDH mRNA or 18S RNA. Primer sequences used in this 

study are listed in Supplementary table 3.

2.7 ǀ WST-1 Cell viability assay

After 24 h post-transfection, cells (1 × 103 cells) were seeded into each well of 96-well 

plates. After incubation overnight, the culture media were replaced with 100 μl fresh media, 

containing 1/10 diluted WST-1 reagent (Takara, Japan) and incubated at 37°C for 30 min. 

Cell viability was determined by measuring absorbance at 450 mm.

2.8 ǀ Cell Proliferation and colony forming assay

To access cell proliferation ability, cells (initial cell number = 5 × 104 cells) were 

resuspended into 6 well plates, and the number of cells was counted every 24 h. For the 

colony forming assay, an equal number of transfected cells (2 × 102 cells) was seeded 

into 6-well plates and cell culture media were replaced into fresh in every 3 days. After 

incubation for 2 weeks, the cell colonies were fixed with 4% paraformaldehyde for 10 min 

and stained with 0.2% crystal violet for 1.5 h at RT. The clonogenic ability of cells were 

determined by counting the number of colonies using the Image J program.

2.9 ǀ Antisense oligonucleotide (ASO) pull-down assay

To search for LINC00162-associated miRNAs, ASO pull-down was performed using 

non-overlapping biotinylated ASOs recognizing LacZ (four ASOs) and LINC00162 
(seven ASOs) (Supplementary figure S4A). Incubation of the whole cell lysates with 

the biotinylated ASO was followed by coupling with Streptavidin-coupled Dynabeads™ 

(Invitrogen). RNAs were isolated from the pull-down materials and small RNA sequencing 

was performed.

2.10 ǀ Ribonucleoprotein immunoprecipitation (RNP-IP or RIP)

RNP-IP was performed to check the direct interaction between target mRNA and protein. 

Argonaute-2 (Ago2) antibody was used to check the interaction between target mRNA and 

miRNA, and hnRNPK antibody was used to check the interaction between hnRNPK with 

PAQR4 mRNA and LINC00162 (Supplementary table 4). IgG antibody was used in control 

IP reactions. 120 μg of Dynabeads Protein G (Invitrogen) was coated with 2 μg of each 
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antibody for 24 h at 4°C. Coated beads were incubated with 500 μg of cytoplasmic lysates, 

which were extracted with polysome extraction buffer (20 mM Tris-HCl pH 7.4, 0.5% 

NP-40, 100 mM KCl, 5 mM MgCl2) in 4.5 h at 4°C. Samples were washed with 800 μl 

of NT2 buffer (50 mM Tris-HCl pH 7.4, 0.05% NP-40, 1 mM MgCl2, 150 mM NaCl) for 

6 times. Washed samples were Immunoprecipitated samples and treated with 1 U of Turbo 

DNase I (Invitrogen) at 37°C for 20 min and with 100 μg of protease K at 55°C (Invitrogen) 

for 20 min. After the RNAs were isolated from antibodies, the levels of lincRNA and target 

mRNA were determined by RT-qPCR analysis.

2.11 ǀ Luciferase reporter assay

To examine whether miR-485–5p binds directly to LINC00162 or the 3’UTR of PAQR4 
mRNA, luciferase vectors (pmirGLO dual-luciferase vectors; Promega) containing wild-type 

or mutant sequences of miR-485–5p MREs were constructed. The structures of vectors are 

presented in Supplementary figure S5 and S8. Following transfection with control miRNA 

or pre-miR-485–5p, cells were counted and the equal number of (cell number = 5 × 104 

cells) cells were inoculated into 24 well plates. Next day, cells were transfected with 100 ng 

of either wild-type or mutant luciferase vectors. At 24 h post-transfection, luciferase activity 

was determined using a Dual-GLO™ Luciferase Assay System (Promega).

2.12 ǀ Cell Fractionation

The subcellular localization of LINC00162 was assessed by fractionation. The cytosolic 

fraction was obtained using RSB buffer (10 mM Tris-HCl, pH 7.4, 2.5 mM MgCl2, 100 mM 

NaCl), containing 4 mg/mL digitonin (ThermoFisher Scientific, USA). The nuclear pellets 

were washed three times with RSB buffer containing digitonin and lysed with RIPA buffer. 

The levels of LINC00162 in each fraction were determined by RT-qPCR analysis.

2.13 ǀ Apoptosis analysis using 2D FACS

Following transfection with siRNAs or vectors, HeLa cells were harvested and suspended 

with 1× Annexin V binding buffer (BD Pharmigen). An equal number of cells (1 × 105 cells) 

were stained with 15 μl of a mixture of FITC Annexin V and propidium iodide (556547, 

BD Pharmingen) for 15 min at RT in the dark. The stained cells were analyzed using a 

flow cytometer (FACS Verse, BD). The degree of apoptosis was calculated by measuring the 

proportion of late apoptotic cells.

3 ǀ RESULTS

3.1 ǀ Expression of LINC00162 is positively regulated by hnRNPK

To search for hnRNPK-regulated lincRNAs, RNA sequencing was performed using total 

RNA isolated from HeLa cells, transfected with either control or hnRNPK siRNA.(Lee 

et al., 2021) An analysis of the RNA sequencing data (Supplementary figure S1a–S1c) 

found that the expression of LINC00162 was reduced in hnRNPK-silenced HeLa cells 

(Figure 1a and 1b). Next, we directly investigated whether hnRNPK reduced the level of 

LINC00162. The knockdown of hnRNPK by two independent siRNAs efficiently decreased 

the level of hnRNPK protein and mRNA, inducing a reduction in LINC00162 (Figure 

1c and 1d). Conversely, LINC00162-silenced HeLa cells showed a significant decrease in 
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LINC00162, with no change in the hnRNPK protein or mRNA (Figure 1e and 1f). The 

rescue experiment revealed that knockdown of hnRNPK by a specific siRNA, targeting the 

3’UTR of HNRNPK mRNA (Shin et al., 2017), induced a decrease in LINC00162; ectopic 

hnRNPK restored the expression level of LINC00162 (Figure 1g).

To define the mechanism by which hnRNPK regulates LINC00162 abundance, direct 

interactions between hnRNPK and LINC00162 were tested. RIP (RNP-IP) analysis revealed 

that hnRNPK bound to LINC00263 which is a known hnRNPK-associated lincRNA, but not 

to LINC00162, suggesting that hnRNPK affects LINC00162 indirectly (Figure 1h). Since 

the activation of p38 MAPK is known to negatively regulate the expression of LINC00162 
(Piipponen et al., 2016), we examined whether the knockdown of hnRNPK influenced 

p38 MAPK activation. A phospho-kinase proteome profiler experiment confirmed that the 

knockdown of hnRNPK by two independent siRNAs activated p38 MAPK (Supplementary 

figure S2a–S2c). The effect of the p38 MAPK inhibitor (BIRB796) was analyzed to confirm 

that p38 MAPK was involved in regulating LINC00162 levels by hnRNPK. Treating 

HeLa cells with BIRB796 efficiently decreased the level of phosphorylated p38 MAPK 

(Figure 1i); inactivating p38 MAPK increased the expression of LINC00162 in both the 

control and hnRNPK-silenced cells (Figure 1j). Since hnRNPK suppress translationally 

the expression of transforming growth factor-β-activated kinase 1 (TAK1) (Liepelt et 

al., 2014), we examined whether TAK1 is involved in the activation of p38 MAPK by 

knockdown of hnRNPK. The expression of TAK1 was increased in hnRNPK-silenced cells 

and the knockdown of TAK1 by two independent siRNAs inhibited p38 MAPK activation 

(Figure 1k). Accordingly, the knockdown of TAK1 resulted in the increase in LINC00162 
expression and restored decreased expression of LINC00162 by knockdown of hnRNPK 

(Figure 1l). On the contrary, the ectopic expression of TAK1 induced the activation of 

p38 MAPK (Figure 1m). Activation of p38 MAPK by TAK1 overexpression decreased the 

expression of LINC00162 in a dose-dependent manner (Figure 1n). These results indicate 

that the knockdown of hnRNPK increased TAK1 expression, leading to the activation of 

p38. Conclusively, hnRNPK regulates LINC00162 through the TAK1/p38 MAPK-driven 

processes.

3.2 ǀ LINC00162 regulates cell proliferation and apoptosis

Cell counting, a viability assay, and a colony-forming assay were used to examine the 

effect of LINC00162 on cell proliferation and apoptosis. The knockdown of either hnRNPK 

or LINC00162 diminished the cell proliferation rate (Figure 2a and 2b) and inhibited the 

ability to form colonies (Figure 2c). Moreover, increases in cleaved PARP and in the 

number of early and late apoptotic cells were observed in cells in which either hnRNPK or 

LINC00162 were silenced (Figure 2d, 2e, and 2f). The effect of inhibiting cell growth and 

inducing apoptotic cell death by knockdown of hnRNPK or LINC00162 was verified using 

two independent siRNAs (Supplementary figure S3a–S3d). Apoptotic cell numbers were 

determined by a FACS analysis; representative results are shown in Supplementary figure 

S3e. To test whether LINC00162 accelerates proliferation rate, overexpression vector was 

manufactured. Introduction of overexpression vector into HeLa cells showed more 150-fold 

increase in LINC00162. In contrast to the results observed in LINC00162-silenced cells, 
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cell proliferation and colony formation were enhanced by the overexpression of LINC00162 
(Figure 2g and 2h, respectively).

3.3 ǀ LINC00162 sponges miR-485–5p to regulate cell proliferation and apoptosis

To investigate the action mechanism of LINC00162, the cellular localization of LINC00162 
was examined. Whereas lncRNAs NEAT1 and MALAT1 are more abundant in the 

nucleus, LINC00162 is mainly located in the cytosol, suggesting that LINC00162 may 

influence the function of miRNAs, as do other cytoplasmic lincRNAs (Figure 3a). An 

antisense oligonucleotide (ASO) pulldown was conducted to search for LINC00162-bound 

miRNAs (Supplementary figure S4a). LINC00162-associated miRNAs were screened 

through miRNA sequencing, using RNA obtained from the ASO pulldown. An analysis 

of sequencing data found that 24 miRNAs were more enriched in pulldown material when 

LINC00162 ASO was used than when LacZ ASO was used (Supplementary figure S4b). A 

comparison of lists of miRNAs predicted to associate with LINC00162 by DIANA-LncBase 

(www.microrna.gr/LncBase) and StarBase (http://starbase.sysu.edu.ca), and selected through 

an analysis of miRNA sequencing data, identified only one miRNA, miR-485–5p, at the 

intersection of these miRNA subsets (Figure 3b). Moreover, there were three miR-485–

5p MREs in the sequence of LINC00162 (Supplementary figure S5a). RT-qPCR analysis 

confirmed that LINC00162 was associated with Ago2 by RIP analysis, supporting the notion 

that LINC00162 associated with the miRNA-induced silencing complex (miRISC) (Figure 

3c). Overexpression of miR-485–5p by transfecting a precursor miRNA increased the 

enrichment of LINC00162 in miRISC and thus reduced LINC00162 abundance (Figure 3d 

and 3e). Conversely, inhibition of miR-485–5p by transfecting an antisense miRNA reduced 

the interaction of Ago2 with LINC00162 and increased LINC00162 abundance in HeLa 

cells (Figure 3f and 3g). Although reporter luciferase analysis is an artificial tool, since 

LINC00162 is not a 3′UTR sequence, luciferase vectors derived from pmirGLO containing 

the three MREs of miR-485–5p were created to test the impact of the miR-485–5p MREs 

on LINC00162 levels (Supplementary figure S5b). Of the three MREs, only two luciferase 

activity containing MRE#1 and #2 appear to be functional (Figure 3h). Furthermore, the 

mutation of the seed sequence in MRE#1 and #2 blocked the inhibitory effect of miR-485–

5p (Figure 3i). Based on these results, we propose that miR-485–5p binds to LINC00162 
MREs #1 and #2 and lowers LINC00162 levels.

The effect of miR-485–5p on cell proliferation and apoptosis was then assessed (Figure 

3j–3l). Overexpression of miR-485–5p by pre-miRNA inhibited cell proliferation and colony 

formation. Contrarily, inhibition of miR-485–5p by anti-miR enhanced cell proliferation and 

increased the number of colonies. Moreover, the levels of cleaved PARP were increased 

by overexpression of miR-485–5p, with no change in hnRNPK expression levels (Figure 

3m). FACS analysis revealed that miR-485–5p also increased the proportion of both early 

and late apoptotic cells (Figure 3n and Supplementary figure S6). Our findings suggest that 

miR-485–5p is tumor suppressive by lowering LINC00162 abundance.

3.4 ǀ PAQR4 is a target of hnRNPK/LINC00162/miR-485–5p

We compared the mRNAs regulated by silencing hnRNPK and by silencing LINC00162 
with those mRNAs predicted to be target genes of miR-485–5p by TargetScan (Figure 4a 
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and Supplementary figure S7a and S7b). Of these, progestin and adipoQ receptor 4 (PAQR4) 

mRNA was selected for further study because it showed the most significant decrease in 

hnRNPK- and LINC00162-silenced cells (Supplementary figure S7c), and has three MREs 

of miR-485–5p (Supplementary figure S8a). Compared to IgG IP, more PAQR4 mRNA was 

enriched in Ago2 IP, indicating that miRISC is involved in regulating PAQR4 expression 

(Figure 4b). To determine whether miR-485–5p suppresses PAQR4 expression, pre- and 

anti-miR-485–5p were used for overexpression and inhibition, respectively. Pre-miR-485–5p 

significantly decreased the expression level of PAQR4 protein and mRNA (Figure 4c and 

4d). Conversely, the inhibition of miR-485–5p increased PAQR4 expression (Figure 4f and 

4g).

The direct interaction between PAQR4 mRNA and miR-485–5p was assessed by 

ribonucleoprotein immunoprecipitation (RIP) analysis, using the argonaute 2 (Ago2) 

antibody (Supplementary figure S9c). Pre-miR-485–5p further enriched PAQR4 mRNA in 

Ago2 IP, suggesting that miR-485–5p is involved in regulating PAQR4 mRNA through 

miRISC (Figure 4e). In contrast, the enrichment of PAQR4 mRNA in miRISC was lowered 

by reducing the level of miR-485–5p (Figure 4h). In addition to the Ago2 RNP-IP assay, 

luciferase vectors containing a wild-type or mutant sequence of MRE were constructed to 

verify the direct binding of miR-485–5p (Supplementary figure S8b). As in the case of 

LINC00162, there were three MREs in the sequence of the 3’UTR of PAQR4 mRNA. The 

inhibition of luciferase activity by miR-485–5p was observed in all three luciferase vectors 

(Figure 4i). However, miR-485–5p could not suppress luciferase expression in the case 

of mutant vectors (Figure 4j). These results indicate that miR-485–5p suppresses PAQR4 

expression by directly binding to the 3’UTR of PAQR4 mRNA.

As previously discussed, hnRNPK increases LINC00162 levels and LINC00162 levels are 

lowered by miR-485–5p. We thus propose that if we reduced hnRNPK or LINC00162, 

more miR-485–5p would remain available to repress PAQR4 production. In support 

of this hypothesis, PAQR4 protein and mRNA were downregulated in hnRNPK- or 

LINC00162-silenced cells (Figure 4k and 4l, respectively; Supplementary figure S9a 

and S9b). Likewise, knockdown of hnRNPK or LINC00162 also increased the level of 

PAQR4 mRNA in Ago2 IP (Figure 4m). Moreover, the expression level of miR-485–5p 

was increased in hnRNPK- and LINC00162-silenced cells (Figure 4n). RIP experiment 

using hnRNPK antibody indicated that PAQR4 mRNA was not directly associated with 

hnRNPK (Supplementary figure S9c and S9d). Next, we investigated whether PAQR4 was 

involved in cell proliferation and apoptosis. The knockdown of PAQR4 by two independent 

siRNAs retarded cell proliferation and inhibited colony forming ability (Figure 4o and 

4p, respectively; Supplementary figure S9e). Interestingly, knockdown of PAQR4 slightly 

decreased the level of LINC00162 (Supplementary figure S9f). It was assumed that decrease 

in PAQR4 mRNA gives better accessibility of miR-485–5p to LINC00162. Western blot 

and FACS analysis indicated that PAQR4-silenced cells showed increased PARP cleavage 

and a higher proportion of early and late apoptotic cell death compared to the control 

group (Figure 4q and 4r, respectively; Supplementary figure S9g). The above results lead 

us to conclude that PAQR4 is positively regulated by hnRNPK and LINC00162, while it is 

negatively regulated by miR-485–5p; in turn, PAQR4 promotes proliferation and prevents 

apoptosis.
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3.5 ǀ A regulatory paradigm implicating hnRNPK, LINC00162, miR-485–5p, and PAQR4 
protects cancer cells against etoposide-induced apoptotic cell death

As inducers of apoptosis, DNA-damaging agents such as etoposide and cisplatin are widely 

used in the treatment of solid cancers.(Norbury & Zhivotovsky, 2004) As LINC00162 was 

found to regulate apoptotic cell death, we examined whether the levels of miR-485–5p, as 

regulated by hnRNPK and LINC00162 might protect HeLa cells against etoposide-induced 

cell death. Treatment of HeLa cells with etoposide induced cell death in a dose-dependent 

manner (Supplementary figure S10a). We examined the protective effects of hnRNPK 

or LINC00162 overexpression against etoposide-induced apoptotic cell death. Following 

transfection with hnRNPK- or LINC00162-overexpressing vectors, HeLa cells were treated 

with various concentrations of etoposide. The overexpression of hnRNPK and LINC00162 
was found to relieve etoposide-induced cytotoxicity (Figures 5a and 5d, respectively). 

According to Western blot results (Figure 5b and 5e) and FACS analyses (Figure 5c and 5f; 

Supplementary figure S10b and S10c), the overexpression of either hnRNPK or LINC00162 
resulted in a significant reduction in apoptotic cell death. The inhibition of miR-485–5p 

also lessened etoposide-induced cytotoxicity (Figure 5g) and inhibited apoptotic cell death 

(Figure 5h and 5i; Supplementary figure S10d). Accordingly, our findings indicate that this 

regulatory paradigm involving hnRNPK, LINC00162, and miR-485–5p is closely implicated 

in apoptotic processes and protects cells against apoptotic cell death by a DNA-damaging 

agent.

3.6 ǀ miR-485–5p is a key molecule of the oncogenic function of LINC00162

To verify that miR-485–5p is required for the oncogenic function of LINC00162, we 

investigated whether inhibiting miR-485–5p could reverse the effects of LINC00162. As 

observed earlier, the knockdown of hnRNPK or LINC00162 decreased PAQR4 expression. 

However, antagonization of miR-485–5p by anti-miRNA led to a recovery in the expression 

of PAQR4 protein (Figure 6a) and PAQR4 mRNA (Figure 6b) through a knockdown of 

hnRNPK or LINC00162. The Ago2 RIP data showed that the increased association of 

PAQR4 mRNA with miRISC in LINC00162-silenced cells was blocked by the inhibition of 

miR-485–5p (Figure 6c). Accordingly, PAQR4 expression, cell proliferation (Figure 6d) and 

colony formation (Figure 6e and Supplementary figure S11a) were recovered by inhibition 

of miR-485–5p. In addition, the proportion of apoptotic cells increased by the knockdown of 

hnRNPK and LINC00162 was reversed by anti-miR-485–5p (Figure 6f and Supplementary 

figure S11b).

Along with inhibition of miR-485–5p, the mutated LINC00162 vector was constructed to 

prove that sponging miR-485–5p by LINC00162 is required for its oncogenic effects. Since 

miR-485–5p binds to MRE#1 and #2 of LINC00162 (Figure 3h), we constructed mutated 

LINC00162 to prevent miR-485–5p from binding to both MREs (Supplementary figure 

S12). The effects of wild type (WT) and mutated (MT) LINC00162 on the expression of 

PAQR4 and miR-485–5p were assessed by Western blot and RT-qPCR. As expected, the 

expression level of PAQR4 protein (Figure 6g) and mRNA (Figure 6h) was increased by 

WT LINC00162, but not by MT. In the case of WT, the expression of miR-485–5p was 

increased, while in the case of MT, there was no change (Figure 6i). The comparison of cell 

growth rates showed an increase in WT but no difference from control in MT (Figure 6j). As 
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observed earlier, overexpression of WT LINC00162 protect cells against etoposide-induced 

apoptotic cell death. However, HeLa cells transfected with MT LINC00162 did not show 

any protective effect (Figure 6k). Western blot analysis revealed that HeLa cells transfected 

with WT LINC00162 showed lower amount of cleaved PARP compared to control cells. 

However, in case of MT LINC00162, PARP cleavage occurred similar to control cells 

(Figure 6l). These results further connect the effects of miR-485–5p downregulating PAQR4 

and inducing apoptotic cell death with the knockdown of LINC00162.

3.7 ǀ Overexpression of PAQR4 reversed the tumor-suppressing effects of miR-485–5p.

To examine that PAQR4 is involved in the tumor-suppressing effects of miR-485–5p, 

rescue experiments were conducted. HeLa cells were cotransfected with Flag-PAQR4 and 

pre-miR-485–5p and cellular proliferation was measured by WST1 assay. As observed 

in previous results, cellular proliferation was increased by PAQR4 overexpression and 

decreased by miR-485–5p (Figure 7a). In addition, PAQR4 overexpression showed the effect 

of recovering the reduction in cell growth by miR-485–5p. These results were observed in 

the same way in colon-forming assay. The decrease in number of colonies by miR-485–5p 

was recovered by PAQR4 expression (Figure 7b). Next, we tested whether overexpression of 

PAQR4 inhibits apoptotic cell death by miR-485–5p by Western blot and FACS experiments. 

PAQR4 overexpression lowered the increased level of cleaved PARP by miR-485–5p (Figure 

7c) and also decreased the population of early and late apoptotic cells those were induced 

by miR-485–5p (Figure 7d). These results demonstrate that the tumor-suppressing effects of 

miR-485–5p is due to its suppressive effect on PAQR4.

3.8 ǀ The oncogenic hnRNPK/LINC00162/miR-485–5p/PAQR4 axis was applicable to 
various types of cancer.

The levels of LINC00162, miR-485–5p, ad PAQR4 mRNA were compared between normal 

and cancer cells: for lung cancer, H1299 and H322 compared to Beas2B (Supplementary 

figure S13a); for renal cancer, 789-O and Caki compared to HEK293 (Supplementary figure 

S13b). In both cancer types, LINC00162 and PAQR4 mRNA showed higher expression in 

cancer cells compared to normal cells, while miR-485–5p showed less expressed in cancer 

cells.

To make our findings solid, the oncogenic function of hnRNPK/LINC00162/miR-485–5p/

PAQR4 axis was verified in U2OS (osteosarcoma), H322 (lung adenocarcinoma), and Caki 

(Clear cell carcinoma) cells. In all tested cells, decrease in LINC00162 was observed in 

hnRNPK-silenced cells. However, knockdown of LINC00162 did not affect the expression 

of hnRNPK (Figure 8a and 8b). Knockdown of hnRNPK or LINC00162 reduced the level 

of PAQR4 mRNA by increasing miR-485–5p. Similar to the results observed in HeLa cells, 

decrease in hnRNPK and LINC00162 inhibited cell growth and colony forming ability, 

and caused apoptotic cell death (Figure 8c–8f; Supplementary figure S13c and S13d). In 

conclusion, our findings are not specific to cell-type, suggesting it is generally applicable to 

various cancer cells.

Based on the results of this work, we suggest a schematic model to summarize the 

action mechanism of oncogenic LINC00162, as shown in Figure 8g. Briefly, hnRNPK 
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regulates LINC00162 levels in a p38 MAPK-dependent manner. Predominantly residing 

in the cytosol, LINC00162 may compete for miR-485–5p, thereby derepressing PAQR4 

production.

4 ǀ DISCUSSION

LincRNAs are intergenic lncRNAs and have been found to participate in cancer phenotypes 

including proliferation, apoptosis, and metastasis (Aprile et al., 2020; Dhamija & 

Diederichs, 2016; N. Jiang, Zhang, Gu, Li, & Shang, 2021). With increasing evidence 

that lincRNAs are abnormally expressed in various cancers, they have become a potential 

target for cancer treatment. In this study, we discovered a hnRNPK-regulated oncogenic 

lincRNA, LINC00162. It was reported that LINC00162 enhances the migratory ability 

of squamous carcinoma by downregulating integrin α2β1 and α5β1 (Piipponen, Heino, 

Kahari, & Nissinen, 2018); it also accelerates the proliferation of pancreatic ductal 

adenocarcinoma (Lu et al., 2020). LINC00162 is highly abundant and closely associated 

with the proliferation of bladder cancer cells (X. Wang et al., 2020); it can negatively 

regulate the expression of its neighboring gene PTTG1IP by binding to THRAP3, a 

transcription-related protein.

The mechanisms by which lncRNAs affect cancer-associated genes often depend on their 

subcellular localization (Batista & Chang, 2013; L. L. Chen, 2016). In the nucleus, lncRNAs 

modulate gene transcription by forming ribonucleoprotein complexes or by recruiting 

chromatin remodeling complexes as scaffolds or guides. Alongside their roles in the nucleus, 

lncRNAs also regulate target gene expression by associating with miRNAs, mRNAs, 

and proteins. For abundant lncRNAs, a competing endogenous RNA (ceRNA) hypothesis 

proposes that RNAs with same MREs can compete for the same miRNAs, indirectly 

affecting the stability and translation of mRNAs. The optimal effect of ceRNA occurs when 

the quantities of miRNA and ceRNA are nearly equal (Kumar et al., 2014; Mukherji et al., 

2011; Tay, Karreth, & Pandolfi, 2014). The activity of ceRNA also depends on its cellular 

localization and the number of MREs within it (Ala et al., 2013). LINC00162 is known to 

promote proliferation, migration, and invasion of fibroblast-like synoviocytes by decoying 

miR-4701–5p in rheumatoid arthritis (Bi et al., 2019). It is also reported that LINC00162 
was elevated in cisplatin-resistant cutaneous squamous cell carcinoma (D. Wang, Zhou, Yin, 

& Zhou, 2020). Knockdown of LINC00162 inhibited cisplatin resistance and malignant 

phenotypes including proliferation, migration, and invasion by interfering the inhibitory 

function of miR-485–5p on REV3L expression. In hepatocellular carcinoma, LINC00162 
activates PI3K/Akt/mTOR pathway by sponging EIF6-targeting miR-588 (Liu, Mo, et al., 

2020). Our findings reveal that LINC00162 functions as a sponge of miR-485–5. Several 

lncRNAs are reported to function as sponge of miR-485–5p (Bao et al., 2019; Liu, Yang, 

et al., 2020; Tu et al., 2019; Y. Wang et al., 2018; Zhang, Hu, Zhou, & Gao, 2018). 

In hepatocellular cell carcinoma, lncRNA DSCR8 activates the Wnt/β-catenin pathway 

by decoying FZD7-targeting miR-485–5p (Y. Wang et al., 2018). While LINC00460 is 

oncogenic by decoying miR-485–5p and increasing the expression of p21-activated kinase 

1 (Tu et al., 2019). LINC00467 also has oncogenic functions, as it enhances cellular 

proliferation and diminishes apoptotic cell death through miR-485–5p/DPAGT1 (Liu, Yang, 

et al., 2020). In addition to lincRNAs, the tumor-suppressing properties of miR-485–5p 

Lee et al. Page 11

J Cell Physiol. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are interrupted by antisense transcripts, which have a miRNA recognition element (MRE) 

of miR-485–5p. FLVCR1-AS1 and FOXD2-AS1 promote malignant properties, including 

proliferation, migration, and invasion, by decoying miR-485–5p in cholangiocarcinoma and 

papillary thyroid cancer, respectively (Bao et al., 2019; Y. Zhang et al., 2018).

As previously reported, we found that hnRNPK upregulates LINC00263 by directly binding 

and enhancing its stability (Lee et al., 2021). Although LINC00162 is also regulated 

by hnRNPK, no molecular interaction was observed, indicating that hnRNPK indirectly 

regulates LINC00162 levels. It is well-known that hnRNPK can affect various cellular 

signaling pathways (Z. Wang et al., 2020). For example, the transformation of growth factor-

beta-activated kinase 1 (TAK1) is translationally regulated by hnRNPK through interaction 

with the 3’UTR of TAK1 mRNA (Liepelt et al., 2014; X. L. Sun et al., 2019). The 

knockdown of hnRNPK increases the expression of TAK1 and thus, activates p38 MAPK. 

We found that the decrease in LINC00162 levels by the knockdown of hnRNPK was 

reversed through treatment with a p38 MAPK inhibitor, suggesting that hnRNPK regulates 

LINC00162 in a p38-dependent manner. In addition to the regulation of LINC00162 
through TAK1/p38 MAPK, the functional relationship between hnRNPK and LINC00162 is 

thought to be very diverse. For example, cellular signaling is also a remarkable mechanism 

whereby LINC00162 regulates hnRNPK. According to a previous report, LINC00162 can 

regulate the activation of the GSK3β through PI3K/Akt (Fan et al., 2015). It is known that 

GSK3β regulates the localization of hnRNPK by inducing phosphorylation of hnRNPK, 

suggesting that LINC00162 may influence the oncogenic function of hnRNPK. It was 

recently reported that hnRNPK also interacts with SINE-derived nuclear RNA localization 

(SIRLOIN)-containing lncRNAs and mediates nuclear enrichment. It is anticipated when 

abnormal expression of hnRNPK occurs, the cellular localization of SIRLOIN-containing 

RNAs in the nucleus and cytoplasm might be affected (Zhu, Wang, & Xu, 2019). Although 

we haven’t expanded our investigation to the role of hnRNPK in the localization of 

LINC00162, there might be several possible links between hnRNPK-regulated LINC00162 
and SIRLOIN.

We demonstrate here that LINC00162 increased PAQR4 expression by sponging miR-485–

5p. Since there are three MREs in LINC00162 and PAQR4 mRNA sequences, miR-485–5p 

was expected to strongly regulate both of them. Since hnRNPK is reported to regulate the 

expression of target genes at transcriptional level, we can’t rule out the possibility that 

hnRNPK controls the transcription of PAQR4 by directly affecting transcriptional machinery 

or transcriptional factors. The possibility of hnRNPK directly controlling the expression of 

PAQR4 should also be considered. In general, hnRNPK increases the stability or translation 

of target mRNA. Since PAQR4 mRNA was lowered by knockdown of hnRNPK, the 

translational regulation can be neglected. To confirm this possibility, we examined the 

direct interaction between hnRNPK and PAQR4 mRNA through RIP experiment. Although 

PAQR4 mRNA was predicted to harbor the binding motif of hnRNPK, it was not enriched in 

hnRNPK IP (Supplementary figure S9d), indicating that hnRNPK affects PAQR4 expression 

in an indirect way. PAQR4 is reported to play a critical role in the regulation of various 

cellular processes, including cancer malignancy (L. Wang et al., 2017; Ye, Gao, Guo, 

Zhang, & Jiang, 2020; H. Zhang et al., 2018). Although it is highly expressed in cancers, 

the function of PAQR4 is not fully understood. PAQR4 is significantly overexpressed in 
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prostate cancer and positively correlated with poor prognosis. In breast cancer, PAQR4 

exhibits a tumorigenic effect by stabilizing cyclin-dependent kinase 4 (H. Zhang et al., 2018) 

and activating the PI3K/Akt pathway (Ye et al., 2020) but additional pathways are likely 

implicated.

We conclude that LINC00162, a novel hnRNPK-regulated lincRNA, exhibits oncogenic 

effects, including accelerated proliferation and anti-apoptosis, by being a target of miR-485–

5p and reducing the levels of functional miR-485–5p in the cell. In turn, thus allows 

PAQR4 levels to rise. Taken together, the components of this regulatory paradigm-hnRNPK, 

LINC00162, miR-485–5p, and PAQR4-may represent promising targets for cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LINC00162 is a hnRNPK-regulated lincRNA.
(a, b) To search for hnRNPK-regulated lincRNA, RNA sequencing was conducted, using 

total RNA isolated from the control or HNRNPK siRNA. A volcano plot was generated 

from these data, and LINC00162 was highlighted. (c, d) To verify the RNA sequencing 

results, HeLa cells were transfected with either the control or HNRNPK siRNAs. The 

levels of HNRNPK mRNA and LINC00162 were determined by RT-qPCR analysis (c). 

Western blot analysis was used to check the decrease in hnRNPK protein expression (d). 

(e-g) To determine whether LINC00162 affected hnRNPK expression levels, HeLa cells 
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were transfected with either the control or two independent LINC00162-targeting siRNAs. 

The levels of LINC00162 and HNRNPK mRNA were determined by RT-qPCR analysis 

(e) and the level of hnRNPK protein was checked by Western blot analysis (f). The 

regulation of LINC00162 by hnRNPK was confirmed through a rescue experiment using 

the 3’UTR-targeting siRNA and the overexpressing vector of hnRNPK (g). (h) To examine 

the direct interaction of LINC00162 with hnRNPK, an RIP experiment was conducted using 

control IgG or hnRNPK antibodies. The levels of LINC00162 and LINC00263 enriched in 

each IP sample were determined by RT-qPCR analysis. (i, j) HeLa cells were transfected 

with either the control or HNRNPK siRNA and then treated with various concentrations of 

BIRB796 (a p38 MAPK inhibitor) for 24 h. The levels of hnRNPK, phospho- and total-p38 

MAPK were determined by Western blot analysis (i). Under the conditions above, the level 

of LINC00162 was determined by RT-qPCR (j). (k) To investigate the role of TAK1 in 

the activation of p38 MAPK by hnRNPK knockdown, HeLa cells were transfected with 

HNRNPK siRNA and/or two independent TAK1 siRNAs. The levels of TAK1, hnRNPK, 

and total/phosphorylated p38 were determined by Western blot. GAPDH was used for 

loading control. (l) In above condition, the level of LINC00162 was assessed using RT-

qPCR. (m, n) The effect of TAK1 overexpression on p38 activation and LINC00162 
expression was tested. After 48 h incubation post-transfection of TAK1 overexpression 

vector, the activation of p38 was examined by Western bot (m). Under the same conditions, 

the level of LINC00162 was determined by RT-qPCR (n). Western blot data were analyzed 

using Image J program and student’s t-test, with three independent experiments (* p < 0.05), 

was used to calculate statistical significance. All data represent mean ± standard deviation 

(SD).
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Figure 2. LINC00162 regulates cell proliferation and apoptosis.
(a-c) To investigate the role of hnRNPK-regulated LINC00162 in cell proliferation, HeLa 

cells were transfected with control, hnRNPK, or LINC00162 siRNAs. Cell proliferation 

was determined by counting the viable cells (a), a WST-1 assay (b), and a colony-forming 

assay (c). (d-f) Apoptotic cell death by knockdown of hnRNPK or LINC00162 was assessed 

by checking the level of cleaved PARP (d and e, respectively), and FACS analysis was 

used to assess the proportion of apoptotic cell death (f). The populations of early and late 

apoptotic cells were calculated from three independent experiments. (g, h) To examine 
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whether LINC00162 enhanced cell proliferation, cells were transfected with a blank or 

overexpression vector, the proliferative ability was determined by counting the number of 

viable cells (g) and colonies (h). Western blot data were analyzed using Image J program 

and student’s t-test was used to calculate statistical significance through three independent 

experiments (* p < 0.05). All data represent mean ± standard deviation (SD).
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Figure 3. LINC00162 functions as the ceRNA of miR-485–5p.
(a) A cellular fractionation assay was used to assess the localization of LINC00162. The 

levels of LINC00162, NEAT1, MALAT1, 18S, and GAPDH mRNA in each fraction were 

determined by RT-qPCR. LncRNA NEAT1 and MALAT1 were checked with reference to 

lncRNAs, which are known to be preferentially expressed in the nucleus. (b) LINC00162-

associated miRNAs were screened by comparing the miRNA list obtained from the small 

RNA sequencing followed by ASO-PD, and predicted by two independent algorithms. (c) 

The enrichment of LINC00162 in miRISC was assessed by determining its level in the 
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control IgG and Ago2 IP materials. The level of 18S was used for normalization. (d-g) 

The effect of miR-485–5p on the expression of LINC00162 was examined using Ago2 

RNP-IP (d and f) and RT-qPCR analysis (e and g). HeLa cells were transfected with 

either pre-miR-485–5p (for overexpression: d and e) or anti-miR-485–5p (for inhibition: 

f and g). The level of LINC00162 in IP materials or the total RNA was determined by 

RT-qPCR analysis. (h, i) A bioinformatic prediction indicated that three miR-485–5p MREs 

exist in the sequence of LINC00162. Luciferase vectors containing wild-type (h) or mutant 

sequences (i) of miR-485–5p MREs were constructed, and luciferase activity was assessed, 

as described in the Materials and Methods section. (j-n) To assess the effect of miR-485–5p 

on proliferation and apoptosis, pre-miR-485–5p or anti-miR-485–5p was introduced into 

HeLa cells for overexpression or inhibition, respectively. Cell proliferation was determined 

by counting the number of viable cells (j), WST-1 assay (k), and colony forming assay 

(l). (m, n) In miR-485–5p-overexpresed cells, the apoptotic cell death was assessed by 

determining the level of cleaved PARP by Western blot (m) and the populations of early and 

late apoptotic cells were calculated by a FACS analysis (n). Western blot data were analyzed 

using Image J program and statistical analyses were performed using Student’s t-test in three 

independent experiments (* p < 0.05). All data represent mean ± standard deviation (SD).
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Figure 4. PAQR4 mRNA is a target of miR-485–5p.
(a) Ten putative target mRNAs in the red box were screened by comparing the lists of 

downregulated mRNAs obtained from RNA sequencing with a list of predicted target 

mRNAs of miR-485–5p (TargetScan). (b) To determine whether miRISC was involved 

in regulating PAQR4, Ago2 RIP analysis was performed. The level of PAQR4 mRNA 

in IP materials was determined by RT-qPCR. (c-h) HeLa cells were transfected with 

either control-miR (Con-miR) or pre-miR-485–5p (for miRNA overexpression: c-e), or 

anti-miR-485–5p (for miRNA inhibition: f-h). The level of PAQR4 protein (c, f) and 
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PAQR4 mRNA (d, g) were determined by Western blot and RT-qPCR analyses, respectively. 

The association of PAQR4 mRNA with miRISC was examined by RT-qPCR, followed 

by Ago2 RIP (e, h). (i, j) Bioinformatic prediction revealed three miR-485–5p MREs 

in the 3’UTR of PAQR4 mRNA. Luciferase vectors containing wild-type (i) or mutant 

sequences (j) of miR-485–5p MREs, were constructed, and luciferase activity was assessed, 

as described in the Materials and Methods section. (k-m) To determine whether hnRNPK 

and LINC00162 could regulate PAQR4, HeLa cells were transfected with either hnRNPK- 

or LINC00162-targeting siRNA. The levels of PAQR4 protein (k) and PAQR4 mRNA (l) 

were determined by Western blot and RT-qPCR, respectively. (m) The direct interaction 

between PAQR4 mRNA and miRISC was assessed through an RIP analysis. (n) Following 

the knockdown of hnRNPK and LINC00162, an RT-qPCR analysis was used to determine 

the level of miR-485–5p. (o-r) To assess the role of PAQR4 in cell proliferation and 

apoptosis, HeLa cells were transfected with control or two independent PAQR4-targeting 

siRNAs. Cell proliferation was determined by counting the number of viable cells (o) and 

a colony forming assay (p). Apoptotic cell death was assessed by determining the level of 

cleaved PARP through Western blot (q). The populations of early and late apoptotic cells 

were calculated by a FACS analysis (r). Western blot data were analyzed using Image J 

program and statistical analyses were performed using Student’s t-test in three independent 

experiments (* p < 0.05). All data represent the means ± standard deviation (SD).
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Figure 5. Overexpression of hnRNPK or LINC00162, and antagonization of miR-485–5p 
protected HeLa cells against etoposide-induced apoptotic cell death.
The anti-apoptotic effects of the overexpression of hnRNPK and LINC00162, and the 

inhibition of miR-485–5p were examined. (a, d, and g) Following transfection with either 

indicated overexpression vectors or anti-miR-485–5p, HeLa cells were treated with various 

concentrations of etoposide for 72 h and cell viability was determined using a WST-1 

assay. (b, e, and h) After 48 h post-transfection, the cells were treated with DMSO or 20 

μM etoposide for 24 h. The levels of cleaved PARP and hnRNPK were determined by 
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Western blot analysis. GAPDH was used for loading control. (c, f, and i) The proportion of 

apoptotic cell death (early and late) in transfected cells was measured via a FACS analysis, 

as described above. (j) (k) Western blot data were analyzed using Image J program and 

statistical analyses were performed using Student’s t-test in three independent experiments 

(* p < 0.05). All data represent the means ± standard deviation (SD).
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Figure 6. Antagonizing miR-485–5p recovered cell proliferation and inhibited apoptotic cell 
death through a knockdown of hnRNPK and LINC00162.
To investigate whether miR-485–5p was responsible for the oncogenic functions of hnRNPK 

and LINC00162, siRNAs targeting hnRNPK or LINC00263 were introduced into HeLa cells 

with either control miRNA or anti-miR-485–5p. The levels of PAQR4 protein and PAQR4 
mRNA were determined by Western blot (a) and RT-qPCR (b) analyses. (c) Ago2 RIP 

analysis was carried out to prove that inhibition of miR-485–5p decreased the enrichment 

of PAQR4 mRNA in miRISC. (d-f) In same conditions, cellular proliferation (d), colony 
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formation (e), and apoptotic cell death (f) were also examined, as described in the Materials 

and Methods section. (g-j) To block miR-485–5p-decoying activity of LINC00162, we 

constructed mutated LINC00162 vector that could not sequester miR-485–5p. The levels of 

PAQR4 protein and mRNA were determined by Western blot (g) and RT-qPCR (h) analyses, 

respectively. (i) The effect of WT and MT LINC00162 on the expression of miR-485–4p 

was assessed by RT-qPCR. (j) Following the transfection of HeLa cells with either wild 

type (WT) or mutated (MT) LINC00162 vector, cell proliferation was examined by counting 

the number of viable cells. (k) Following transfection with either WT or MT LINC00162 
vector, HeLa cells were treated with various concentrations of etoposide for 72 h and cell 

viability was determined using a WST-1 assay. (l) After 48 h post-transfection as described 

above, the cells were treated with DMSO or 20 μM etoposide for 24 h. The levels of cleaved 

PARP, hnRNPK, and PAQR4 were determined by Western blot analysis. GAPDH was used 

for loading control. Western blot data were analyzed using Image J program and statistical 

analyses were performed using Student’s t-test in three independent experiments (* p < 

0.05). All data represent the means ± standard deviation (SD).
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Figure 7. PAQR4 reversed miR-485–5p-elicited growth retardation and apoptotic cell death.
To examine whether ectopic expression of PAQR4 reversed the effects of miR-485–5p, HeLa 

cells were cotransfected with pre-miR-485–5p and PAQR4 vector. Cell proliferation was 

measured by WST1 assay (a) and colony forming assay (b) as described in above. (c) The 

levels of cleaved PARP, hnRNPK, Flag-PAQR4, and endogenous PAQR4 were determined 

by Western blot analysis. GAPDH was used for loading control. Western blot data were 

analyzed using Image J program and statistical analyses were performed using Student’s 

t-test in three independent experiments (* p < 0.05). (d) The proportion of apoptotic cell 

death (early and late) in transfected cells was measured via a FACS analysis, as described 

above. All data represent the means ± standard deviation (SD).
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Figure 8. The oncogenic hnRNPK/LINC00162/miR-485–5p/PAQR4 axis was applicable to 
various types of cancer.
(a-f) To make our findings solid, the oncogenic function of hnRNPK/LINC00162/miR-485–

5p/PAQR4 axis was verified in U2OS, H322, and Caki cells. Cells were transfected with 

hnRNPK or LINC00162 siRNA for 48 h. The expression levels of HNRNPK mRNA, 

LINC00162, PAQR4 mRNA, and miR-485–5p were determined by RT-qPCR (a) and 

Western blot (b). Cell proliferation was measured by counting the number of viable cells 

(c), WST-1 assay (d), and colony formation (e). The population of early and late apoptotic 
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cell death was calculated by a FACS analysis (f). (g) A schematic of the proposed action 

mechanism of above regulatory molecules. Please refer to the main text for a detailed 

description.
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