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ABSTRACT
The role of the inflammation-silencing ribonuclease, MCPIP1 (monocyte chemoattractant protein- 
induced protein 1), in neoplasia continuous to emerge. The ribonuclease can cleave not only inflamma-
tion-related transcripts but also some microRNAs (miRNAs) and viral RNAs. The suppressive effect of the 
protein has been hitherto suggested in breast cancer, clear cell renal cell carcinoma, osteosarcoma, and 
neuroblastoma. Our previous results have demonstrated a reduced levels of several oncogenes, as well 
as inhibited growth of neuroblastoma cells upon MCPIP1 overexpression. Here, we investigate the 
mechanisms underlying the suppression of MYCN proto-oncogene, bHLH transcription factor (MYCN)- 
amplified neuroblastoma cells overexpressing the MCPIP1 protein. We showed that the levels of several 
transcripts involved in cell cycle progression decreased in BE(2)-C and KELLY cells overexpressing 
MCPIP1 in a ribonucleolytic activity-dependent manner. However, RNA immunoprecipitation indicated 
that only AURKA mRNA (encoding for Aurora A kinase) interacts with the ribonuclease. Furthermore, the 
application of a luciferase assay suggested MCPIP1-dependent destabilization of the transcript. Further 
analyses demonstrated that the entire conserved region of AURKA seems to be indispensable for the 
interaction with the MCPIP1 protein. Additionally, we examined the effect of the ribonuclease over-
expression on the miRNA expression profile in MYCN-amplified neuroblastoma cells. However, no 
significant alterations were observed. Our data indicate a key role of the binding and cleavage of the 
AURKA transcript in an MCPIP1-dependent suppressive effect on neuroblastoma cells.
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1. Introduction

MCPIP1 (monocyte chemoattractant protein-induced protein 1), 
alias regnase-1, was first described more than a decade ago as the 
negative regulator of inflammation in macrophages [1]. The best- 
recognized domains of the MCPIP1 protein are the PilT N-termi-
nus domain, exhibiting ribonuclease activity, and the Cys–Cys– 
Cys–His- type zinc finger domain responsible for the binding of its 
substrate RNA molecules [2–4]. Apart from mRNA molecules, the 
protein is also thought to be able to antagonize DICER by cleaving 
the miRNA precursors [5,6]. Studies of MCPIP1-mediated regula-
tion of immune response revealed that the ribonuclease could bind 
and degrade transcripts of several pro-inflammatory cytokines [7– 
10]. Recently, a novel activity of the MCPIP1 protein has been 
observed. The ribonuclease can silence the translation of bound 
RNA molecules without induction of their cleavage [11]. 
Additionally, the protein was also found to be a part of the 
deubiquitinase complex that facilitates the deubiquitination of 
tumour necrosis factor receptor–associated factor (TRAF) proteins. 
Deubiquitinase-associated activity of MCPIP1 leads to inhibition of 
nuclear factor kappa B (NFκB) signalling in immune cells [12–14].

As tumour-promoting inflammation is one of the hall-
marks of cancer, the pathways regulating immune response 
have been broadly studied in tumorigenesis. Moreover, selec-
tive anti-inflammatory drugs have been developed and are 
currently used or undergoing clinical trials [15]. However, 
the knowledge concerning the role of inflammation-silencing 
RNases in cancer is still limited. Recent publications point to 
the tumour-suppressive role of the MCPIP1 protein in a few 
cancers, such as clear cell renal cell carcinoma, breast cancer, 
neuroblastoma, and osteosarcoma [16, 17, 18, 19, 20, 21, 22, 
23, 24, 25].

Neuroblastoma is the most common extracranial solid 
tumour of childhood. It arises from the sympathoadrenal 
lineage of the neural crest, which migrates away from the 
place of origin during embryogenesis. Therefore, primary 
tumours usually develop in the chest, head, neck, and pelvis 
[26]. The clinical presentation of neuroblastoma varies from 
spontaneous regression to rapid progression and metastasis 
despite multimodal therapies. This depends on the age of 
diagnosis, as well as genetic prognostic factors. The most 
important one is MYCN proto-oncogene, bHLH transcription 
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factor (MYCN) amplification, which occurs in approximately 
25% of tumours (Maris et al. 2007). High levels of MYCN 
transcription factor prevent cell cycle exit and differentiation 
of the neuroblasts, which leads to neuroblastoma tumour 
development. Unfortunately, due to the extensiveness of the 
region of MYCN interaction with its protein partners and 
target DNA, the inhibitors of the transcription factor were 
not hitherto developed. However, it is possible to diminish 
MYCN levels in neuroblastoma cells by the inhibition of 
Aurora A kinase, (encoded by the AURKA gene) stabilizing 
the transcription factor [27]. Recently, we have demonstrated 
that overexpression of MCPIP1 ribonuclease in MYCN- 
amplified (MNA) neuroblastoma cell lines results in decreased 
levels of both MYCN and Aurora A proteins [17]. The ther-
apeutic strategies targeting Aurora A have been investigated 
during the last decade resulting in a phase II clinical trial of 
one of the kinase small molecule inhibitors, alisertib, for the 
treatment of high-risk neuroblastoma [28–30].

In the present study, we elaborate on the mechanisms of 
MCPIP1 ribonuclease action in MNA neuroblastoma cells. 
Based on our previous findings [17–19], we proposed several 
putative MCPIP1’s substrates in neuroblastoma cells. In order 
to verify their interaction with the ribonuclease, we demon-
strated that the overexpression of MCPIP1 leads to decreased 
levels of a few mRNAs, encoding proteins facilitating cell cycle 
progression in a RNase-dependent manner. Then, we evalu-
ated the interaction of these transcripts with the MCPIP1 
protein. The analysis allowed us to suggest the binding 
between the ribonuclease and the AURKA transcript. 
Subsequently, we showed that MCPIP1 overexpression leads 
to the destabilization of the AURKA mRNA in BE(2)-C neu-
roblastoma cells. After the indication of AURKA mRNA as 
a novel MCPIP1’s substrate in neuroblastoma cells, we 
demonstrated that the whole conserved region of AURKA 3′ 
UTR seems to be indispensable for the ribonuclease- 
dependent cleavage of the transcript. In addition, we investi-
gated the effects of MCPIP1 overexpression on the miRNA 
expression profile in MNA neuroblastoma cells.

3. Materials and methods

3.1. Cell culture

BE(2)-C (ATCC, CRL-2268, Manassas, VA, USA) and KELLY 
(DSMZ, ACC 355, UK) cells were cultured as described pre-
viously [31].

3.2. Generation of genetic constructs

3′UTR of AURKA was synthesized with NheI and XhoI restric-
tion sites added on the 3′ and 5′ ends and cloned into the 
pcDNA3.1 vector by GenScript (Leiden, Netherlands). 
Sequences of the conserved region (CR) of AURKA 3′UTR and 
putative binding sites (PBS) of the MCPIP1 protein with the 
restriction sites for NheI and SalI added on the 5′ and 3′ ends, 
respectively, were synthesized by Genomed (Warsaw, Poland). 
Sequences of the inserts are listed in Table S1. Additionally, 
flanking sequences were added to the PBS2 sequence in order 
to assure the unaltered secondary structure of the RNA on the 

final transcript (luciferase_PBS2). Furthermore, a sequence of 
mutated PBS1 with two-point mutations introduced in order to 
stabilize the secondary structure was included (PBS1stab). 
Subsequently, inserts gathered in Table S1 were cloned into the 
pJet1.2 vector using a CloneJET PCR Cloning Kit (K1231, 
Thermo Fisher Scientific, Waltham, MA, USA). Then, the 
pmiRGlo plasmid vector (E1330, Promega, Madison, 
Wisconsin, USA), pcDNA3.1_AURKA-3′UTR, pJet1.2_AUR 
KA-CR, pJet1.2_AURKA-PBS1wt, pJet1.2_AURKA-PBS1stab, 
pJet1.2_AURKA-PBS2, and pJet1.2_AURKA-PBS3 were 
digested using NheI (R3131, LabJot, Warsaw, Poland) and SalI 
(R3138, LabJot, Warsaw, Poland) or NheI and XhoI (R0146, 
LabJot, Warsaw, Poland) restriction enzymes and separated by 
gel electrophoresis in 1% agarose gel for pmiRGlo, 2% agarose 
gel for pcDNA3.1_AURKA-3′UTR, or 5% agarose gel for 
pJet1.2_AURKA-CR, pJet1.2_AURKA-PBS1wt, pJet1.2_AU 
RKA-PBS1stab, pJet1.2_AURKA-PBS2, and pJet1.2_AURKA- 
PBS3 and visualized by Simply Safe (E-4600, EURx, Gdańsk, 
Poland). Subsequently, digested pmiRGlo plasmid vector and 
appropriate inserts were cut from the agarose gels and isolated 
using a Gel-Out kit (024–50, A&A Biotechnology, Gdynia, 
Poland). Next, AURKA-3′UTR, AURKA-CR, AURKA- 
PBS1wt, AURKA-PBS1stab, AURKA-PBS2, and AURKA-PBS3 
were incorporated into the pmiRGlo plasmid vector using T4 
DNA ligase (M0202, LabJot, Warsaw, Poland). All genetic con-
structs were verified by sequencing (Genomed, Warsaw, 
Poland).

3.3. Cell transfection with MCPIP1-wt and 
MCPIP1-D141N expression vector

Vectors used to achieve transient overexpression of wild type 
or mutated MCPIP1 were described by Lipert and colleagues 
[32]. Transfection procedures for BE(2)-C and KELLY cells 
were depicted previously [17].

3.4. RNA isolation

Total RNA was isolated using TRI-REAGENT (TRI118, Lab 
Empire, Rzeszów, Poland) or a miRVana miRNA Isolation Kit 
(AM1560, Thermo Fisher Scientific, Waltham, MA, USA) for 
mRNA and miRNA analyses, respectively. The integrity of the 
RNA samples was verified by electrophoresis in 1% agarose gel.

3.5 mRNA reverse transcription and reverse transcription 
polymerase chain reaction (RT-qPCR)

Each sample of 1 μg RNA was treated with DNase I (AMPD1, 
Sigma-Aldrich, Darmstadt, Germany) and reverse-transcribed 
using M-MLV Reverse Transcriptase (28025013, Thermo 
Fisher Scientific, Waltham, MA, USA). RT-qPCR was carried 
out using a KAPA SYBR FAST qPCR Master Mix (SFUKB, 
Sigma-Aldrich, Darmstadt, Germany). cDNA used for RT- 
qPCR was diluted 50 times. Primers used for amplifications 
are shown in Table S2. All experiments were performed three 
times. For quantification of the relative mRNA level, the 
‘ΔΔCq’ method was used [33].
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3.6. Small RNA sequencing (RNAseq)

KELLY cells were transfected with MCPIP1-wt, MCPIP1- 
D141N, or empty expression vectors, as described above. On 
the fourth day after transfection, cells were harvested, and 
RNA was extracted using a miRVana miRNA Isolation Kit 
(AM1560, Thermo Fisher Scientific, Waltham, MA, USA). 
Next, deep miRNA sequencing was carried out on an Ion 
Torrent TM Proton machine. RNA samples were evaluated 
using an RNA 6000 Pico Kit, and the miRNA fraction was 
assessed using a Small RNA Kit on an Agilent 2100 
Bioanalyzer (Agilent, Santa Clara, CA, USA). Subsequently, 
libraries were generated using an Ion Total RNA-Seq Kit v2 
(4479789, Thermo Fisher Scientific, Waltham, MA, USA). 
Total RNA (10 µg) was used as the input material. Libraries 
were sequenced on an Ion Proton Sequencer using an Ion PI 
Hi-Q Sequencing 200 chemistry and Ion PI Chips v3 (A26433, 
Thermo Fisher Scientific, Waltham, MA, USA).

3.7. Analysis of RNAseq data

Quality control of reads was conducted using FastQC software 
version 0.11.5 (http://www.bioinformatics.babraham.ac.uk/ 
projects/fastqc). Raw sequencing reads were adapter- 
trimmed using Cutadapt version 2.08 [34] and aligned with 
Bowtie version 1.2.3 [35] to a miRBase (version 21) database 
using miRge2 [36]. MicroRNAs, in which at least ten reads 
were aligned in a single sample, were selected for further 
study. Read normalization, as well as identification of differ-
entially expressed miRNAs, was conducted using DESeq2 
version 1.24.0 [37] with Benjamini and Hochberg correction 
for multiple testing and 0.1 significance level. Read counts 
were normalized across all the samples according to the 
DESeq2 methodology using normalization by the median 
algorithm.

3.8. miRNA reverse transcription and quantitative PCR

Each sample of 20 ng RNA was reverse transcribed using 
a miRCURY LNATM Universal RT microRNA PCR (203907, 
Exiqon, Vedbaek, Copenhagen). Quantification of specific 
miRNAs relative expression was carried out with 
a miRCURY LNA microRNA PCR, ExiLENT SYBR Green 
master mix (203401, Exiqon, Vedbaek, Copenhagen). For the 
PCR reaction, cDNA was diluted 60 times. As a reference, 
hsa-miR-103a-3p was used. Primers for hsa-miR-324-3p 
(YP00204303), hsa-miR-328-3p (YP00204364), hsa-miR-99b- 
5p (YP00205983), hsa-miR-1260a (YP00205892), hsa-miR 
-361-5p (YP00206054), hsa-miR-484 (YP00205636), and the 
reference hsa-miR-103a-3p (YP00204063) were provided by 
Exiqon. All experiments were carried out three times. For the 
relative quantification of miRNA levels, the ‘ΔΔCq’ method 
was used [33].

3.9. Protein extraction and western blot analyses

Protein extraction and western blot analyses of MCPIP1 and 
the reference protein (GAPDH) were performed as described 
previously [19].

3.10. RNA immunoprecipitation (RIP)

BE(2)-C and KELLY cells were transfected with pCMV2-Flag and 
pCMV2-MCPIP1-D141N-Flag expression vectors depicted by 
Lipert and colleagues [32] using the transfection procedure 
described earlier. On the fourth day, cells were collected and 
washed twice using a cold phosphate buffer solution. Cells were 
lysed in a lysis buffer [TRIS 50 mM, NaCl 150 mM, 0.5% Nonidet 
P-40 (NON505, Lab Empire, Rzeszów, Poland)], supplemented 
with an RNase inhibitor (037, A&A Biotechnology, Gdynia, 
Poland) and a protease inhibitor cocktail (P8340, Sigma-Aldrich, 
Darmstadt, Germany), incubated 20 min on ice, and centrifuged 
at 16000 x g for 20 min. Subsequently, supernatants were trans-
ferred to fresh tubes, and the protein concentration was assessed 
using the bicinchoninic acid assay method [38]. Next, beads from 
a Dynabead Protein A Immunoprecipitation Kit (10006D, 
Thermo Fisher Scientific, Waltham, MA, USA) were incubated 
with gentle rotation for 30 min at room temperature (20–25 °C) 
with 10 μl anti-FLAG rat monoclonal antibody (SAB4200071, 
Sigma-Aldrich, Darmstadt, Germany) diluted in a phosphate buf-
fer solution with 0.01% TWEEN-20 (TWN508, Lab Empire, 
Rzeszów, Poland). Beads conjugated with antibodies were incu-
bated for 2 h with gentle rotation at 4°C with 1 mg of protein 
isolated from cells transfected with an empty vector (negative 
control) or the MCPIP1-D141N-Flag expression vector. After 
binding Flag-tag or MCPIP1-D141N-Flag protein, beads were 
washed with the lysis buffer and treated with DNase I (AMPD1, 
Sigma-Aldrich, Darmstadt, Germany). Subsequently, beads were 
washed four times with the lysis buffer. Following the RIP proce-
dure, immunoprecipitated RNA was extracted from the beads 
with TRI-REAGENT.

3.11. Actinomycin D treatment

BE(2)-C cells were transfected with the empty control vector 
or the MCPIP1-wt expression vector following the procedure 
described in the subchapter 3.3. On the fourth day after 
transfection the medium was changed and replaced with 
complete medium containing actinomycin D (ACT001, Lab 
Empire, Rzeszow, Poland) at the concentration of 5 µg/ml or 
the even volume of DMSO (D2650, Sigma, Darmstadt, 
Germany). Cells were harvested at 4 time points (0 hours, 
1 hour, 2 hours, 3 hours), and RNA was extracted from the 
cells. Subsequently, RNA samples were reverse transcribed 
and the relative levels of AURKA mRNA at different time 
points versus 0 hours’ time point were assessed by RT-qPCR.

3.12. Luciferase assays

BE(2)-C and KELLY cells were transfected in 6-well plates follow-
ing the transfection procedure depicted earlier. For each well, 2 μg 
of the pmirGlo dual-luciferase reporter vector (pmirGlo_AUR 
KA-3′UTR, pmirGlo_AURKA-CR, pmirGlo_AURKA-PBS1wt, 
pmirGlo_AURKA-PBS1stab, pmirGlo_AURKA-PBS2, pmir 
Glo_AURKA-PBS3, or the empty pmirGlo) and 2 μg of 
MCPIP1-wt, MCPIP1-D141N, or the empty expression vector 
were used. 48 hours after transfection cells were lysed. Next, firefly 
(reporter gene) and renilla (internal control) luciferase activities 
were assessed using a Dual-Luciferase Reporter Assay System 
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(Promega, Madison, Wisconsin, USA). Relative luciferase activ-
ities were calculated compared to the corresponding values for the 
empty reporter vector.

3.13. Bioinformatics analyses of sequences interacting 
with MCPIP1 protein

Conservation of the RNA sequences interacting with the MCPIP1 
protein in mammalian species was assessed with ClustalW 
(https://www.genome.jp/tools-bin/clustalw). Accessibility, defin 
ed as probability of a lack of interaction with other nucleotides 
in the analysed sequence (being unpaired), of trinucleotides in the 
MCPIP1 binding sites together with 40 nucleotide flanking regions 
were determined using RNAplfold 2.4.14 [39]. Sequence motifs 
enriched in the sequences interacting with the MCPIP1 protein 
were identified with the MEME 5.1.0 algorithm [http://meme- 
suite.org/tools/meme; 40].

3.14. Statistical analyses

Statistical analyses were performed using Statistica 13 
(StatSoft, Kraków, Polska). Exact tests performed for each 
set of experiments are indicated in the figure legends.

4. Results

4.1. Six transcripts associated with cell cycle progression 
are possible MCPIP1’s ribonuclease substrates in 
neuroblastoma cells

Elucidation of a ribonuclease action in cells requires the deter-
mination of its substrate RNAs. For better control of the ribo-
nucleolytic activity of MCPIP1, we applied a point mutated form 
of the MCPIP1 protein (MCPIP1-D141N) instead of the deletion 
mutant, devoid of the ribonuclease domain, used by us so far 
[17–19,31]. Substitution of aspartic acid residue 141 with aspar-
agine in the catalytic centre of the MCPIP1 protein results in the 
abolishment of ribonucleolytic activity, while the ability to bind 
specific RNAs is retained [9]. Transfection of neuroblastoma 
cells with the expression vector for wild-type (MCPIP1-wt), 
and the mutated (MCPIP1-D141N) form of MCPIP1 was 
shown to be highly effective as upregulation of the protein was 
observed at 10-fold for BE(2)-C cells (Figure 1A and C) and 
8-fold for KELLY cells (Fig. 1B and D).

The previously used experimental model contained the con-
trol for both, the MCPIP1 overexpression (cells transfected 
with an empty expression vector) and the protein’s ribonucleo-
lytic activity (cells overexpressing the mutated form of 
MCPIP1). Using this model we have shown a broad range of 
alteration in transcriptome and proteome of neuroblastoma 
cells overexpressing MCPIP1 protein via application of micro-
arrays, RT-qPCR and western blot [17–19,31]. The decreased 
transcript expression in the cells overexpressing the wild-type 
form of MCPIP1, and simultaneously, unaltered levels in the 
cells with overexpression of the mutated form of the protein, 
points to the indispensability of the ribonucleolytic activity of 
MCPIP1 for the observed downregulation of a mRNA. 
Moreover, the decrease of a specific transcript levels in 
a manner dependent on the MCPIP1’s ribonucleolytic activity 

constitutes a premise of the possible interaction between the 
mRNA and the ribonuclease. According to the described requi-
sites we were able to select twelve putative MCPIP1’s substrates 
based on our hitherto published data concerning the expres-
sion in the cells overexpressing wild type and mutated form of 
the ribonuclease. In depth, we have chosen Minichromosome 
maintenance 10 replication initiation factor (MCM10) [18]; 

Figure 1. Overexpression levels of the MCPIP1 protein in BE(2)-C and KELLY 
neuroblastoma cells. Relative MCPIP1 protein levels were measured by western 
blot 4 days after transfection with either MCPIP1-wt or MCPIP1-D141N expres-
sion vectors in BE(2)-C (A) and KELLY (B) cells. Representative images of western 
blot signals for MCPIP1 and the reference protein (GAPDH) for BE(2)-C (C) and 
KELLY (D) cells. The experiments were performed three times. Graphs represent 
mean ± SEM. The one-way analysis of variance was implemented with Tukey’s 
post hoc test. C, cells transfected with an empty vector; MCPIP1-wt/Wt, cells 
transfected with the wild type MCPIP1 expression vector; MCPIP1-D141N/D141N, 
cells transfected with the mutated MCPIP1 expression vector; GAPDH, glycer-
aldehyde 3-phosphate dehydrogenase. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 2. Analysis of putative MCPIP1 target mRNAs expression in neuroblas-
toma cells overexpressing MCPIP1 protein. Relative expression levels of selected 
genes encoding proteins involved in cell cycle regulation in BE(2)-C (A) and 
KELLY (B) cells overexpressing MCPIP1 assessed by RT-qPCR. Relative expression 
levels of genes encoding proteins involved in apoptosis, mTOR, and NFκB path-
ways in BE(2)-C (C) and KELLY (D) cells overexpressing MCPIP1 protein. RPS13 
(40S ribosomal protein S13) was used as a reference. All experiments were 
performed three times. The results were calculated compared to the values for 
the control cells, set as 1 (black baseline). Graphs represent mean ± SEM. The 
one-way analysis of variance was implemented with Tukey’s post hoc test. 
MCPIP1-wt, cells transfected with the wild type MCPIP1 expression vector; 
MCPIP1-D141N, cells transfected with the mutated MCPIP1 expression vector. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Cell division control protein 2 (CDC2), AURKA, Mammalian 
target of rapamycin (MTOR), Rapamycin-insenstivie compa-
nion of mTOR (RICTOR), Regulatory associated protein of 
mTOR (RPTOR), MYCN [17]; and CCND1, CCND3, CCNE1, 
CCNE2, Retinoblastoma (RB) [19]. The expression of the genes 
from this group was decreased in cells overexpressing 
MCPIP1-wt, but unaltered in cells overexpressing the deletion 
mutant of the protein in at least one of the studied neuroblas-
toma cell lines [17–19]. To estimate the probability of interac-
tion between MCPIP1 and the candidate transcripts, we 
analysed the 3′UTRs to find evolutionarily conserved stem- 
loop structures with pyrimidine-purine-pyrimidine sequences 
in the loop, as such structures were described as recognized by 
the MCPIP1 protein [9]. We obtained candidate structures for 
nine of the transcripts (Table S3).

As MCPIP1 overexpression was found to suppress breast 
cancer progression via destabilization of RELB, BCL2A1, 
BCL2L1, BCL3, and BIRC3 [21], we decided to include these 
genes in the assessment of relative expression in our experimental 
model in addition to the previously mentioned twelve candidate 
substrates of the ribonuclease. Additionally, we evaluated the 
expression of C-REL mRNA, which was identified as MCPIP1’s 
substrate by Mino and colleagues [9]. Decreased mRNA level in 
cells overexpressing MCPIP1-wt, together with unchanged 
expression in cells overexpressing MCPIP1-D141N (control for 
the ribonucleolytic activity of the protein), points to a possible 
degradation of the transcript by the MCPIP1 protein. Described 
downregulation of the mRNA levels, dependent on the ribonu-
cleolytic activity of MCPIP1, was found for AURKA, CCND1, 
CCNE1, CCNE2, CDC2, MCM10, and MYCN in BE(2)-C cells 
(Fig. 2A). The results were consistent with the data obtained for 
KELLY cells, apart from the MYCN transcript, which was also 
decreased in the KELLY cells overexpressing MCPIP1-D141N 
(Fig. 2B). Of note, all the transcripts, which were decreased in 
the manner dependent on the ribonucleolytic activity of MCPIP1, 
and therefore possibly degraded by the ribonuclease, encode 
proteins facilitating cell cycle progression [19]. The remaining 
transcripts, ie. RB, MTOR, RICTOR, RPTOR, RELB, C-REL, 
BCL2L1, and BIRC3, were either unchanged or slightly increased 
in our experimental model (Fig. 2). Interestingly, potent upregu-
lation of BCL2A1 transcript levels was observed in cells over-
expressing MCPIP1 (Fig. 2C and D).

Apart from its RNase activity, the MCPIP1 protein is also able to 
facilitate the deubiquitination of several proteins involved in the 
NFκB pathway [14]. To assess whether the deubiquitinase- 
associated activity of MCPIP1 contributes to its suppressive effect 
on neuroblastoma cells, we measured the levels and phosphoryla-
tion status of several proteins involved in the NFκB pathway. 
However, no changes were found between control cells and cells 
overexpressing the MCPIP1 protein (Fig. S1), ruling out the invol-
vement of the NFκB pathway in the observed effect. Therefore, the 
MCPIP1 effect on neuroblastoma cells seems to be mostly depen-
dent on the RNase activity of the protein.

4.2. MCPIP1 protein binds AURKA transcript in 
neuroblastoma cells

For further investigation of possible MCPIP1-dependent degra-
dation of AURKA, CCND1, CCNE1, CCNE2, CDC2, and 

MCM10 mRNAs, decay rates of the transcripts in cells over-
expressing MCPIP1-wt or MCPIP1-D141N were assessed after 
treatment with actinomycin D. Unexpectedly, the observed toxic 
effect of the antibiotic on the KELLY cells was severe. Even the 
cells treated with a minute concentration of the antibiotic exhib-
ited some motions of decreased viability, such as reduced adher-
ence. Since the six investigated transcripts encode proteins 
involved in the cell cycle progression, the cytostatic effect of 
the antibiotic might mask the impact of MCPIP1 protein on 
the mRNAs stability. Therefore, the results of these experiments 
were not conclusive (Fig. S2; Table S4).

An alternative method to assess the degradation of 
a transcript by a ribonuclease is the evaluation of binding 
between RNA and ribonuclease. To evaluate the physical 
interaction of MCPIP1 and the transcripts possibly degraded 
by the ribonuclease (ie. AURKA, CDC2, MCM10, CCNE1, 
CCNE2, CCND1), cells were transfected with the Flag-tagged 
MCPIP1-D141N (MCPIP1-D141-Flag) expression vector. 
Transfection efficacy was assessed by western blot (Fig S4. 
A and B). After 48 h, RNA immunoprecipitation (RIP) was 
performed. Compared to the negative control samples, sig-
nificant enrichment of the AURKA transcript was found in 
the RNA immunoprecipitated with MCPIP1-D141N-Flag 
protein (Fig. 3), indicating that AURKA mRNA might be 
the preferred substrate of MCPIP1. Additionally, for BE(2)- 
C cells, CCNE1 and CCNE2 transcripts were also enriched in 
the RNA immunoprecipitated with MCPIP1-D141N-Flag 
(Fig. 3A). However, as the enrichment of CCNE1 and 
CCNE2 mRNAs occurs only in the RNA immunoprecipitated 
with MCPIP1 in the BE(2)-C cells, we decided to focus on 
further evaluation of only the interaction between the protein 
and AURKA transcript. Other transcripts levels were similar 
to those in the negative control group (Fig. 3).

4.3. MCPIP1 overexpression in neuroblastoma cells 
results in destabilization of AURKA 3′UTR

Following the establishment of the interaction between the 
MCPIP1 protein and AURKA transcript, we investigated pos-
sible MCPIP1-dependent destabilization of AURKA 3′UTR. 
To this end we have performed AURKA mRNA stability 
assay using BE(2)-C neuroblastoma cells treated with actino-
mycin D. A faster degradation of AURKA transcript correlat-
ing with MCPIP1 overexpression was observed (Fig. 4A). 
Treatment of the cells with DMSO did not affect AURKA 
levels in both control cells and cells overexpressing MCPIP1 
protein (Fig. 4B). To further investigate MCPIP1-dependent 
destabilization of AURKA mRNA a luciferase reporter system 
was applied, in which 3′UTR of AURKA was attached down-
stream of the luciferase coding sequence. BE(2)-C and KELLY 
cells overexpressing MCPIP1-wt exhibited significantly 
decreased luciferase activity (Fig. 4C and D). Moreover, in 
the MCPIP1-D141N overexpressing cells of both cell lines, the 
luciferase activity was similar to the control cells (Fig. 4C and 
D). The levels of achieved MCPIP1 overexpression were mea-
sured by western blot (Fig. S4 C and D). MCPIP1-dependent 
decrease of luciferase activity suggests, that although the 
mutated form of MCPIP1, lacking the ribonucleolytic activity 
was able to bind AURKA mRNA (Fig. 3), the active catalytic 
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centre of the protein is indispensable for the destabilization of 
the transcript (Fig. 4C and D). The recognition of sequences 
in the 3ʹUTR of specific transcripts by MCPIP1 followed by 
the endonucleolytic cleavage catalysed by the ribonuclease is 
well documented in the literature [7–10,21,32,41,42]. 
Therefore, presented results strongly indicate, that AURKA 
is a preferred substrate of MCPIP1 protein.

Degradation of AURKA 3′UTR was further analysed by 
assessing levels of luciferase mRNA in parallel with luciferase 
activity. The levels of the luciferase transcript were diminished 
in BE(2)-C and KELLY cells overexpressing MCPIP1-wt, 
whereas overexpression of MCPIP1-D141N does not alter 
the luciferase expression (Fig. 4E and F). Thus, the decrease 
of luciferase activity depended on the amount of the tran-
script. Consequently, to investigate the cleavage of the 
AURKA transcript by the MCPIP1 protein, further analyses 
to determine which specific regions of AURKA 3′UTR interact 
with MCPIP1 protein were performed.

4.4. Previously described sequences cleaved by MCPIP1 
protein share common sequence and structure motifs

As MCPIP1 protein was first described more than a decade 
ago, several detailed sequences showing interaction with the 
RNase were reported in human and murine settings by dif-
ferent researchers (Table 1). All sequences were highly con-
served in mammalian species (data not shown). Detailed 
bioinformatics analysis of MCPIP1-interacting elements, 
together with the 40 nucleotide flanking regions, revealed 
that the pyrimidine-purine-pyrimidine sequence does not 
necessarily form a loop with a thermodynamically stable hair-
pin structure (Fig. S3). Nevertheless, the assessment of the 
probability of being unpaired (i.e., accessibility) of pyrimi-
dine-purine-pyrimidine sequences recognized by MCPIP1 
protein revealed that these sequences are significantly more 
accessible than the neighbouring six nucleotides downstream 
and upstream (Fig. 5A). All sequences found in literature 

share a common, significantly enriched motif-containing the 
pyrimidine-purine-pyrimidine sequence (U[G/A]U) (Fig. 5B). 
This motif was also found in the conserved region of AURKA 
3′UTR.

4.5. Complete conserved region of AURKA 3′UTR seems 
to be required for MCPIP1-dependent cleavage of the 
transcript

Although AURKA 3′UTR consists of 768 bases, only a 95-base 
region is highly conserved across mammalian species (Fig. 6A). 
Thus, we hypothesized that a binding site recognized by the 
MCPIP1 protein is localized within this conserved region (CR). 
Analysis of base accessibility and the sequence of the AURKA 3′ 
UTR CR allowed for the proposal of three putative binding sites 
(PBS) of MCPIP1 ribonuclease (Fig. 6A and B). Among the 
chosen sites, PBS1 and PBS2 were characterized by base acces-
sibility pattern common within the hitherto described MCPIP1 
binding sites (Fig. 6A). However, the sequential motif shared 
between all known MCPIP1 target sites was found only in PBS2 
and PBS3 sequences (Fig. 6B).

In order to determine if any of the proposed sites could be 
functional, we applied a luciferase reporter system in which 
the CR of AURKA or the putative binding sites were cloned 
downstream of the luciferase coding sequence. Since MCPIP1 
protein requires a spacing sequence of at least 20 nucleotides 
from the stop codon in order to recognize the specific binding 
site [9], we have chosen the restriction site located 28 nucleo-
tides downstream from the luciferase coding sequence. 
Furthermore, as placement of the PBS1 sequence in the 
pmiRGlo reporter vector resulted in a decrease of the second-
ary structure stability, we introduced a point mutant of the 
sequence (PBS1stab). The mutation was brought into the stem 
sequence of PBS1 and increased the stability of the stem loop 
structure in the plasmid-derived mRNA. After the BE(2)-C 
cells co-transfection, achieved overexpression of MCPIP1 wild 
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Figure 3. Assessment of MCPIP1 protein binding of several transcripts in neuroblastoma cells. Evaluation of relative levels of selected transcripts in the RNA 
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used as a reference. All experiments were performed three times. Graphs represent mean ± SEM and were calculated compared to the negative control values, set as 
1 (black baseline). For the determination of statistical significance, a T-test was performed. *P < 0.05.
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type and mutated form was evaluated by western blot (Fig. S4 
E-J). The series of luciferase assay experiments revealed that 

only BE(2)-C cells co-transfected with the MCPIP1-wt expres-
sion vector, and the pmiRGlo_AURKA-CR reporter vector 
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exhibited significantly decreased luciferase activity (Fig. 6C). 
Moreover, this phenomenon was dependent on MCPIP1 ribo-
nucleolytic activity, as we did not observe the inhibition of 
luciferase activity in cells co-transfected with the MCPIP1- 
D141N expression vector and the pmiRGlo_AURKA-CR 
reporter vector (Fig. 6C). Simultaneously, the luciferase activ-
ity of the cells co-transfected with MCPIP1 expression vectors 
and reporter vectors containing putative binding sites was 
similar to the control cells (Fig. 6C). Therefore, MCPIP1 
overexpression does not seem to affect the stability of any of 
the putative MCPIP1 binding sites within the AURKA 3′UTR 
conserved region. Luciferase transcript stability was further 
assessed by RT-qPCR (Fig. 6D). The experiments revealed 
a decrease in the luciferase transcript level in cells co- 
transfected with the MCPIP1-wt expression vector and the 
pmiRGlo_AURKA-CR reporter vector (Fig. 6D). The lucifer-
ase expression in the remaining groups of studied cells was 
similar to control (Fig. 6D). Thus, the RT-qPCR experiments 
further confirmed the results obtained by the luciferase assays. 
All the described data indicate, that the entire AURKA con-
served region is required for MCPIP1-dependent decay of the 

transcript. The exact mechanism of the binding between 
MCPIP1 ribonuclease and AURKA mRNA, however, remains 
to be elucidated.

4.6. Overexpression of MCPIP1 protein does not 
significantly alter miRNA expression profile in 
neuroblastoma cells

Some reports point to the possibility of the cleavage of specific pre- 
miRNAs by the MCPIP1 protein [6,43]. Moreover, deregulation of 
the miRNA profile was found to affect the biology and prognosis 
of neuroblastoma tumours [44]. Thus, we hypothesized that some 
aspects of the suppressive effect of MCPIP1 protein upregulation 
on neuroblastoma cells might be attributed to MCPIP1-dependent 
miRNA dysregulation.

To investigate this hypothesis, we applied small RNA sequen-
cing (RNAseq) of RNA extracted from KELLY cells transfected 
with the MCPIP1-wt and MCPIP1-D141N expression vectors or 
the empty expression vector as a control. Interestingly, no signifi-
cant changes in the miRNA expression profile were observed 
between MCPIP1-wt or MCPIP1-D141N against the control 

Figure 5. Characterization of known MCPIP1 target sequences. (A) The correlation between the distance from nucleotides bound by MCPIP1 and their accessibility 
calculated using the RNAplfold algorithm. Nucleotides bound by MCPIP1 were set as 0. (B) Representation of consensus RNA motif recognized by MCPIP1 protein as 
position weight matrix logos generated using the MEME algorithm. [E-value = 1.2e-003]. Letter size corresponds to relative nucleotide entropy, represented as bits.

Table 1. Previously determined sequences from human and mouse transcriptome interacting with MCPIP1 protein.

Gene Sequence interacting with MCPIP1 Reference

Human BCL2L1 UUUAUGUGUGAGGAGCUGCUGG [21]
BIRC3 GUGUGCAUAUAUGUUGAAUGAC [21]
IER3 AGCGACUGUCGAGAUCGCCUAGU [41]
IL6 UUAUGUUGUUCUCUAUGGAGAAC [41]
NFKBIZ AGUUGUUUCUAUGAAACAAACAUAUUUAGUUCACUAUUAUAUAG [9]
TM2D3 UUUUUAAUGUACAGCAUCUGUACUU [9]

Mouse cRel AAAACGUGUAAUGGCUAUGCCAUU [10]
Il2 GAUAAAUAUGGAUCUUUAAAGAUU [7]
Il6 GACUUAUGUUGUUCUCUACGAAGA [7]
Mcpip1 UGAUCACCCUGUUGAUACACAUUG [42]
Ptgs2 CCGUUUCUCGUGGUCACUUUACUA [9]
Stat3 UCAGUGCAGUGGCUUGUGUUCUGG [8]
Tnf GACAGACAUGUUUUCUGUGAAAAC [9]
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cells (data not shown). Nevertheless, 14 miRNAs were found to be 
differentially expressed in the cells overexpressing MCPIP1- 
D141N as compared to the cells overexpressing MCPIP1-wt 
(Table 2). Twelve of the miRNAs decreased in cells overexpressing 
point MCPIP1-D141N (Table 2). Simultaneously, only two of the 
altered miRNAs exhibited higher levels in cells with MCPIP1- 
D141N overexpression (Table 2).

In order to select miRNAs to be validated via RT-qPCR, we 
performed a thorough literature review. We chose six miRNAs 
based on their potential to regulate intracellular pathways impor-
tant in neuroblastoma pathogenesis or their described role in 
cancer development and diagnosis. Two of the selected 
miRNAs, hsa-miR-328-3p and hsa-miR-99b-5p, were found to 
affect Akt/mTOR signalling in cancer cells [45,46]. Another two of 
the miRNAs, hsa-miR-324-3p and hsa-361-5p, contribute to the 
activation and inhibition of the Wnt pathway, respectively [47,48]. 
Another miRNA, hsa-miR-484, is involved in apoptosis suppres-
sion [49]. Moreover, we decided to include in our quantitative 

analysis hsa-miR-1260a because of its prognostic value in a few 
cancer types [50–52].

Surprisingly, RT-qPCR experiments did not confirm any of 
the changes detected by RNAseq (Fig. 7A). The only alteration in 
miRNA expression was the increase of the hsa-miR-484 level in 
KELLY cells overexpressing MCPIP1-D141N (Fig. 7A). 
However, since the statistically significant changes detected 
with RNAseq concerned only the comparison between MCPIP1- 
D141N and MCPIP1-wt groups, we reanalysed the obtained data 
to calculate the fold change in MCPIP1-D141N cells vs MCPIP1- 
wt cells. A comparative analysis of the PCR results between 
MCPIP1-D141N and MCPIP1-wt uncovered decreased hsa- 
miR-1260a levels in KELLY cells overexpressing mutated form 
of the protein (Fig. 7A). The observed downregulation of hsa- 
miR-1260a was in accordance with the RNAseq results (Table 2).

As MCPIP1 action in cells is often dependent on the cell type, 
we decided to investigate the expression of the selected miRNAs 
in BE(2)-C cells with MCPIP1 overexpression. Here, we observed 

Figure 6. Assessment of stability of the conserved region (CR) of AURKA 3′UTR and putative binding sites (PBS) of MCPIP1 protein in BE(2)-C cells overexpressing 
MCPIP1. (A) Visualization of AURKA 3′UTR CR position and secondary structure in the 3′UTR. (B) Sequences of MCPIP1 putative binding sites. (C) Relative luciferase 
activity of BE(2)-C cells co-transfected with MCPIP1-wt, MCPIP1-D141N or control expression vectors and pmiRGlo_AURKA-CR, pmiRGlo_AURKA-PBS1wt, 
pmiRGlo_AURKA-PBS1stab, pmiRGlo_AURKA-PBS2, or pmiRGlo_AURKA-PBS3 reporter vectors calculated compared to the relative activity of corresponding cells 
transfected with the empty pmiRGlo vector. (D) Relative luciferase transcript levels in BE(2)-C cells transfected with MCPIP1-wt, MCPIP1-D141N or control expression 
vectors and pmiRGlo_AURKA-CR, pmiRGlo_AURKA-PBS1wt, pmiRGlo_AURKA-PBS1stab, pmiRGlo_AURKA-PBS2, or pmiRGlo_AURKA-PBS3 reporter vectors assessed by 
RT-qPCR. Renilla luciferase was used as a reference. All experiments were performed three times. Graphs represent mean ± SEM. Black baseline illustrates values for 
the control cells (transfected with the empty expression vector), set as 1. The one-way analysis of variance was implemented with Tukey’s post hoc test. MCPIP1-wt, 
cells transfected with wild type MCPIP1 expression; MCPIP1-D141N, cells transfected with mutated MCPIP1 expression vector; CR, cells transfected with 
pmiRGlo_AURKA-CR reporter vector; PBS1wt, cells transfected with pmiRGlo_AURKA-PBS1wt reporter vector; PBS1stab, cells transfected with pmiRGlo_AURKA- 
PBS1stab reporter vector; PBS2, cells transfected with pmiRGlo_AURKA-PBS2 reporter vector; PBS3, cells transfected with pmiRGlo_AURKA-PBS3 reporter vector. 
**P < 0.01.

Table 2. List of 14 miRNAs differentially expressed in MCPIP1-D141N compared to MCPIP1-Wt KELLY cells based on small RNA sequencing analysis.

miRNA Fold change Standard Error P-value P-value adjusted

hsa-miR-1180-3p 0.4034 0.0929 1.18E-05 0.0027
hsa-miR-1260a/1260b 0.3955 0.1235 0.00064 0.021
hsa-miR-1306-5p 0.3269 0.1067 7.64E-05 0.0036
hsa-miR-3180-5p 0.3534 0.1092 0.00011 0.0046
hsa-miR-324-3p 0.4187 0.0971 3.00E-05 0.002
hsa-miR-328-3p 0.0862 0.0987 0.0013 0.037
hsa-miR-4286 0.3671 0.1545 0.0043 0.096
hsa-miR-4454 0.3722 0.1024 4.82E-05 0.0027
hsa-miR-4485-3p 0.3522 0.1015 3.78E-05 0.0027
hsa-miR-484 0.5387 0.1233 0.0027 0.071
hsa-miR-766-3p 0.3749 0.1129 0.00019 0.0069
hsa-miR-99b-5p 0.4812 0.0916 2.72E-05 0.0027
hsa-miR-129-1-3p/129-2-3p 1.3454 0.1492 0.0047 0.098
hsa-miR-361-5p 1.9501 0.4947 0.0031 0.075
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altered expression of three of the miRNAs (Fig. 7B). Hsa-miR 
-99b-5p and hsa-miR-1260a were upregulated in BE(2)-C cells 
overexpressing MCPIP1-D141N, while hsa-miR-361-5p was 
increased in cells overexpressing MCPIP1-wt (Fig. 7B). Analysis 
of miRNA levels in BE(2)-C MCPIP1-D141N cells compared to 
MCPIP1-wt cells revealed an increase of hsa-miR-324-3p in cells 
overexpressing the point mutant of the ribonuclease.

As the observed changes in miRNA expression were minute, 
miRNA deregulation does not seem to play an important role in 
MCPIP1-dependent neuroblastoma cell growth suppression. 
However, since the results obtained by different experimental 
methods exhibited significant discrepancies, further studies are 
necessary to elucidate the relationship between the miRNA 
expression profile and MCPIP1 protein activity in neuroblastoma.

5. Discussion

The suppressive effect of MCPIP1 on cancer cells continues to 
emerge. Among MCPIP1 substrates that are involved in immune 
response, apart from cytokines and chemokines, were transcripts 
of genes exhibiting oncogenic potential such as ID1 and C-REL 
[9]. Analysis of transcripts bound to the MCPIP1 protein in the 
human breast cancer cell line MDA-MB-231 led to the discovery 
of five anti-apoptotic mRNAs as the ribonuclease’s substrates 
[21]. Suppression of breast cancer tumorigenesis by MCPIP1 is 
also dependent on the facilitation of the deubiquitination of 
RGS2 protein [53] . The effect of MCPIP1 overexpression in 
breast cancer cells was further studied in vivo and showed the 
potential to elicit complete tumour regression [21]. The protein 
is also involved in the regulation of growth, metastasis and 
vascularization of clear cell renal cell carcinoma. 
Overexpression of MCPIP1 in the human Caki-1 cell line results 
in apoptosis activation, a decrease of signalling via the Akt/ 
mTOR pathway, cell cycle arrest, and inhibition of angiogenesis 

and metastasis [16; 20, 22]. Moreover, the protein contributes to 
MG-132 proteasome inhibitor toxicity by inhibiting the geno-
toxic activation of NFκB signalling in a deubiquitinase- 
dependent manner in several human cancer cell lines [13,24]. 
Recently, Ren and colleagues reported that low levels of MCPIP1 
in osteosarcoma tumours correlate with poor prognosis [23].

Our previous data on the effects of MCPIP1 protein over-
expression on neuroblastoma cells further confirm the suggestion 
of the tumour-suppressive role of the protein [17–19,24]. 
Overexpression of the ribonuclease inhibits the proliferation of 
MNA neuroblastoma cells. Analysis of the transcriptome of neu-
roblastoma cells exhibiting MCPIP1 overexpression revealed sig-
nificant downregulation of many known oncogenes [17–19]. One 
of the oncogenes, MYCN, was the key driver of neuroblastoma 
tumorigenesis. Similarly to the findings of another group in the 
clear cell renal cell carcinoma Caki-1 cell line (Ligeza i in., 2017), 
we observed decreased Akt/mTOR activity upon MCPIP1 over-
expression in BE(2)-C and KELLY MNA-neuroblastoma cells 
[17]. Our studies on MNA neuroblastoma cells overexpressing 
MCPIP1 protein demonstrated decreased expression of several 
genes involved in cell cycle regulation, such as CDC2, AURKA, 
CCNA2, CCNB1, CCND1, CCNE1, CCNE2, and MCM10 [17–19]. 
Moreover, we found the downregulation of phosphorylation 
levels of CDC2 and Aurora A kinases [17]. A thorough investiga-
tion of the biology of MCPIP1 overexpressing MNA neuroblas-
toma cells revealed cell cycle arrest at the G1/S checkpoint [19].

All data described above points to the crucial role of the 
ribonucleolytic activity of MCPIP1 protein in the suppression 
of MNA neuroblastoma cells [17–19,24]. Considering that the 
mechanisms of any ribonuclease action in the cells can only 
be delineated by the establishment of its substrates, we 
selected 18 proposed MCPIP1’s substrates based on our pre-
vious studies [17–19,24] and a literature review [21]. Only six 
of the proposed substrates exhibited decreased levels in MNA 

Figure 7. Determination of selected miRNA expression in neuroblastoma cells overexpressing MCPIP1 protein. Relative expression levels of selected miRNAs in KELLY 
(A) and BE(2)-C (B) cells overexpressing MCPIP1 normalized to control cells. The values for the control cells are represented as the black baseline, set as 1 (black 
baseline). Relative expression levels of selected miRNAs in MCPIP1-D141N KELLY (C) and BE(2)-C (D) cells normalized to MCPIP1-wt cells. Black baseline illustrates the 
values for MCPIP1-wt cells (set as 1). Relative expression levels were assessed by RT-qPCR. Hsa-miR-103a-3p was used as a reference. All experiments were performed 
three times. Graphs represent mean ± SEM. The one-way analysis of variance was implemented with Tukey’s post hoc test. MCPIP1-wt, cells transfected with the wild 
type MCPIP1 expression vector; MCPIP1-D141N, cells transfected with the mutated MCPIP1 expression vector. *P < 0.05.
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neuroblastoma in a ribonucleolytic activity-dependent man-
ner (Fig. 2). Interestingly, all transcripts encode proteins 
involved in the regulation of cell cycle progression. Aurora 
A, a protein product of the AURKA gene, is essential for 
correct chromosome segregation during cell division [54]. 
Three decreased transcripts, CCND1, CCNE1, and CCNE2, 
encode cyclins D1, E1, and E2, whereas the protein product 
of CDC2 is CDK1 (cyclin-dependent kinase 1). Cell cycle 
progression is controlled by the activity of specific holoen-
zymes, consisting of cyclins and their partner CDKs. CDK1 is 
a M-phase cyclin-dependent kinase, while cyclins from D and 
E families act in the G1 phase of the cell cycle [19]. Another of 
the six transcripts, MCM10, encodes a protein crucial for the 
DNA replication in the S phase [18]. Therefore, the ribonu-
cleolytic activity of the protein seems to be indispensable for 
the inhibition of the cell cycle in MNA neuroblastoma cell 
lines overexpressing MCPIP1.

Although six transcripts were decreased in MNA neuro-
blastoma in the ribonucleolytic activity-dependent manner, 
RIP experiment suggested the interaction only between the 
MCPIP1 protein and AURKA mRNA in both studied cell 
lines (Fig. 3). Furthermore, assessment of stability of the 
transcript with application of actinomycin D treatment and 
the luciferase assay indicated the destabilization of AURKA 3′ 
UTR upon MCPIP1 overexpression in the MNA- 
neuroblastoma cells (Fig. 4). Hence, the obtained data consti-
tute a strong premise of the recognition of the ribonuclease 
binding site in the 3′UTR of AURKA transcript followed by 
the binding and cleavage of the mRNA.

Negative regulation of AURKA expression by MCPIP1 
protein might have a key role in the observed cell growth 
arrest of MNA neuroblastoma cells manifesting ribonuclease 
overexpression. High levels and activity of the protein product 
of the AURKA gene, Aurora A kinase, are some of the crucial 
factors driving the tumorigenesis of MNA neuroblastoma. 
The decrease of the AURKA gene and Aurora A protein 
expression has been observed after the treatment of neuro-
blastoma cells with chemotherapy, as well as with anti-GD2 
ganglioside antibodies [55,56]. Moreover, the small-molecule 
inhibitor of Aurora A kinase, alisertib, which can inhibit the 
Aurora A-dependent stabilization of MYCN, is undergoing 
clinical trials as a treatment for high-risk neuroblastoma 
[29,57]. Amplification of AURKA loci was observed in 19% 
of neuroblastoma tumours and was closely correlated with 
MYCN amplification [58]. Aurora A kinase stabilizes the 
MYCN protein, which results in inhibition of the differentia-
tion of neuroblasts and the promotion of uncontrolled cell 
division leading to the rapid progression of neuroblastoma. 
Additionally, MYCN transcription factor was found to 
enhance AURKA expression, therefore creating a positive 
loop, which adds to the tumorigenic potential of MNA neu-
roblastoma cells [59]. The interaction between MYCN and 
Aurora A proteins is physical; hence, the catalytic activity of 
the kinase is dispensable for the stabilization of the transcrip-
tion factor [27]. Therefore, the ribonucleolytic activity of the 
MCPIP1 protein might suppress the oncogenic effect of 
Aurora A kinase. Additionally, the kinase contribution to 
the inhibition of NFκB pathway activity has been described 
[56]. As MCPIP1 synthesis is induced by the NFκB 

transcription factor [60], there is a possibility of a negative 
feedback loop between the MCPIP1 protein and Aurora 
A kinase. However, in our experimental model, no alterations 
of NFκB activation was observed (Fig. S1). It would be inter-
esting to study the relationship between MCPIP1 and Aurora 
A kinase in a cellular setting exhibiting high activity of the 
NFκB pathway.

The interaction of MCPIP1 ribonuclease with its substrate 
RNAs has been studied by a number of research groups [3,7– 
10,21,41,42]. Mino and colleagues described a consensus 
sequence and detailed RNA structure recognized by 
MCPIP1. Their analyses revealed that sequences forming 
structures with 3–7 stem nucleotides and pyrimidine-purine- 
pyrimidine three-nucleotide loops were significantly enriched 
among RNA molecules bound to the MCPIP1 protein in 
HeLa cells [9]. Furthermore, the unwinding of the stem-loop 
structures by UPF1 helicase is required for the RNA cleavage 
catalysed by MCPIP1 protein [61]. However, our visualization 
of the structures of RNA sequences hitherto reported as 
interacting with MCPIP1 protein suggested that the charac-
teristic stem-loop structure might not be necessary for recog-
nition by the ribonuclease (Fig. S3). Our bioinformatics 
analyses of the sequences established as MCPIP1 binding 
sites revealed a common sequential motif, which exhibited 
similar features to the consensus sequence of MCPIP1’s sub-
strates reported by Mino and colleagues (Fig. 5B; [9]. All of 
the described motifs contained a relatively stable U[G/A]U 
sequence (Fig. 5B) [9]. Nevertheless, the analysis of the struc-
ture of the hitherto reported MCPIP1’s binding sites did not 
reveal a stem-loop structure, but rather a significant difference 
in the accessibility of unpaired nucleotides in the U[G/A]U 
sequence, as compared to inaccessible nucleotides upstream 
and downstream of the sequence (Fig. 6A). The discrepancy 
of the secondary structure of the sequences interacting with 
the MCPIP1 protein might be attributed to the inclusion of 
the 40 nucleotide flanking sites from the investigated tran-
scripts in our analysis. However, it is difficult to predict the 
structures of the described binding sites due to many protein- 
RNA interactions occurring in the cytoplasm of the cells. 
Nevertheless, we believe that taking into consideration the 
40 nucleotide flanking regions allows for a more general 
analysis of the secondary structure of the MCPIP1 binding 
sites.

Human AURKA 3′UTR length varies from 768 nucleotides 
for most of the transcript variants to 785 nucleotides in case 
of the transcript variant 3 (according to NM_198433.3, 
NM_003600.4, NM_198434.2, NM_198435.3, NM_198436.3, 
NM_198437.3, NM_001323303.2, NM_001323304.2, and 
NM_001323305.2). However, only a 95-nucleotide region of 
the 3′UTR is highly conserved across mammalian species (Fig. 
6A), while the rest of the 3′UTR exhibits very low conserva-
tion. The interaction of MCPIP1 with its substrates is gener-
ally well conserved between human and mouse [7,41]. Hence, 
it is unlikely that the cis-acting element responsible for the 
interaction between the ribonuclease and the transcript is 
located outside of the conserved region. Furthermore, we 
have found two sequences matching the common sequential 
motif found by us for the RNA sequences interacting with 
MCPIP1 in the conserved region of AURKA 3′UTR (Fig. 6A 
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and B). Additionally, analysis of the secondary structure of the 
region revealed the presence of U[G/A]U within a firm stem- 
loop (Fig. 6A and B). However, a series of luciferase assays 
signalled a lack of interaction between MCPIP1 and the puta-
tive binding sites within the conserved region of the AURKA 
3ʹUTR. Nevertheless, the ribonuclease overexpression led to 
the destabilization of luciferase mRNA conjugated with the 
conserved region of AURKA 3′UTR. The result points to the 
binding of the conserved region by the MCPIP1 protein and 
subsequent degradation of the mRNA. The exact sequence 
indispensable for the observed interaction remains to be 
established.

MicroRNA deregulation contributes to all the aspects of 
cancer development. Several miRNA molecules were described 
as either tumour suppressors or oncogenes in neuroblastoma 
[44]. Moreover, MCPIP1 was found to degrade the substrate 
pre-miRNA forms of miRNAs from the hsa-miR-200 family in 
pancreatic cancer cells [5]. Additionally, cleavage of pre-hsa-miR 
-155 by the ribonuclease has been reported [6,62]. Furthermore, 
our previous studies revealed the possible regulation of hsa-miR 
-3613-3p levels by MCPIP1 in MNA neuroblastoma cells 
[18,31]. However, the application of small RNA sequencing did 
not result in the detection of significant changes in the miRNA 
expression profile upon the ribonuclease overexpression in BE 
(2)-C and KELLY neuroblastoma cells (Table 2; Fig. 7). Hence, 
the miRNA deregulation does not seem to play an important 
role in the suppressive effect of MCPIP1 overexpression in MNA 
neuroblastoma cells. However, elucidation of the role of 
MCPIP1 in regulating miRNA profile of cancer cells requires 
further studies.

Our results constitute further indication of the importance of 
ribonucleolytic activity in the suppressive effect of MCPIP1 on 
MNA neuroblastoma cells. MCPIP1 overexpression did not 
significantly affect the miRNA expression profile in our experi-
mental model, which suggests the crucial role of the mRNA 
cleavage by the ribonuclease. Accordingly, we have shown 
a significant body of data pointing to binding and degradation 
of AURKA mRNA by MCPIP1. As AURKA exhibits oncogenic 
potential, the observed activity of the protein might be crucial in 
the MCPIP1-dependent cell cycle arrest of MNA neuroblastoma 
cell lines. Additionally, we specified that the MCPIP1 binding 
site is located within the 95-nucleotide conserved region of the 3′ 
UTR of the AURKA transcript. However, to determine the exact 
sequence in AURKA 3′UTR interacting with MCPIP1 protein 
further studies are necessary.
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