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Abstract

Several miRNA loci are found within genomic regions frequently deleted in primary neuroblastoma, 

including miR-885-5p at 3p25.3. Here we demonstrate that miR-885-5p is downregulated upon loss of 

3p25.3 region in neuroblastoma. Experimentally enforced miR-885-5p expression in neuroblastoma 

cell lines inhibits proliferation triggering cell cycle arrest, senescence and/or apoptosis. miR-885-5p 

leads to accumulation of p53 protein and activates the p53 pathway, resulting in upregulation of p53 

targets. Enforced miR-885-5p expression consistently leads to downregulation of  CDK2 and  MCM5. 

Both genes are targeted by miR-885-5p via predicted binding sites within the 3'UTRs of  CDK2 and 

MCM5. Transcript profiling after miR-885-5p introduction in neuroblastoma cells reveals alterations in 

expression of multiple genes, including several p53 target genes and a number of factors involved in 

p53  pathway  activity.  Taken  together,  these  data  provide  evidence  that  miR-885-5p  has  a  tumor 

suppressive role in neuroblastoma interfering with cell cycle progression and cell survival.

Key words: 3p25.3/miRNA/p53 stabilization/senescence  
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Introduction

MicroRNAs (miRNAs) are  non-coding short  (18-24nt)  RNAs,  which  control  gene expression at  a 

posttrancriptional level via inhibiting translation or triggering degradation of multiple target mRNAs. 

They  are  considered  as  vitally  important  regulators  of  proliferation,  differentiation  and  apoptosis. 

Upregulated and downregulated miRNAs have been found in different malignancies, thus implicating 

that miRNAs act as oncogenes or tumor suppressors1. Moreover, an increasing body of evidence for 

miRNA involvement in tumorigenesis has prompted researchers to revisit cancer-associated genomic 

regions to search for miRNA loci2. For example, miR-15 and miR-16, mapping to a deletion region at 

13q14,  are  downregulated  in  B-cell  chronic  lymphocytic  leukaemia.  Both  miR-15  and  miR-16 

negatively  regulate  BCL2  and  act  as  positive  regulators  of  apoptosis,  which  could  explain  their 

frequent  inactivation  in  leukaemia3.  Later,  miR-34a  at  1p36  emerged  as  a  tumor  suppressor  gene 

(TSG). Several independent studies demonstrated the anti-proliferative and proapoptotic potential of 

miR-34a4, 5. The potential is great for the involvement of many other, as yet unreported, miRNAs in 

cancer pathogenesis.

Neural crest-derived neuroblastoma, one of the most common solid tumors in children, is frequently 

characterized as an “enigmatic neoplasm”. Indeed, neuroblastoma has the highest rate of spontaneous 

regression  of  all  human  malignancies.  On  the  other  hand,  approximately  40% of  neuroblastomas 

rapidly  progress  despite  multimodal  treatment  regimes6,  7.  Another  interesting  characteristic  of 

neuroblastoma is the rarity of TP53 mutations; neuroblastoma retain very often functional p53. These 

facts  suggest that the inhibitors of p53 pathway or a loss of p53 pathway positive regulators may be 

involved in neutralizing of p53 activity8, 9. Neuroblastomas with poor outcome are subdivided into at 

least two biologically distinct groups. One group includes neuroblastomas harboring amplification of 

the MYCN oncogene, and a second group lacks amplified MYCN. It is known that this second group 

also  frequently  harbors  segmental  3p  deletions10,  which  implies  that  neuroblastoma  suppressive 

transcripts are encoded from this region. Several efforts have been made to map and refine the critical 
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region for 3p loss in neuroblastoma. Currently, a consensus region of loss is assigned to 3p25-26.2, 

which  includes  the  VHL gene.  Low  VHL mRNA  expression  does  correlate  with  poor  prognosis, 

however,  functional  analyses  could  not  reveal  differences  in  pVHL protein  expression  nor  pVHL 

pathway impairment11. To date, the identity of neuroblastoma-relevant tumor suppressor genes (TSGs) 

at  3p25-26.2 is  unknown.  In  a  previous  study we detected several  known and novel  miRNA loci 

located within regions of neuroblastoma-relevant chromosomal aberrations12. We focus here on miR-

885-5p, the only miRNA gene mapping to 3p25.3. We show that miR-885-5p is able to interfere with 

cell  proliferation  and  survival,  promoting  cellular  senescence  and  apoptosis.  Furthermore,  we 

demonstrate that miR-885-5p downregulates CDK2 and MCM5, activates p53 and provide evidence 

that CDK2 and MCM5 are direct miR-885-5p targets. Our results suggest a tumor suppressive role for 

miR-885-5p in neuroblastoma.

Results

Low miR-885-5p expression in primary neuroblastomas with segmental 3p loss

In our previous work characterizing the neuroblastoma miRNA transcriptome we cloned miR-885-5p 

(MYCNSC_5_281)  from  a  favorable  tumor.  miR-885-5p  is  a  nonconserved miRNA  that has  no 

homologues in mouse and rat genomes (Supplementary Figure S1a). To evaluate rearrangements of the 

region  encompassing  miR-885-5p  in  primary  neuroblastomas, we  used  array-based  comparative 

genomic hybridization (aCGH) to analyze 193 neuroblastomas with different clinical and biological 

characteristics. The 3p25.3 region encompassing miR-885-5p was heterozygously deleted in the context 

of a segmental chromosomal 3p loss in 14% (n=27) of tumours (Figure 1a). Among the 3p deleted 

tumors, most were stage 4 (n=17). These data are consistent with previous reports on 3p25.3 status in 
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neuroblastoma10. We profiled the expression of miR-885-5p by reverse transcription quantitative PCR 

(RT-qPCR) in 60 primary neuroblastomas. As a comparison, we profiled miR-331-3p, a miRNA that 

might  be  repressed  by MYCN  according  to  our  previous  data12 and  that  might  also  have  tumor 

suppressive functions. Assuming equal Cq-values for similar expression levels, expression of miR-885-

5p appears to  be lower than of  miR-331-3p in  neuroblastoma tumours (Figure 1b).  No significant 

difference in  miR-885-5p expression was detected between neuroblastomas with and without  MYCN 

amplification,  whereas  miR-331-3p expression  was  lower  in  MYCN-amplified  neuroblastomas 

(P<0.001,  Figure  1b).  Intriguingly,  miR-885-5p expression  was  lower  in  aggressive  tumors  with 

segmental 3p deletions, as compared to those with intact 3p and favourable prognosis  (P=0.02, Figure 

1b). Expression of miR-885-5p and miR-331-3p was measured in nine neuroblastoma cell lines using 

RT-qPCR and northern blotting. Both MYCN-nonamplified cell lines as well as MYCN-amplified cell 

lines were assessed (Figure 1c). Expression of the precursor and mature miR-885-5p was low in all cell 

lines analyzed and lacked correlation with 3p25 status, while expression of precursor and mature form 

of  miR-331-3p was higher and did not vary significantly (Figure 1d; Supplementary Figure S1b).  In 

neuroblastoma cell lines, expression of miR-885-5p lacked correlation with 3p25 status, suggesting that 

also other miR-885-5p inactivating lesions in neuroblastoma cells exist. 

Our data support a tumor suppressive role of miR-885-5p at least in a group of neuroblastomas with 

intact 3p25.3. miR-331-3p data are less supportive, however, we included miR-331-3p further in our 

study as a positive control to monitor the specificity of miR-885-5p-mediated effects.

miR-885-5p inhibits neuroblastoma proliferation and survival

For functional analysis of miR-885-5p in neuroblastoma cells, we introduced miR-885-5p mimics into 

KELLY, IMR32, SK-N-BE(2)c, SH-EP and HDN33 cell lines. SH-EP, KELLY and IMR32 cell lines 
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have wild-type TP53, while p53 in SK-N-BE(2)c lacks transcription factor activity due to mutation in 

the DNA-binding domain13. The p53 pathway may not be intact  in HDN33 based on the presence of 

centrosome amplification, multinuclear cells14, 15 and heterozygous mutation leading to an amino acid 

change at codon 15 (Ser to Cys) (Supplementary Figure S2). Cell proliferation was assessed in cells 

transiently transfected with either the miR-885-5p mimic, the miR-331-3p mimic or a nontargeting 

control  miRNA  using  Alamar  Blue  assay.  Enforced  miR-885-5p  expression  reduced  proliferation 

capacity in all cell lines analyzed, whereas transfection of miR-331-3p only inhibited proliferation in 

the HDN33 and SK-N-BE(2)c cell lines (Figure 2a). SH-EP, KELLY, IMR32 and SK-N-BE(2)c cells 

were  also  less  capable  of  anchorage-independent  growth  in  soft  agar  after  enforced  miR-885-5p 

expression (Figure 2b). Importantly, suppression of anchorage-independent growth after miR-885-5p 

introduction was more pronounced in cell lines with wild-type  TP53  (KELLY, IMR32 and SH-EP) 

than in SK-N-BE(2)c cells with mutant TP53. Enforced miR-331-3p expression only reduced colony 

growth of SK-N-BE(2)c cells in soft agar. We also tested whether proliferation inhibition by miR-885-

5p was associated with senescence. Senescence-associated acidic β-galactosidase (SA-β-Gal) activity 

was  detected in  miR-885-5p-transfected  MYCN nonamplified HDN33 and SH-EP cells  (Figure 2a, 

insert), but not in MYCN amplified KELLY, IMR32, and SK-N-BE(2)c cells (data not shown).

Cell cycle profiles were also analyzed after enforced expression of either miR-885-5p or miR-331-3p 

using flow cytometry (FACS). Accumulation in G1/G0 after miR-885-5p transfection was observed in 

cell lines with wild-type TP53 (KELLY, IMR32 and SH-EP) (Figure 2c), whereas enforced miR-885-

5p expression in SK-N-BE(2)c and HDN33 resulted in accumulation of cells in S and G2/M phase, 

respectively.  In  contrast,  enforced  miR-331-3p  expression  did  not  lead  to  pronounced  cell  cycle 

changes (>±3%) in IMR32, KELLY and SH-EP cells.  Enforced miR-331-3p expression in HDN33 

resulted in G1/G0 and in SK-N-BE(2)c in G2/M accumulation. To ascertain whether the observed cell 

cycle changes were accompanied by cell death, we analyzed the sub-G1 fraction. Enforced miR-885-5p 

expression slightly  increased the  sub-G1 fraction of  SH-EP and IMR32 and moderately in  SK-N-
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BE(2)c  and  HDN33  cells,  whereas  the  sub-G1  fraction  after  miR-331-3p  transfection  was  only 

increased in SK-N-BE(2)c cells (Figure 2d).  The amount of Annexin V-positive cells was elevated 

after  miR-885-5p treatment  in  HDN33 and SK-N-BE(2)c  but  not  in  IMR32,  KELLY and  SH-EP 

(Figure 2d, insert; data not shown).

Taken together, these data suggest that miR-885-5p mediated inhibition of neuroblastoma proliferation 

is  preferentially  via  G0/G1 arrest  in  TP53 wild-type  cells  (IMR32,  KELLY  and  SH-EP)  and  by 

apoptotic cell death in neuroblastoma cells with disabled p53 pathway (SK-N-BE(2)c and HDN33). 

miR-885-5p induces p53 and downregulates CDK2 and MCM5

To further analyze the role of miR-885-5p on p53 regulation and function, we measured protein levels 

of p53 and its downstream targets after enforced miR-885-5p expression. We observed a marked p53 

induction in KELLY and IMR32 cells, and a moderate p53 induction in SH-EP cells after miR-885-5p 

transfection (Figure 3a). Transfection of miR-885-5p also induced p53 in TP53 mutant SK-N-BE(2)c 

cells. Enforced miR-885-5p expression resulted in elevated p21
waf1

 levels in KELLY, IMR32 and SH-

EP cells; PUMA was elevated only in IMR32 cells. Enforced miR-885-5p expression did not alter p53 

and p21
waf1

 protein expression in  HDN33 cells  or  p21
waf1

 and  PUMA protein expression in  TP53 

mutant  SK-N-BE(2)c  cells,  and miR-331-3p expression  had no effect  on p53,  p21
waf1

 and  PUMA 

protein levels in any of the cell lines analyzed. Expression of miR-885-5p downregulated E2F1 in SH-

EP, IMR32, KELLY and HDN33 cells, while it had no effect on MYCN and p27 protein levels (Figure 

3a, and data not shown). Caspase-3 activity was elevated in SK-N-BE(2)c and IMR32 after miR-885-

5p introduction although the increases were less than two fold (Supplementary Figure S3). Western 
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blot analysis revealed reduction of procaspase-3 levels in all cell lines (Figure 3a) with no significant 

appearance of mature caspase-3 (data not shown). Taken together, the western blot data reveal that 

enforced miR-885-5p expression causes p53 and p21
waf1  

induction in  TP53 wild-type neuroblastoma, 

which is in line with the observed G0/G1 arrest after enforced expression of this miRNA. 

Querying  the  miRNA  databases  at  www.microrna.org  16  ,  TargetScan17  (www.targetscan.org)  and 

searching for candidate 3'UTRs using the miRanda algorithm18 in the UTResource 3′UTR database 

(http://www.ba.itb.cnr.it/UTR/)  retrieved  STAT3,  CUL3,  CDK2,  MCM3,  MCM5  and  CDK6  as 

candidate miR-885-5p targets, and p21
waf1

 and E2F1 as candidate miR-331-3p targets. Cleavage of 

STAT3 and MCM3 by apoptosis-executing proteases has been reported, which could have interfered 

with our expression analysis of these proteins19,20. We examined the protein expression of the candidate 

targets  after  miR-885-5p and miR-331-3p transfection.  CDK2 and MCM5 protein levels  decreased 

after  miR-885-5p transfection in  all  tested cell  lines,  supporting both as direct  miR-885-5p targets 

(Figure 3b).  Enforced miR-331-3p expression reduced E2F1 levels  in KELLY, IMR32 and SK-N-

BE(2)c and reduced CDK2 expression in IMR32, although to a lesser extent than miR-885-5p. MCM3 

cleavage  was  observed  after  miR-885-5p  transfection  of  IMR32  and  SK-N-BE(2)c  cells,  which 

prohibited estimation of direct targeting of MCM3 by miR-885-5p. 

To test whether the observed effects of miR-885-5p depend on the manner of overexpressing miRNAs 

SH-EP and KELLY cell  lines  stably expressing either  miR-885-5p or  miR-331-3p were generated 

(Supplementary Figure S1c). The phenotype of miR-885-5p-SH-EP and  miR-885-5p-KELLY cells 

was highly similar to that of SH-EP and KELLY cells transiently transfected with the miR-885-5p 

mimic.  Most  importantly,  CDK2  and  MCM5  were  downregulated  and  p53  and  p21
waf1

 were 

upregulated  in  only  the  miR-885-5p-SH-EP  cells  and  miR-885-5p-KELLY  cells  (Supplementary 

Figure S4). 
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Accordingly, our data from in silico prediction and western blotting support the notion that CDK2 and 

MCM5 are targeted by miR-885-5p.

miR-885-5p directly targets the predicted binding sites in CDK2 and MCM5 3'-UTRs.

To test whether miR-885-5p binding sites in the CDK2 and MCM5 3'UTRs are directly regulated by 

miR-885-5p we performed luciferase reporter assays. Relative firefly luciferase activities of reporter 

plasmids containing MCM5 or CDK2 3'-UTR binding sites were inhibited by 20-40% in miR-885-5p-

SH-EP cells and premiR-885-5p-transfected SH-EP cells but not parental, vector- or miR-331-3p-SH-

EP cells and control miRNA or miR-331-3p-transfected cells. Importantly, mutation of the CDK2 and 

MCM5 binding sites in the reporter constructs restored luciferase activity in miR-885-5p-SH-EP and 

premiR-885-5p-transfected cells (Figure 4). 

These data show that miR-885-5p directly targets the predicted binding sites in the 3'UTRs of CDK2 

and MCM5.

CDK2 and MCM5 knockdown mimic miR-885-5p-induced phenotype

Previous  studies  showed  that  CDK2 and  MCM5 are  connected  to  the  p53  pathway.  MCM5 was 

identified as a negative regulator of p53-induced growth arrest21. Moreover, CDK2 inhibition led to p53 

accumulation in  MYCN-amplified  neuroblastoma  cells22.  This  suggests  a  link  between  phenotypic 

changes induced by miR-885-5p in neuroblastoma cells and suppression of CDK2 and MCM5. To test 

this  possibility  we  introduced  siRNAs  targeting  CDK2  and/or  MCM5  into  the  given  set  of 

neuroblastoma cells  lines  and analyzed the phenotype with the same panel  of  assays  used for  the 
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characterization of the miR-885-5p-induced phenotype. CDK2 or MCM5 knockdown alone as well as 

the combined knockdown inhibited cell proliferation and anchorage-independent growth in all tested 

cell  lines  (Figure  5ab).  Cell  cycle  analysis  at  day  3  after  transfection  of  CDK2 or  CDK2/MCM5 

siRNAs revealed accumulation of cells in G1/G0 phase in most cell lines (SH-EP, KELLY, IMR32 and 

HDN33, Figure 5a). MCM5 knockdown alone showed an inconsistent cell cycle phenotype with G1/G0 

arrest  in  SH-EP and KELLY and G2/M arrest  in  the other  cell  lines.  SK-N-BE(2)c cells  failed to 

respond  with  a  G1/G0 arrest  after  CDK2  and/or  MCM5  knockdown,  but  consistently  showed 

accumulation of cells in G2/M phase. Most SA-ß-Gal positive cells were found after the combined 

CDK2/MCM5 knockdown in SH-EP and HDN33 cells (Figure 5c), both of which also showed SA-ß-

Gal positive cells after miR-885-5p overexpression. In addition, an increase of sub-G1 fraction and 

Annexin V positive cells were observed in HDN33 after CDK2 and/or MCM5 knockdown (Figure 5c), 

which were also observed after miR-885-5p overexpression in these cells. Neither CDK2 nor MCM5 

inhibition led to significant increases in apoptotic cell death in SH-EP, KELLY, IMR32 and SK-N-

BE(2)c. 

We found p53 and p21
waf1

 upregulation after CDK2 knockdown in SH-EP, KELLY and IMR32 cells 

and PUMA upregulation after CDK2 knockdown in IMR32 cells (Figure 5d). CDK2 and/or MCM5 

knockdown did not affect p53, p21
waf1

 and PUMA levels in HDN33 cells. Together, these data suggest 

that CDK2 and MCM5 inhibition is involved in miR-885-5p-mediated growth arrest and senescence in 

TP53 wild-type neuroblastoma cells. Also, CDK2 and MCM5 inhibition can play a role in miR-885-

5p-triggered apoptosis and senescence in TP53 mutant HDN33 cells. However, although CDK2 and/or 

MCM5 knockdown in  SK-N-BE(2)c  shared  p53  upregulation  with  miR-885-5p-transfected  SK-N-

BE(2)c, they did not undergo apoptosis, suggesting that targets other than CDK2 and MCM5 modify 

the SK-N-BE(2)c response to miR-885-5p.
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miR-885-5p-induced growth arrest is p53 dependent in TP53 wild-type neuroblastoma

To determine whether miR-885-5p-induced growth arrest is indeed p53-dependent in TP53 wild-type 

neuroblastoma we sequentially  transfected  TP53 wild-type SH-EP,  KELLY and IMR32 cells  with 

siRNA targeting p53 and miRNA mimics  and assessed cell  proliferation with Alamar Blue assay. 

While the treatment of control siRNA transfected cells with premiRs induced the same phenotype as 

premiR treatment alone, miR-885-5p failed to inhibit proliferation in p53 knockdown SH-EP, KELLY 

and  IMR32  cells.  In  addition,  p53-knockdown  abolished  miR-885-5p-induced  G1/G0 arrest  and 

inhibition of anchorage independent growth by miR-885-5p in these cells (Figure 6ab). Consistently, 

the  levels  of  p21
waf1

and  PUMA  remained  unaffected  in  response  to  miR-885-5p  and  after  p53 

knockdown in these cells (Figure 6c). 

To  further  validate  that  miR-885-p  regulates  p53,  CDK2  and  MCM5  we  thought  to  suppress 

endogenous miR-885-5p in neuroblastoma cells. According to our RT-qPCR and northern blot data 

(Figure 1d, Supplementary Figure S1) only IMR32 and SK-N-BE(2)c cells express significant levels of 

miR-885-5p. We did not observe growth upregulation upon antimiR-885-5p as determined by Alamar 

Blue assay (data not shown). However, a trend towards increased anchorage-independent growth was 

found in  antimiR-885-5p transfected IMR32 and SK-N-BE(2)c cells.  Importantly,  p53,  p21waf1 and 

PUMA  levels  were  reduced  in  antimir-885-5p-transfected  SK-N-BE(2)c  and  IMR32  (Figure  6d). 

Moreover, MCM5 was moderately induced in antimiR-885-5p-transfected SK-N-BE(2)c and CDK2 

was induced in antimiR-885-5p-transfected SK-N-BE(2)c and IMR32 (Figure 6d). According to these 

data,  antimiR-885-5p  affects  p53,  p21
waf1

,  CDK2  and  MCM5  protein  levels  altogether,  which  is 

consistent with the results from miRNA mimic transfections and strengthens the link between miR-
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885-5p and p53/CDK2/MCM5. 

miR-885-5p activates the p53 transcriptional program

In  previous  sections  we  provide  evidence  that  miR-885-5p-mediated  growth  inhibition  requires 

functional p53 in  TP53 wild-type neuroblastoma cells. To further characterize downstream effects of 

miR-885-5p expression in neuroblastoma cells with wild-type  TP53, gene expression profiles 3 days 

after  miR-885-5p  mimic  transfection  in  SH-EP  and  KELLY  cells  were  generated  using  oligo 

microarrays.  Profiles  were  compared  to  SH-EP  and  KELLY  cells  transfected  with  either  control 

miRNA or miR-331-3p mimic, and genes with expression changes of at least 2-fold in both cell lines 

were identified. There was little overlap between genes regulated in cells expressing either miR-885-5p 

or miR-331-3p (8 upregulated and 28 downregulated genes, Supplementary Tables S1 and S2). Several 

p53 target  genes,  IGFBP3,  ZMAT3,  TNFRSF10B,  BTG3,  PPAP2B,  PPM1D, RRM2B,  PTPRE and 

DLC1, were upregulated in miR-885-5p transfectants23 (Table 1). Only one p53 target,  GDF15, was 

upregulated  in  miR-331-3p  transfectants.  IGFBP3 and  ZMAT3  were  among  the  top-5  genes 

upregulated  in  KELLY  cells  after  miR-885-5p  expression.  These  data  implicate  p53-directed 

transcriptional changes in the downstream effects of miR-885-5p in neuroblastoma cells. We used the 

expression  profiles  of  miR-885-5p  transfectants  to  assess  expression  of  genes  controlling  p53 

transcription either positively or negatively. Several genes known to positively regulate p53, namely 

DYRK2,  HIPK2,  and  GAS1, were  upregulated  after  miR-885-5p expression.  Enforced  miR-331-3p 

expression altered expression of none of these genes, but did suppress the positive p53 regulator, PML 

(Supplementary Table S2).

To  validate  that  miR-885-5p  upregulated  p53  target  genes  are  dependent  on  functional  p53  we 

additionally profiled Kelly cells 3 days after miR-885-5p or miR-331 transfections in the presence of 

p53 targeting siRNA or control siRNA. We observed that from nine p53 target genes that emerged 
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from the first profiling series (Table 1), seven validated miR-885-5p-induced genes (IGFBP3, BTG3, 

ZMAT3, PPAP2B, PPM1D, RRMB2, PTPRE) showed a lack or reduced induction in the presence of 

p53 targeting siRNA in Kelly cells  (Supplementary Table S3), indicating that miR-885-5p induces 

these genes via increasing p53 transcriptional activity in these cells.

We further tested whether genes downregulated after enforced miR-885-5p expression were enriched 

for potential miR-885-5p targets compared with upregulated genes, based on the presence of at least 

one miR-885-5p potential  binding site in the 3'UTR detected by  in silico  prediction. We found 74 

downregulated genes  (10.7%) as compared to only 3 upregulated genes (0.9%, Supplementary Table 

S1).  CDK2 was among the downregulated genes, identified as a miR-885-5p target here (Figure 3b; 

Supplementary  Figure  S4),  as  was  caspase-3  (CASP3),  ß-catenin  (CTNNB1),  citron  rho-interacting 

kinase (CIT), farnesyl transferase (FNTA) and microphthalmia-associated transcription factor (MITF). 

Genes  downregulated  after  miR-331-3p expression  similarly  included  putative  miR-331-3p  targets 

harboring miR-331-3p binding sites (90 genes, 15.6%, Supplementary Table S3). These included PML, 

the  serine/threonine-protein kinase, PIM1,  neurobeachin (NBEA),  the nerve growth factor  receptor, 

NGFR and ERBB2, which has also recently been reported to be a miR-331-3p target24. Nineteen (8.2%) 

of  the  genes  upregulated  after  miR-331-3p  expression  also  contain  miR-331-3p  target  sites 

(Supplementary Table S2). This distribution of prospective target genes within the genes regulated after 

enforced miR-331-3p expression makes less sense that those among the genes regulated after enforced 

miR-885-5p  expression.  Together  with  the  lack  of  apparent  phenotype  in  miR-331-3p-transfected 

neuroblastoma cells, these results support a less specific role for miR-331-3p in directing changes in 

the neuroblastoma cell phenotype.

Taken  together,  these  data  indicate  that  miR-885-5p  expression  activates  p53  pathway  in 

neuroblastoma cells, including the induction of p53 and p53 downstream pathway activity, but multiple 

pathways  can  be  employed  by  miR-885-5p  during  regulation  of  neuroblastoma  cell  phenotype 

especially in TP53 mutant background.
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Discussion

In this report, we provide evidence that miR-885-5p is a candidate neuroblastoma tumor suppressor and 

involved  in  directing  the  neuroblastoma  cell  phenotype.  Several  genomic  regions  have  been 

characterized  that  are  commonly  lost  in  neuroblastoma,  although,  the  genes  responsible  for  tumor 

suppression  still  remain  unidentified.  Region  3p25.3  is  deleted  in  approximately  14%  of 

neuroblastomas, and is the location of miR-885-5p. We show that miR-885-5p functions as an inhibitor 

of proliferation and survival, and positively regulates the p53 pathway. We present data for CDK2 and 

MCM5 being direct targets of miR-885-5p.

Initially,  two miRNAs,  miR-885-5p and miR-331-3p,  were chosen as  candidate  tumor suppressive 

miRNAs in neuroblastoma. Our findings show that miR-885-5p is downregulated in neuroblastoma 

tumors with heterozygous deletion of 3p25.3, and that expression in neuroblastoma cell lines is low or 

absent  also  independent  of  3p loss.  Expression of  miR-331-3p correlates  inversely  with  amplified 

MYCN in neuroblastoma tumors, but no such trend was detected in neuroblastoma cell  lines. Only 

experimentally enforced expression of miR-885-5p, but not miR-331-3p, in neuroblastoma cell lines 

resulted in growth inhibition, senescence and apoptosis.  Clearly, miR-885-5p fulfills the criteria of a 

tumor suppressor gene in the context of neuroblastoma.

A master gene orchestrating  cell cycle arrest, programmed cell death and senescence is  TP53. We 

provide  evidence  for  p53  involvement  in  miR-885-5p-driven  cell  cycle  arrest,  senescence  and 

apoptosis.  Neuroblastoma  cells  having  wild-type  TP53 displayed  G1-arrest  coupled  with  p53  and 

p21waf1 induction upon miR-885-5p introduction. What genes are targeted by miR-885-5p to create this 

phenotype? Among six candidates, CDK2 and MCM5 met the miR-885-5p target criteria:  (1) they 

were downregulated upon miR-885-5p introduction in all cell lines examined (2) predicted miR-885-5p 

binding sites in their 3'UTRs reduced expression of a reporter construct in the presence of miR-885-5p.
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It  has  been  described  that  CDK2  and  MCM5 are  linked  to  negative  regulation  of  p53  pathway 

activity21,22.  In  our  study we found prominent  phenotypic  similarity  between enforced  miR-885-5p 

expression and siRNA-mediated CDK2/MCM5 knockdown in  TP53  wild-type neuroblastoma cells 

(SH-EP, IMR32 and KELLY). Consistently, antimiR targeting endogenous miR-885-5p elevated the 

levels of CDK2 and MCM5 and reduced p53 and its downstream targets. In addition, siRNA-mediated 

p53 knockdown reverted phenotypic as well as protein and transcriptome changes induced by miR-

885-5p.  Together,  this  indicates  that  CDK2 and  MCM5 inhibition  executes  miR-885-5p-mediated 

growth inhibition in TP53 wild-type neuroblastoma cells at least in part via p53 induction. Importantly, 

miR-885-5p did not affect deregulated MYCN expression in  MYCN  amplified neuroblastoma cells. 

Deregulated MYC proteins modulate p53 function by transcriptionally inhibiting p21waf1 leading to an 

impaired G1/G0 arrest25. Our data now indicate that miR-885-5p restores p21waf1 function leading to G1/

G0 arrest  in  TP53 wild-type  neuroblastoma  cells  despite  high  MYCN  levels.  This  miR-885-5p-

mediated  effect  is  mainly  achieved through targeting  of  CDK2,  because  primarily  CDK2 and not 

MCM5 knockdown exerts G1/G0 arrest and p21waf1 induction similar to those induced by miR-885-5p. 

An interesting question is why miR-885-5p also triggers apoptosis and senescence in neuroblastoma 

cells with mutant  TP53. Such cells cannot engage p53 in response to CDK2 inhibition, which is the 

cause of G0/G1-arrest failure in these cells. However, CDK2 may still act as prosurvival signal in a 

TP53 mutant background, as demonstrated by CDK2 knockdown in HDN33 cells. Alternatively, the 

other  arm of  miR-885-5p action,  MCM5 inhibition,  may prevail  in  TP53  mutant  cells  inducing  a 

senescence-like process and G2/M phase arrest, as evidenced by MCM5 knockdown in HDN33 cells. 

However, other miR-885-5p targets may influence growth and survival in p53-mutant neuroblastoma, 

A model of how miR-885-5p function in neuroblastoma cells in the context of targeting CDK2 and 

MCM5 is proposed in Figure 7.

In addition, our data provide indirect evidence that caspase-3 might be targeted by miR-885-5p. In the 

presence of elevated p53 protein levels, we found only moderate upregulation of caspase-3 activity, 
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reduction  of  procaspase-3  protein  with  no  significant  presence  of  its  mature  form  as  well  as 

downregulation  of  CASP3 upon  miR-885-5p  introduction  in  neuroblastoma  cells.  According  to 

miRanda algorithm CASP3 3´UTR contains a miR-885-5p binding site. Intriguingly, caspase-3 can be 

involved in degradation of p21waf1 26. We propose that caspase-3 targeting may further determine the 

response  of  miR-885-5p-transfected  cells,  favoring  p21waf1 accumulation  in  neuroblastoma  cells 

(Supplementary Figure S5).

Given that, one can speculate about miR-885-5p functions in normal cells; it may withdraw normal 

cells  from cycling  via  p53  activation  but  maintain  survival.  Therefore  it  would  be  interesting  to 

determine  whether  miR-885-5p  plays  a  role  in  developmental  processes,  for  example,  neuronal 

maturation. 

To sum up, our findings lead us to conclude that miR-885-5p engages p53-dependent and independent 

regulatory layers jointly to interfere with cell cycle progression and survival of neuroblastoma cells. It 

negatively  regulates  CDK2  and  MCM5  and  activates  the  p53  pathway  in  TP53 wild-type 

neuroblastoma and is able to trigger cell death and senescence in TP53-mutant neuroblastoma. 
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Materials and methods

Patients

Neuroblastoma tumor samples were collected prior to any cytoreductive treatment, snap-frozen and 

stored at -80°C
 
until RNA or DNA isolation.  Written informed consent was obtained from patients’ 

parents for tissue sampling.  Genomic MYCN status was assessed in the reference laboratories of the 

German Neuroblastoma trial in Cologne and Heidelberg.

aCGH of primary neuroblastomas and M-FISH

Patient DNA tumor samples (n=193) were analyzed using either 44k (n=143) or 105k (n=51) aCGH 

microarrays (Agilent Technologies). 2.5 μg each of genomic tumour and reference DNA were used for 

each hybridization. Labelling and hybridization was performed as previously described27. Arrays were 

preprocessed using the R/Bioconductor statistical software package. Arrays were segmented using the 

daglad  function  after  lowess  normalization,  implementing  a  modified  version  of  the  methodology 

described in Hupe et al.28. Different array platforms were matched using the chromosomal positions of 

the probes, and missing values were imputed only if two neighbouring probes had the same segmented 

values. Multicolor FISH (M-FISH) analysis on neuroblastoma cell lines was performed using the 24 

XCyte probe-kit (Meta-Systems, Altlussheim, Germany). Hybridization was performed according to 

the manufacturer’s instructions. Slides were counterstained with 4,6-diamidino-2-phenylindol (DAPI) 

(Sigma). Images were captured with a Zeiss Axio Imager Z1 microscope and analysed with Isis/mFISH 

imaging software (MetaSystems).

Cell culture and transfection

SH-EP, KELLY, IMR32, SK-N-BE(2)c and HDN33 were grown in RPMI supplemented with 10% (v/

v) fetal calf serum, 2 mM L-glutamine and 1% (v/v) penicillin/streptomycin in a humidified incubator 

at 37°C and 5% CO2. miRNA mimics and antimiRs were purchased from Ambion. siRNAs to p53, 

CDK2 and MCM5 and control  non-targeting siRNA were purchased from Qiagen,  Invitrogen and 
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Santa Cruz. Cells were plated 24 hours before transient transfection with 30 nM of miRNA mimic or 

antimiR or Cy3-labeled control miRNA or antimiR using Lipofectamine 2000. siRNA transfections 

were performed using Lipofectamine 2000 according to manufacturer's instructions. Unless otherwise 

stated,  cells  were  assayed  4  days  after  transfection.  For  p53  knockdown experiments,  cells  were 

retransfected  with  miRNA mimics  24 hours  after  transfection  with  p53 siRNA or  control  siRNA. 

siRNA  transfections  were  performed  using  Lipofectamine  2000  according  to  manufacturer's 

instructions. To construct the miR-885-5p and miR-331-3p expressing vectors the 500 bp fragments 

surrounding corresponding miRNA genes were amplified and cloned into the Nhe1 and EcoR1 sites in 

pcDNA3.1 (Invitrogen). SH-EP and KELLY cells were plated in 6-well plates for stable transfection 

with  400  µg  pcDNA3.1-miR-331-3p,  pcDNA3.1-miR-885-5p  or  empty  pcDNA3.1  vector  using 

Effectene  (Qiagen).  Individual  clones  were  selected  that  grow  in  the  presence  of  G418.  Stable 

transfectants were maintained in culture no longer than 4 weeks during experiments.

Clonogenic assay, cell cycle, senescence and apoptosis assays

For  cell  proliferation  evaluation,  Alamar  Blue  (ABD  Serotec)  was  used  according  manufacturer's 

instructions.  Fluorescence was detected using the FluorStar  Optima microplate  fluorescence reader 

(BMG Labtech). The cell cycle distribution was determined as previously described29. To assay for 

senescence, cells were fixed and stained using the SA-ß-Gal kit (Cell Signaling Technology) according 

to the manufacturer's instructions. Three fields containing 100 cells were counted for each experiment 

and the results  of three independent experiments  are presented.  Apoptosis  was evaluated in FACS 

analysis by the extent of DNA fragmentation and by extent of phosphatidylserine externalization using 

FITC Annexin V Detection kit (BD Pharmingen)30, 31. 

Soft agar assay

Cells were trypsinised 18 hours after miRNA mimic transfection, and 10
5
 cells were resuspended in a 

top agar solution containing 0.35% noble agar, then poured onto a base layer containing 0.5% agar in 
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6-well plates. Each well was covered with 3 ml of RPMI full medium, and incubated under standard 

culture conditions for two weeks. Colonies were fixed and stained with 10% methanol, 10%  acetic 

acid, and 0.5% crystal violet. The colony counting was performed using ImageJ software.

Luciferase reporter assay

miRNA-3'UTR  binding  sites  were  predicted  by  miRanda  (www.microrna.org)  and  Targetscan 

(www.targetscan.org)  algorithms.  3'UTR  database  was  obtained  from  UTResource 

(http://www.ba.itb.cnr.it/UTR/)32. pmiRGLO vector (Promega) was used for reporter assay according to 

manufacturer' instructions. Putative miR-885-5p target sites in the CDK2 and MCM5 3'UTRs were 

cloned into pmiRGLO vector downstream of the firefly luciferase gene in pmiRGLO vector to create 

reporter plasmids. The sequences containing miR-885-5p predicted binding sites were used to construct 

pmiRGLO-CDK2-site are listed in the Supplementary Table S4.

Cells were plated in 96-well plates, and transfected with 20 ng of either pmiRGLO empty, pmiRGLO-

CDK2-site,  pmiRGLO-CDK2-mut-site,  pmiRGLO-MCM5-site  or  pmiRGLO-MCM5-mut-site  using 

Effectene (Qiagen),  or miRNA mimics.  Cells were lysed in passive cell  lysis buffer (Promega) 24 

hours post-transfection, and lysates were processed using the Dual-Luciferase Reporter Assay System 

(Promega) according to the manufacturer's directions. Luciferase activity was detected in a FluorStar 

Optima microplate fluorescence reader. Firefly luciferase activity was normalized to Renilla luciferase 

activity  as  an  internal  transfection  control.  Transfections  were  performed  in  six  independent 

experiments, and assayed in duplicate.

RT-qPCR

TaqMan miRNA assays  (Applied Biosystems)  were used  to  quantify  endogenous miR-885-5p and 

miR-331-3p. RNA was isolated from neuroblastoma cell lines using TRIzol, and 5 ng of total RNA was 

used to reverse transcribe cDNA for miRNA assessment. Data from cell lines were normalized to U44 

RNA expression. miRNA expression in primary tumor samples was analysed as previously described33, 

and normalization was performed by using a set of miRNAs stably expressed in neuroblastomas. Real-
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time  RT-PCR was  performed  by  using  the  Applied  Biosystems  7000  Sequence  Detection  system 

(Applied Biosystems).

Northern Blotting

Northern Blotting was performed as previously described12.  Total RNA was isolated with TRIZOL 

reagent  (Invitrogen).  30  µg
 
of  total  RNA was  loaded  per  lane  and  separated  on  15% denaturing 

polyacrylamide  gels,
 

transferred  by  electroblotting  to  GeneScreen+  membranes  (Perkin  Elmer). 

Methylene blue staining was performed prior to blocking with ULTRAhyb-Oligo hybridization buffer 

(Ambion) to assess RNA loading. Blots were incubated with 10 ng/ml 3’-biotinylated DNA probes 

complementary to either miR-885-5p or miR-331-3p in ULTRAhyb-Oligo buffer then visualized using 

the North2South Chemiluminescent Hybridization and Detection Kit (Pierce).

Western Blotting

Whole cells were lysed in a buffer containing 7 M urea, 1% Triton X-100, 100 mM DTT, 20 mM Tris-

HCl, pH 8.5. Protein concentrations were determined by Bradford assay (Bio-Rad), and 20 µg protein 

lysate were separated per lane on either 12% or 15% PAGE gels then transferred to nitrocellulose 

membranes (Protran). Antibody to MCM5 was purchased from Abcam. Antibody to PUMA was from 

ProSci Inc. Antibodies to p53, MCM3, STAT3, E2F1, MYCN, CUL3 and ß-actin were from Santa 

Cruz Biotechnologies. Antibodies to p27, CDK2, CDK6 were from Dianova. Antibodies to precursor 

and mature CASP3 were from BD Transduction Laboratories and Cell Signaling, respectively. HRP-

conjugated antibodies against mouse or rabbit were obtained from Jackson Immunoresearch. Sheep 

anti-goat HRP-conjugated antibody was from Santa Cruz Biotechnologies. Membranes were incubated 

with the appropriate antibodies, and bands were visualized using the ECL system (Pierce). Images were 

captured with a CCD camera (Vilber Lourmat) and densitometry analysis was performed using ImageJ 

software.

Gene expression analysis

In the first series of experiments, RNA was isolated from cells 3 days after transient transfection with 
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miR-885-5p,  miR-331-3p, or control miRNA. In a second series of experiments, RNA was isolated 

from cells pretreated with p53 siRNA or control siRNA for 1 day and subsequently transfected with 

miR-885-5p,  miR-331-3p, or control miRNA for 3 days. Gene expression profiles were generated as 

two one-color replicates using the whole genome oligonucleotide microarray platform from Agilent 

(Agilent  Technologies)  as  previously  described34,  35.  Raw  microarray  data  were  normalized  using 

quantile  normalization.  Expression  ratios  are  given  as  the  mean  of  two  replicates.  All  raw  and 

normalized  microarray  data  are  available  at  the  ArrayExpress  database 

(http://www.ebi.ac.uk/arrayexpress; Accession: E-TABM-38) or iCHIP (www.ichip.de/). 

Statistical analysis

Statistical significance was calculated using the Student t-test. Data are presented as mean±SD from at 

least three experiments.
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Table 1. miR-885-5p activates p53 transcriptional program

HGNC 

symbol

Chromosome, 

Band

Description HGNC 

symbol

Chromosome, 

Band

Description

P53 targets upregulated in miR-885-5p transfectants P53 targets upregulated in miR-331-3p transfectants

IGFBP3 7p12.3 Insulin-like growth factor-binding protein 3 GDF15 19p13.11 Growth differentiation factor 15

BTG3 21q21.1 Protein BTG3 (Abundant in neuroepithelium area 

protein)

ZMAT3 3q26.32 Zinc finger matrin-type protein 3 (p53-activated 

gene 608 protein)

PPAP2B 1p32.2 Lipid phosphate phosphohydrolase 3

PPM1D 17q23.2 Protein phosphatase 1D (p53-induced protein 

phosphatase 1)

TNFRSF10B 8p21.3 Tumor necrosis factor receptor superfamily 

member 10B

RRM2B 8q22.3 Ribonucleoside-diphosphate reductase subunit 

M2 B

DLC1 8p22 Rho GTPase-activating protein 7 (Deleted in liver 

cancer 1 protein)

PTPRE 10q26.2 Receptor-type tyrosine-protein phosphatase 

epsilon

27
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