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Abstract

13-cis-retinoic acid (RA) is typically used in post-remission maintenance therapy in patients with 

neuroblastoma. However, side effects and recurrence are often observed. We investigated the use 

of miRNAs as a strategy to replace RA as promoters of differentiation. miR-124 was identified as 

the top candidate in a functional screen. Genomic target analysis indicated that repression of a 

network of transcription factors could be mediating most of miR-124’s effect in driving 

differentiation. To advance miR-124 mimic use in therapy and better define its mechanism of 

action, a high-throughput siRNA morphological screen focusing on its transcription factor targets 

was conducted and ELF4 was identified as a leading candidate for miR-124 repression. By altering 

its expression levels, we showed that ELF4 maintains neuroblastoma in an undifferentiated state 

and promotes proliferation. Moreover, ELF4 transgenic expression was able to counteract the 

neurogenic effect of miR-124 in neuroblastoma cells. With RNA-seq, we established the main role 

of ELF4 to be regulation of cell cycle progression, specifically through the DREAM complex. 

Interestingly, several cell cycle genes activated by ELF4 are repressed by miR-124, suggesting that 

they might form a TF-miRNA regulatory loop. Finally, we showed that high ELF4 expression is 

often observed in neuroblastomas and is associated with poor survival.

Introduction

Neuroblastoma is the most common extracranial solid tumor among infants younger than 12 

months, and is responsible for 7% of childhood cancers and 15% of cancer-related childhood 

deaths (1). These tumors arise from neural crest cell precursors of the sympathetic nervous 

system that fail to differentiate into neurons (1,2). Induction of malignant cells to 
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differentiate into mature cells through the use of 13-cis-retinoic acid (RA) has been a 

mainstay treatment for post-remission maintenance therapy in patients with neuroblastoma 

(2). Although this therapy has drastically improved patient survival, it is often accompanied 

by side effects and high rates of recurrence (3). We have previously evaluated miRNA 

mimics as potential alternatives to RA treatment in a high-throughput screen, and identified 

miR-124 as one of the strongest inducers of differentiation (4).

miR-124 is a neuron-enriched, highly conserved miRNA which ranks as the most highly 

expressed miRNA in the human brain (5). miR-124 dysregulation has been implicated in a 

variety of neurological disorders and cancers with neuronal origin (5). miR-124 is defined as 

a tumor suppressor miRNA and is typically absent or down-regulated in tumors, very likely 

due to promoter hyper-methylation (6). miR-124 tumor suppressive functions include 

inhibition of proliferation, regulation of cell cycle genes such as CDK4 (7), and inhibition of 

self-renewal, migration and invasion through regulation of SCP1, PTPN12, ROCK1, Twist, 

and SNAI2 (5). In neuroblastoma, low miR-124 expression is associated with an 

undifferentiated state (8).

miR-124 expression levels increase during neural stem cell (NSC) differentiation (9) and 

ectopic expression enhances neuronal differentiation of mouse neural stem cells and 

decreases proliferation, expression of stem cell markers and growth and self-renewal of 

neurospheres (9). In a prior study to understand how miR-124 induces differentiation, we 

blocked its function with antagomiRs to determine how this treatment suppressed critical 

changes in gene expression during neurogenesis. Gene ontology analysis of 910 miR-124 

targets identified in this study indicated transcription factors as one of the most highly 

enriched terms (9). This finding supports the concept of miRNA-transcription factor (TF) 

networks as critical players in cell fate determination (9,10). miRNA-TF networks are 

essential for a wide range of processes, such as embryogenesis, hematopoiesis, myogenesis, 

and macrophage differentiation (11). Furthermore dysregulation of miRNA-TF networks has 

been observed in a variety of cancers (12).

We hypothesized that the transcription factors targeted by miR-124 are critical to 

maintaining the undifferentiated state of neuroblastoma cells. Ectopic expression of 

miR-124 in neuroblastoma cells would decrease their expression levels, allowing cells to 

turn on a differentiation program. To advance the use of miR-124 mimics in neuroblastoma 

therapy and establish its mechanism of action, we evaluated miR-124 targeted transcription 

factors to identify the ones contributing the most to the undifferentiated state and 

proliferation. ELF4 was the top hit in our functional screen and was selected for further 

analysis. Characterization of ELF4 impact on gene expression by RNA-seq identified cell 

cycle regulation as a main route of action. ELF4 knockdown affected CDK2/4/5/6 

expression along with various cyclins. Interestingly, a comparative analysis suggested that 

miR-124 and ELF4 form a feed-forward loop, where they antagonize one another via their 

opposing regulatory roles in the expression of shared target genes. Finally, we determined 

that ELF4 expression could potentially serve as a prognostic marker as its levels in 

neuroblastoma tumors are predictive of patient survival. Taken together, these findings 

support a role for miR-124 mimics in neuroblastoma differentiation therapy.
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Materials and Methods

Cell Lines and Transfection

Neuroblastoma cell lines BE(2)-C, CHP-212, SH-SY5Y, SK-N-AS and SK-N-DZ were 

obtained from the American Type Culture Collection. KELLY and NGP cells were were a 

gift from Dr. Raymond Stallings and were obtained originally from the European Collection 

of Animal Cell Cultures (Porton Down, UK) and Cancer Therapy and Research Centre, San 

Antonio, TX respectively. Cells were grown in DMEM/F12 (GIBCO) supplemented with 

10% fetal bovine serum (GIBCO) and 1% pen/strep (GIBCO). HeLa cells were obtained 

from the American Type Culture Collection and were cultured in RPMI-1640 (GIBCO) 

supplemented with 10% FBS and 1% pen/strep. 293T cells were obtained from the 

American Type Culture Collection and were cultured in DMEM-High Glucose (HyClone) 

supplemented with 10% FBS and 1% pen/strep. Cells were passaged no more than fifteen 

times and were tested for mycoplasma contamination using DAPI staining (2 μg/mL) 

(Thermo Fisher). All cells were authenticated using short tandem repeat profiling.

SMARTpool siRNAs against the transcription factors were obtained from Dharmacon 

(Supplementary Table 1). Neuroblastoma cells (BE(2)-C, CHP-212, KELLY, NGP, SH-

SY5Y, SK-N-AS, and SK-N-DZ) were reverse transfected into 96-wells with siRNAs using 

RNAiMAX (Thermo Fisher).

Quantification of Neurite Outgrowth

96 hours after transfection, cells were imaged on an IncuCyte ZOOM Imaging System 

(Essen Bioscience) at 10X or 20X magnification. Neurite outgrowth was quantified and a 

neurite definition for each cell line was created using the NeuroTrack software module 

(Essen BioScience). Knockdown efficiency for each siRNA was validated at 48 hours by 

qRT-PCR and decreases in mRNA expression of 85% or more were observed (qPCR method 

described below).

MTS Assay

Neuroblastoma cells were plated into 96-well plates and transfected as described above. 

After culturing for 120 hours, quantification of viable cells was assessed using the CellTiter 

96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega).

Cell Proliferation Assay

Neuroblastoma cells were plated into 96-well plates, transfected as described above, and 

placed into the IncuCyte ZOOM Imaging System (Essen BioScience). Cell confluence was 

monitored periodically using the Confluence Processing analysis tool (Essen BioScience). 

Cell growth curves were generated by plotting cell confluence as a function of time.

Ki67 Quantification Assay

Neuroblastoma cells were plated into 96-well plates and transfected as described above. 

After 120 hours, cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 15 minutes at 

room temperature. Cells were permeabilized and blocked with blocking buffer (1X PBS/5% 

BSA/0.3% Triton™ X-100 (Sigma-Aldrich)) for 1 hour at room temperature. Cells were 
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then incubated with Ki67 antibody (Abcam: ab15580) overnight at a dilution of 1:150. Cells 

were then washed three times with PBS and incubated with a Cy™−3 anti-rabbit secondary 

antibody (Jackson ImmunoResearch: 711-165-152) at a concentration of 1:500 for 1 hour at 

room temperature. Following three washes with PBS, cells were incubated in 2 μg/mL DAPI 

(Thermo Fisher) for 5 mins at room temperature. Cells were then manually counted utilizing 

an epifluorescence microscope. For each replicate, 500 cells were counted, and Ki67 

positive cells were determined as the number of positive cells divided by the total number of 

cells (DAPI positive).

Caspase-3/−7 Assay

Neuroblastoma cells were plated into 96-well opaque plates and transfected as described 

above. After 48 hours, cells were assessed for Caspase-3/−7 activity utilizing the Caspase-

Glo® 3/7 Assay (Promega).

mRNA Expression

Total RNA was isolated from neuroblastoma cells treated with specific conditions (e.g. 

siRNA against TFs, siControl/siELF4, miRNA Control/miR-124) with TRIzol (Thermo 

Fisher). cDNA was synthesized using a High-Capacity cDNA Synthesis Kit (Thermo 

Fisher). Primer pairs and TaqMan probes used for knockdown validation and gene 

expression quantification are listed in Supplementary Table 1. PowerUp SYBR Green 

Master Mix and TaqMan Master Mix were used for qRT-PCR (Thermo Fisher) GAPDH was 

utilized as a reference gene. The delta-delta Ct method was used to compare mRNA levels 

between different conditions (13).

Plasmid and Lentiviral Expression Vectors

A clone containing the ELF4 3’UTR was obtained from the DNASU Plasmid Depository 

(HsUT00698332). The 3’UTR sequence was PCR amplified and ligated into the pmirGLO 

vector (Promega). Another clone was prepared by deleting the predicted miR-124 binding 

site. Deletion of the binding site was performed using the QuikChange II Site-Directed 

Mutagenesis Kit (Agilent) with the following primer pair: CTA TGC GTG TTT CCA GCA 

GTT TTT CTA ATA AAA TCA GTT TAT and ATA AAC TGA TTT TAT TAG AAA AAC 

TGC TGG AAA CAC GCA TAG,

A clone containing the ELF4 open reading frame was obtained from Vigene (Catalog # 

CH815249), PCR amplified, and cloned into pUltra (a gift from Malcolm Moore: Addgene 

plasmid #24129) using the EcoRI and BamHI restriction sites. The ligated product was then 

transformed into Stbl3 cells (ThermoFisher). Lentivirus was prepared and titered as 

described previously (14).

Luciferase Assay

HeLa and 293T cells were plated into 96-well plates, grown for 16 hours, and transfected 

using Lipofectamine 3000 (Thermo Fisher) with the ELF4 3’UTR construct along with 

miR-124 mimic or control oligos. Firefly luciferase luminescence was measured 48 hours 

later using the Dual-Glo® Luciferase Assay System (Promega). Sea pansy luminescence 

was measured as a transfection control.
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RNA-seq Analysis

To identify the transcriptional impact of ELF4, BE(2)-C cells were treated in triplicate with 

either siELF4 or siControl. 48 hours later, RNA was isolated with TRIzol (ThermoFisher). 

Samples were sequenced using poly-A selected mRNA at the GCCRI Genome Sequencing 

Facility (UTHSCSA). Reads were aligned to the human genome (UCSC version hg19) using 

TopHat. Feature Counts was used to count reads mapping to genes and differential gene 

expression analysis was performed using DESeq2 with default parameters (15). 

Differentially expressed genes can be found in Supplementary Table 2. Complete 

sequencing data can be found at (GEO: GSE125772).

Gene Set Enrichment Analysis and Network Interaction Assessment

Significant differentially expressed genes were identified at an FDR-corrected threshold of p 

< 0.0001 and log2 fold-change ≥ 0.5 or ≤ −0.5. Enriched gene ontologies and gene sets were 

identified through Protein Analysis Through Evolutionary Relationships (PANTHER; http://

pantherdb.org) and the Molecular Signatures Database v6.2 (MSigDB; http://

software.broadinstitute.org/gsea/msigdb/index.jsp). Enriched gene ontologies or gene sets of 

interest were further investigated by examining their interactions based on experimental 

data, co-occurrence, literature and database information, using the STRING database 

(https://string-db.org). Only interactions with medium (0.4) scores and above were used. 

Interactions were clustered by MCL clustering with an inflation parameter of 3. Graphics 

depicting the interactions between the genes identified were generated with Cytoscape 3.70 

(https://cytoscape.org). To identify druggable targets, the Drug Gene Interaction Database 

(DGIdb) was used (http://www.dgidb.org). In addition to MSigDB, Enrichr was used to 

identify gene-sets from various databases (http://amp.pharm.mssm.edu/Enrichr).

Analysis of ELF4 and miR-124 Antagonism

Neuroblastoma cells [BE(2)-C, KELLY and SK-N-DZ] were infected with a MOI of 10 of 

ELF4 or control lentiviral expression vectors. 72 hours after transduction, cells were reverse 

transfected with either miR-124 mimic or control, and neurite outgrowth was assessed as 

described above. RNA was collected 48 hours after miRNA mimic transfection and qRT-

PCR was performed as described in the mRNA Expression section to assess impact on co-

targeted genes.

Analysis of Patient Survival

Patient survival data was obtained from the R2 genomics analysis and visualization platform 

(https://hgserver1.amc.nl/cgi-bin/r2/main.cgi). Neuroblastoma patients in the Versteeg and 

Seeger cohorts were divided into high and low groups based on median untransformed ELF4 

expression (probe: 31845_at) (16,17). Survival analysis was performed using the log-rank 

(Mantel-Cox) test as implemented in GraphPad Prism. Univariate and multivariate analyses 

were performed utilizing a Cox proportional hazards regression model as implemented in 

the R package ‘survival’ (https://CRAN.R-project.org/package=survival). For the Versteeg 

cohort the following variables were utilized: ELF4 expression, stage, age, MYCN status, and 

gender.
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Statistical Analysis

The siRNA screen was performed utilizing technical triplicates for each of the assays (MTS, 

neurite outgrowth, Ki67 staining, and Caspase-3/−7 activity). Differences in proliferation 

were identified utilizing multiple t-testing adjusted with a Bonferroni correction. Significant 

differences were identified using a Student’s t-test with a Holm-Sidak correction for 

multiple testing, with a corrected p value of 0.05 considered statistically significant. qRT-

PCR measurements were performed with biological and technical triplicates, with 

differences in expression assessed by Student’s t-test. Luciferase assays were performed 

with biological and technical triplicates, with differences in activity assessed by Student’s t-

test. Antagonism and synergy were assessed using the Bliss independence model (18) using 

two-way ANOVA with a Tukey’s range test for multiple comparisons. Overlap between sets 

of miRNA targets was assessed by hypergeometric distribution test. RNA-seq analysis also 

employed biological triplicates.

Results

miR-124 regulated transcription factors contribute to neuroblastoma proliferation and 
undifferentiated state

Neuroblastoma cells can be differentiated into post-mitotic neurons through the use of 

retinoic acid. We and others have shown that similar changes can be obtained through 

transfection of mimics of miR-124 (4,8). Our previous analyses suggest that miR-124 

promotes differentiation at least in part by repressing transcription factors implicated in the 

maintenance of stem cell phenotypes (9). To identify the transcription factors responsible for 

maintaining the undifferentiated state and functioning as mediators of the observed effects of 

miR-124 in the process of neuronal differentiation, we conducted a functional screen with a 

selected group of 28 highly interconnected transcription factors (Fig. 1A).

A well-recognized marker of neuroblastoma cell differentiation in vitro is neurite outgrowth. 

We have previously conducted high-content screens based on this morphological indicator to 

identify inducers of neuroblastoma differentiation (4). To analyze the network of selected 

transcription factors, we knocked down each one individually in BE(2)-C and CHP-212 cells 

via siRNA transfection. Knockdown efficiency was measured by qRT-PCR (Supplementary 

Fig. S1). Quantification of neurite outgrowth was done with the InCucyte Zoom Neurotrack 

module (Fig. 1B). In addition to assessing morphological changes, we used an MTS assay to 

examine if loss of any transcription factor had an impact on the number of viable cells (Fig. 

1C). Of the 28 transcription factors screened, knock-down of ELF4 resulted in a consistent 

effect in all analyses performed, and was selected for further analysis. ELF4 knock-down in 

six different neuroblastoma cell lines [BE(2)-C, CHP-212, KELLY, SK-N-DZ, NGP, and 

SK-N-AS] had a significant effect on proliferation, Ki67 positivity, Caspase-3/−7 activity, 

viability, morphology, and differentiation (Fig. 2, 3).

Since we originally identified ELF4 as a target of miR-124 in mouse NSCs (9), we sought to 

validate this regulation in human cells. miR-124 mimic transfection in BE(2)-C, CHP-212, 

KELLY, and SK-N-DZ cells resulted in a significant downregulation of ELF4 mRNA (Fig. 

S2A). Next, we conducted a luciferase assay in two different cell lines to demonstrate a 
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direct and specific interaction of miR-124 with ELF4. The 3’UTR of ELF4 was cloned into 

a dual luciferase vector. Another construct was prepared with a deletion of the miR-124 

binding site (Fig. S2B, C). When the ELF4 3’ UTR reporter vector was co-transfected with 

miR-124 mimics, a decrease in luciferase activity was observed in comparison to control. 

miR-124 mimic co-transfection with the ELF4 3’ UTR reporter from which the miR-124 

target site had been deleted showed no decrease in luciferase activity (Fig. S2B).

ELF4 ectopic expression antagonizes miR-124 effect on differentiation of neuroblastoma 
cells

To corroborate ELF4 as a critical target of miR-124, we tested if transgenic expression of 

ELF4 could counteract the effect of miR-124 on differentiation. We transduced 

neuroblastoma cells (BE(2)-C, SK-N-DZ, and KELLY) with either control lentivirus or one 

expressing the open reading frame of ELF4. Infected cells were later transfected with 

miR-124 or control mimics. miR-124 transfection induced strong differentiation in cells 

infected with pUltra (control). The effect of miR-124 on neurite outgrowth and proliferation 

was partially neutralized by the ectopic expression of ELF4 (Fig. 4A–C, S3 and S4). Based 

on these results, we propose a model for the interaction between ELF4 and miR-124 in the 

regulation of neuroblastoma differentiation (Fig. 4C). To assess this antagonism model 

further, we examined mRNA levels of several genes predicted to be regulated by miR-124 

and ELF4 in opposing directions. We observed that when miR-124 mimics and ELF4 

expression vector were co-transfected, ELF4 counteracted miR-124 repressive effect on 

several of its target genes – CDK2, CHEK1, GRB2, NRAS, TOP2A, and REST (Fig. 4D, E, 

S3, S4) – supporting the phenotypic observations.

High ELF4 expression correlates with poor prognosis in neuroblastoma patients

The impact of ELF4 on neuroblastoma cell proliferation and maintenance of an 

undifferentiated phenotype suggests that high ELF4 expression could contribute to 

neuroblastoma development and response to therapy. We stratified the neuroblastoma patient 

cohort described by Molenaar, et al. (16) based on median ELF4 expression and found that 

patients with high tumor ELF4 expression show poor survival rates relative to those with low 

ELF4 levels, (Fig. S5A and B). In a multivariate analysis featuring additional variables 

(stage, age, gender and MYCN status), ELF4 was found to be an independent risk factor 

(p=0.00601) (Supplementary Table 3). In another cohort featuring metastatic non-MYCN 

amplified tumors (17), high ELF4 expression correlated with poor relapse-free survival (Fig. 

S5C,D and Supplementary Table 3), indicating that ELF4 expression can potentially predict 

poor outcome.

Synergistic effect of ALK and ELF4 inhibition on cell proliferation

We assessed the importance of ELF4 in multiple neuroblastoma cell lines. In SH-SY5Y 

cells, ELF4 knockdown had little impact on proliferation or differentiation. Initially we 

predicted a MYCN dependency, but SK-N-AS cells, which are not MYCN amplified, 

responded well to ELF4 knockdown. In addition, ELF4 expression strongly correlates with 

poor relapse-free survival in a MYCN-non-amplified cohort (Fig. S5C and D). Therefore, 

we hypothesized that a different mechanism was driving resistance. ALK mutations are a 

frequent cause of germline neuroblastoma, and SH-SY5Y cells carry the F1174L mutation 
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(19). Several groups have demonstrated efficacy of ALK inhibition in inhibiting 

neuroblastoma cell proliferation. More importantly, inhibitors of ALK and CDK4/6 have 

been found to work synergistically (19). Taking into account the RNA-seq results that 

suggest that ELF4 directly or indirectly regulates cell cycle progression genes, we decided to 

perform dual knockdowns of ALK and ELF4. Low levels of ALK or ELF4 knockdown 

(29% and 30%, respectively) had minor effects on proliferation of SH-SY5Y cells, but when 

both ALK and ELF4 were partially knocked down, the effect on proliferation and 

differentiation was greater (Fig. 5A–B, E–G). To further confirm this synergistic effect, we 

performed the dual knockdown (29% decrease in ALK and 60% decrease in ELF4) in 

KELLY cells, which carry the same ALK mutation (F1174L). The results were similar to 

what we observed in SH-SY5Y cells (Fig. 5C–D, and S6). Inhibition of both ALK and ELF4 

resulted in a synergistic effect, with a combination index (CI) of 0.82 for SH-SY5Y and 0.28 

for KELLY at 120 hours, based on the Bliss independence model (18). ALK, a receptor 

tyrosine kinase, acts upstream of the MAPK signaling cascade, partially functioning through 

the transcription factor ETV5 (20). ETV5, like ELF4, is an ETS-family member, and both 

have been shown to interact with members of the Runt-related transcription factor family 

(RUNX) as identified by STRING. We propose that this interaction explains how the 

combined reduction in expression of ALK and ELF4 leads to a strong reduction in cell 

proliferation (Fig. 5H).

ELF4 regulates a network of cell cycle genes

To determine the genes and pathways regulated by ELF4, we performed an RNA-seq 

analysis on BE(2)-C cells following ELF4 knockdown. 940 genes showed a decrease in 

expression, while 722 genes were up-regulated (Supplementary Table 4). A subset of 

differentially expressed genes were validated with qRT-PCR in three cell lines (BE(2)-C, 

SK-N-DZ, and KELLY) (Fig. S7). To determine the extent to which the differentially 

regulated genes are preferentially associated with specific pathways or biological functions, 

we performed a gene-set enrichment analysis using PANTHER and the molecular signatures 

database (MSigDB). Down-regulated genes are highly enriched in cell cycle pathways and 

complexes involved in cell cycle progression. These down-regulated genes possess many 

protein-protein interactions between them and include well-recognized cell cycle genes such 

as CDK2/5/16, cyclins A2/B1/D3/F/T1, CDC20, PCNA, and MCM2. On the other hand, the 

set of up-regulated genes shows enrichment of differentiation and neurogenesis ontology 

terms, supporting the observation that loss of ELF4 induces differentiation (Fig. 6 C and D, 

Supplementary Table 4). The upregulated genes include doublecortin, NTRK1, NTNG1/−2, 

NRP1, and ROBO2, all of which are involved in neuronal differentiation as well as 

peripheral nervous system maturation (21–24). In fact, high NTRK1 expression is a positive 

predictor of neuroblastoma patient survival as well as differentiation ability (25).

ELF4 and miR-124 have opposite regulatory impact on cell cycle related genes

miRNAs and transcription factors interact in the context of complex networks that modulate 

a variety of biological processes, including development and tumorigenesis (10,26). We 

were curious as to whether the miR-124-ELF4 interaction goes beyond the impact of 

miR-124 impact on ELF4 expression. More specifically, we wanted to know if their 

antagonistic effect on neuronal differentiation could block ELF4 activity in two ways: 1) by 
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direct repression, and 2) by decreasing the expression of ELF4 target genes. To evaluate this 

possible feed-forward loop, we first generated a list of miR-124 targets by combining 

miR-124 targets identified by our group and high confidence validated targets from 

miRTarBase (9,27) (Supplementary Table 5). We then compared this list (1,007 genes) to the 

list of genes displaying a decrease in expression upon ELF4 knockdown (940 genes). We 

found a statistically significant overlap of 104 genes based on a hypergeometric distribution 

test (p = 2.00 × 10−19) (Fig. 7A, Supplementary Table 6). Gene ontology analysis with 

MSigDb revealed an enrichment in cell cycle regulation (Fig. 7B, Supplementary Table 7). 

One of the resulting gene sets featured targets of the DREAM complex. This complex is 

essential for maintenance of quiescence by regulating the transition from both G1/S and 

G2/M phases. DREAM complex dysregulation has been implicated in a variety of cancers, 

including neuroblastoma, where the complex is reactivated by MYCN and FOXM1 to 

promote cell cycle progression (28). Protein interaction analysis showed that genes affected 

by both miR-124 and ELF4 are highly connected, forming a dense network (Fig. 7C). 

Finally, in our antagonism experiments, we found that ELF4 overexpression prevents 

miR-124 from downregulating several co-target genes, including CDK2, CHEK1, GRB2, 

NRAS, TOP2A and REST (Fig. 4E, S4, S5). These results indicate that failure to 

downregulate ELF4 diminishes the ability of miR-124 to downregulate target genes found in 

the overlap. Taken together, these results suggest that miR-124 and ELF4 form a miRNA-

transcription factor regulatory loop in cell fate decisions; however further analysis is 

required to characterize this interaction completely.

Discussion

ELF4 transcriptional targets and pathways

Differentiation is an essential therapeutic approach for treating neuroblastoma, but not all 

children respond to the agents currently in use. Regulators of the undifferentiated phenotype 

can offer insight on differentiation therapy resistance. We identified ELF4 as a critical target 

of the pro-neurogenic miR-124 and as a novel driver of neuroblastoma’s undifferentiated 

state and proliferation. RNA-seq data implicated ELF4 in cell cycle progression, as it 

potentially regulates, either directly or indirectly, CDK2, CDK4, CDK5, and CDK6, in 

addition to other cell cycle genes. In support of this observation, Miyazaki, et al. (29) 

showed that ELF4 activity is highest in the G1 phase and that ELF4 is directly regulated 

through phosphorylation by the cyclin A2-CDK2 complex, both of which are found to be 

down-regulated when ELF4 is knocked down. These findings also suggest the existence of a 

positive regulatory loop between ELF4 and the cyclin A2-CDK2 complex.

Increased expression of ELF4 has been proposed to contribute to tumorigenesis via its 

critical role in cell cycle progression. Genetic ablation of ELF4 resulted in decreased 

proliferation of glioma-initiating cells (30). Several reports describe a close relationship 

between ELF4 and the tumor suppressor p53. ELF4 promotes the expression of MDM2, a 

repressor of p53, enabling transformation (31). MDM2 also increases MYCN mRNA 

stability and translation (32). In addition, ELF4 expression is tightly controlled by the p53-

MDM2-E2F1 signaling axis (33). In relapsed neuroblastoma, a high frequency of p53/
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MDM2/p14ARF pathway alterations is observed (34). Due to its relationship to this 

pathway, ELF4 may be implicated in relapses as well.

ELF4 is critical to stem cell proliferation. In ELF4−/− mice, hematopoietic stem cells have 

reduced proliferation and become stuck in a quiescent state (35). Interestingly, our gene-set 

enrichment analysis (GSEA) of siELF4-downregulated genes identified an enrichment of 

DREAM complex targets. As this complex regulates quiescence transitions, our data 

supports the phenotype observed in ELF4−/− mice (36).

ALK and ELF4 relationship

We found an interesting mechanism by which the receptor tyrosine kinase ALK may 

compensate for ELF4 loss. Not only are ALK mutations a common driver of familial 

neuroblastoma, but ALK is often dysregulated in non-mutated neuroblastomas (37). In six of 

the seven cell lines we assessed, ELF4 knockdown affected proliferation, independent of 

MYCN amplification status. However, knockdown of ELF4 in SH-SY5Y cells produced a 

partial inhibition of cell proliferation. We hypothesized that ALK mutation in these cells 

could compensate for the negative impact of ELF4 knockdown on CDKs and cyclins, which 

was confirmed by dual knock-down experiments. This finding is supported by a study 

showing the synergistic effect of dual ALK and CDK4/6 inhibition on neuroblastoma cell 

proliferation (19). ALK-ELF4 compensation was verified in a MYCN-amplified cell line, 

suggesting this relationship is MYCN independent.

miR-124 and ELF4 transcription factor network

Our work highlights the importance of miRNA-transcription factor crosstalk in 

tumorigenesis. While miR-124 targets are distributed across several different biological 

functions, it appears that targeting transcription factors, as seen here with ELF4, is critical 

for driving major phenotype changes. miR-124 and ELF4 potentially share a significant 

number of target genes. Analysis of these targets using gene-set enrichment (GSEA) 

revealed the DREAM complex and cell cycle as important pathways. The DREAM complex 

tightly regulates the transition between G0 and G1 phases of the cell cycle, in addition to 

regulating gene expression through G1/S and G2/M phases (38). This complex is 

responsible for maintaining quiescence, and following ELF4 knockdown or miR-124 

overexpression, the downregulation of DREAM complex target genes appears to be relevant 

for terminal differentiation of neuroblastoma cells.

Another enriched target gene set is regulated by estrogen (Dutertre Estradiol Response, ID: 

M2156). Estrogen signaling has been implicated in neuroblastoma proliferation and 

phenotype (39). Moreover, estrogen receptor α was found to enhance the transcriptional 

activity of ETS-1, an ELF4 family member, in neuroblastoma cells (40). Analysis of 

siELF4-downregulated genes with the gene-set enrichment program Enrichr revealed that 

219 out of the 940 genes are also responsive to the phytoestrogen coumestrol, based on the 

Drug Signatures Database (DSigDB). Although the relationship between estrogen signaling 

and ELF4 is not well defined, it appears that both miR-124 and ELF4 target several 

components of estrogen signaling.
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Genes regulated by miR-124 and ELF4 have druggable potential

Analysis of the 104 antagonistically regulated genes via the Drug Gene Interaction Database 

identified numerous genes with druggable domains. In fact, five genes (NRAS, PDE10A, 

SLC12A2, RPS6KB1, and TOP2A) have FDA-approved drugs that either directly or 

indirectly target them. More importantly, expression of several of these genes strongly 

correlates with patient survival. NRAS, for example, is upstream of the MEK signaling 

cascade, which is dysregulated in neuroblastoma (41). MEK inhibitors, such as cobimetinib, 

have demonstrated efficacy against neuroblastomas (42). TOP2A, a topoisomerase, has been 

shown to be important for response to topoisomerase inhibitor doxorubicin (43), a front-line 

agent against high-risk neuroblastoma (44). SLC12A2, also known as NKCC1, is a Na+, K

+, and Cl− co-transporter that can be inhibited with furosemide or bumetanide. This 

transporter was shown to be critical in EGF and FGF signaling (45). Furthermore, in normal 

neural progenitor cells, NKCC1 knockdown results in decreased proliferation, suggesting 

that this co-transporter is important in cell cycle progression in neural stem cell populations 

(46). More importantly, it was found that overexpression of NKCC1 could induce 

transformation in mouse fibroblasts (47). RPS6KB1, also known as p70-S6 kinase, is an 

important downstream target of mTOR. Inhibition of mTOR in neuroblastoma has 

demonstrated anti-proliferative effects (48). PDE10A, a phosphodiesterase, can be inhibited 

by dipyridamole, which prevents neuroblastoma cell growth (49). Finally, preclinical 

assessment of other co-targeted genes, such as CDK2, also has also revealed promising leads 

for treating neuroblastoma (50).

In conclusion, our work establishes the transcription factor ELF4 as a target of neurogenic 

miRNA miR-124 and as a critical regulator of neuroblastoma cell identity, cell cycle and 

proliferation. We also showed the potential of ELF4 as a predictor of patient survival. 

Finally, we demonstrated that miR-124 can induce differentiation through regulation of 

transcription factors and corroborated the importance of miRNA-transcription factor 

crosstalk in cancer-relevant phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

miR-124 induces neuroblastoma differentiation partially through the downregulation of 

transcription factor ELF4, which drives neuroblastoma proliferation and its 

undifferentiated phenotype.
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Figure 1. miR-124 regulated transcription factors contribute to neuroblastoma proliferation and 
maintenance of the undifferentiated state.
(A) Transcription factor network regulated by miR-124 (built with STRING). (B-C) BE(2)-

C and CHP-212 cells were reverse transfected with siRNAs against each transcription factor. 

120 h later: (B) Neurite length was measured utilizing the IncuCyte Neurotrack software 

module; (C) Quantification of viable cells was assessed by MTS assay. Statistical 

significance of observed differences was determined by Student’s t-test with a Holm-Šídák 

correction for multiple comparisons.
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Figure 2. ELF4 is critical for neuroblastoma cell proliferation and reduction of intracellular 
levels of ELF4 induces differentiation.
(A) Neuroblastoma cell lines were reverse transfected with siRNAs (siELF4 and control) 

and their proliferation was monitored by live-cell imaging (IncuCyte). (B) Knockdown of 

ELF4 with siRNA results in a significant decrease in number of viable cells (MTS assay, 

120 h post-transfection). (C) Silencing of ELF4 results in differentiation (neurite outgrowth, 

120 h post-transfection). (D) ELF4 knockdown significantly diminishes the percentage of 

Ki67 positive cells (Ki67 quantification, 120 h post-transfection). (E) Loss of ELF4 induces 

apoptosis (Caspase-3/−7 assay, 48 h post-transfection). Statistical significance of observed 

differences was determined by Student’s t-test. Proliferation data was adjusted for multiple 

testing using a Bonferroni correction. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 

p<0.0001.
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Figure 3. Morphological changes of neuroblastoma cells following ELF4 knockdown.
Images of neuroblastoma cells 120 h after reverse transfection with siRNAs.
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Figure 4. ELF4 ectopic expression antagonizes the effect of miR-124 on differentiation of 
neuroblastoma cells.
(A-B) BE(2)-C cells were first infected with ELF4-expressing lentivirus or control then 

reverse transfected with miRNA mimics (miR-124 or control). 120 hours later, the impact on 

differentiation and confluence was measured. (A) Morphology of transfected cells (scale bar 

= 100 μm). (B) Quantification of neurite outgrowth of treated cells. (C) Confluence of 

treated cells. (D) Proposed model of ELF4 and miR-124 antagonism. (E) ELF4 and 

miR-124 expression levels in SK-N-BE(2)-C transfected cells. (F) Expression analysis by 

qRT-PCR of miR-124 and ELF4-overexpressing shared targets in co-transfected cells were 

transfected with miRNA mimics; 48 hours later RNA was isolated and qRT-PCR was used to 

measure expression of a select group of co-targeted genes. Statistical significance of 

observed changes in neurite outgrowth was determined by a two-way ANOVA with Tukey’s 

range test for multiple comparisons. A Student’s t-test was used to assess differences in 

expression. * = p<0.05, **** = p<0.0001.
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Figure 5. Synergy between ALK and ELF4 inhibition on NB cell proliferation.
(A) SH-SY5Y cells were reverse transfected with siRNAs (siALK, siELF4 or control) and 

their proliferation was monitored with live-cell imaging (IncuCyte). (B) mRNA levels of 

ALK and ELF4 48 h after transfection. (C) KELLY cells were reverse transfected with 

siRNAs (siALK, siELF4 or control) and their proliferation was monitored with live-cell 

imaging. (D) mRNA levels of ALK and ELF4 48 h after transfection. (E) Morphological 

changes observed. (F) Quantification of the number of viable cells (MTS assay, 120 hours 

after transfection). (G) Quantification of differentiation (neurite outgrowth, 120 hours after 

transfection). (H) Proposed model of ALK and ELF4 synergy, based on STRING protein-

protein interactions. Statistical significance of observed changes was determined by 
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Student’s t-test with a nominal significance threshold of p = 0.05. * = p<0.05, ** = p<0.01, 

*** = p<0.001.
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Figure 6. ELF4 regulates a network of cell cycle genes.
(A) Gene ontology analysis of siELF4-downregulated genes with PANTHER reveals that 

ELF4 targets are preferentially associated with cell cycle pathways. (B) Cell cycle-related 

genes (GO: Regulation of Mitotic Cell Cycle) regulated by ELF4 form a highly connected 

network according to STRING. Link thickness is based on the confidence of the interaction. 

Nodes color-coded based on MCL clustering. (C) siELF4-upregulated genes are highly 

associated with neuronal processes (PANTHER), supporting the observation that ELF4 loss 

induces differentiation and that differentiation requires cell cycle exit. (D) Upregulated 

genes (GO: Neurogenesis) linked to neuronal function form a highly connected network 

according to STRING. Link thickness is based on the confidence of the interaction. Nodes 

color-coded based on MCL clustering.
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Figure 7. miR-124 and ELF4 regulate a common set of targets in opposing directions.
(A) miR-124 targets and siELF4-downregulated genes overlap significantly. Statistical 

significance was determined by hypergeometric distribution test. (B) MSigDb analysis of the 

104 overlapping genes reveals highly enriched gene sets centered on cell cycle regulation 

(e.g. Fisher Dream Complex, GO Cell Cycle). (C) Protein-protein interactions between the 

co-targeted genes reveals a highly interconnected network. DREAM Complex targets (pink) 

account for a large majority of the overlapped genes (34/104). Link thickness is based on the 

confidence of the interaction (STRING).
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