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Abstract. Neuroblastoma is the most common inheritable, solid 
neoplasm in children found under the age of 7 and accounts for 
approximately 7% of childhood cancers. A common treatment 
that has been prescribed for over a decade is retinoid therapy 
[using all‑trans retinoic acid (RA)]. Treatment with this differ-
entiating agent has been revealed to progress the cells from 
their stem‑cell state to a mature neuronal state gaining classical 
neuronal characteristics, including the suppression of prolif-
eration. However, the molecular mechanism underlying the 
action of RA treatment remains to be elucidated. In the present 
study, a novel mechanism of RA‑induced differentiation via 
regulation of receptor tyrosine kinase‑like orphan receptor 1 
(ROR1) is reported. ROR1 is overexpressed in neuroblastoma 
but significantly downregulated in mature differentiated 
neurons. Hence, it was hypothesized that RA may modulate 
ROR1 leading to differentiation and termination of cancerous 
properties. Immunoblotting revealed that following RA treat-
ment, ROR1 levels initially increased then sharply decreased 
by 96  h. This was paired with synaptophysin, a mature 
neuron marker, sharply increasing concurrently, providing 
evidence of differentiation by 96 h. Investigation of the ROR1 
pathway confirmed ROR1‑dependent downstream activation 
of the PI3K/AKT signaling axis, a growth pathway previ-
ously demonstrated to promote differentiation. Chromatin 
immunoprecipitation revealed an increase in RAR binding 
to the promoters of ROR1 and its endogenous ligand, Wnt5a. 
This research provided compelling evidence that RA is able 
to modulate the expression of ROR1 and Wnt5a to promote 
differentiation through the expression of synaptophysin. This 
data combined with the overarching data from the scientific 
community regarding proliferation and other proliferative 

factors in early‑stage neurons provides a more in‑depth model 
of the process of differentiation in neurons.

Introduction

Neuroblastoma (NB) arises when early neuroblasts in the fetus 
become cancerous causing widespread nervous system impair-
ments throughout the body including cognitive disabilities, 
motor function impairment, and a compromised autonomic 
nervous system (1,2). These cancerous neuroblasts originate in 
the adrenal glands but can spread to other locations such as the 
peripheral nervous system, spinal cord, and cortical regions of 
the brain, leading to poor patient outcomes (3). Understanding 
the cellular mechanisms underlying impaired differentiation 
and carcinogenesis in these neuroblasts can improve future 
NB therapies.

The current treatments for NB include radiation therapy 
and chemotherapy. However, these treatments are very toxic 
and harmful (4). In addition, the relapse rates are markedly 
high, usually leading to additional chemotherapy or death (4). 
A therapeutic approach that has minimized side effects is 
retinoic acid (RA)‑induced differentiation with RA analogues 
such as all‑trans RA. RA is a naturally‑occurring retinoid 
synthesized from vitamin A in embryos and adult verte-
brates (5‑7). RA has been revealed to be very effective for NB 
therapy in infants under 18 months with almost all patients 
exhibiting complete remission from cancer (5). RA analogues 
promote differentiation of neuroblasts to mature neurons. 
Since NB is a neuronal cancer of immature neuronal cells, 
for the change to mature neurons, classic neuronal character-
istics are acquired including cell cycle arrest, termination of 
aggressive cell movement, and formation of stronger synapses 
compared to the immature cell (8).

The actions of RA are mediated by binding to nuclear 
RA receptors (RARs), regulating the transcriptional activity 
of the latter, as well as activating downstream signaling 
cascades  (9). Upon RA binding, activated RAR binds to 
target DNA sequences [RA response elements (RAREs)] (10). 
The downstream and intermediate targets of RA‑activated 
RAR, which contribute to neuroblast differentiation are not 
well studied (11). Insight into the mechanism of RA‑induced 
differentiation via RAR would yield new targets to develop 
improved differentiation therapies.

The purpose of the present study was to elucidate the mech-
anism of RA‑induced differentiation, providing insight to key 
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proteins that play an important regulatory role in this process. 
In the present study, a novel mechanism of RA‑induced differ-
entiation via the oncofetal receptor tyrosine kinase‑like orphan 
receptor 1 (ROR1) was described. Embryos and fetuses have 
been revealed to highly express ROR1 in numerous tissues, 
including epithelial and nervous tissue (12). There is minimal 
expression of ROR1 in normal adult tissues (12,13) and data 
published from our laboratory has demonstrated a link between 
overexpression of ROR1 and triple‑negative breast cancer cell 
migration and proliferation (14). Similarly, ROR1 levels have 
been revealed to be abnormally high in NB (15) but only mini-
mally expressed in differentiated neurons. Notably, Wnt5a, the 
ligand for ROR1, is underexpressed in NB and has previously 
been revealed to regulate neuronal differentiation (16). RA has 
been demonstrated to activate the PI3K/Akt signaling pathway 
which is already known to be regulated by ROR1 (17). It was 
thus hypothesized that differentiation therapy with RA may 
be mediated via the ROR1 and Wnt5a signaling pathway. To 
corroborate this hypothesis, the changes in ROR1 followed by 
RA treatment as well as ROR1‑knockdown experiments were 
investigated to reveal its role in RA‑induced differentiation.

For the present study, SK‑N‑SH neuronal epithelial cells, 
which have been revealed to differentiate into mature neurons 
that can be easily characterized by neurite outgrowth, were 
used (18). This renders them particularly useful for delineating 
signaling pathways involved in neuronal differentiation. 
SK‑N‑SH has also been revealed to contain RAR, specifi-
cally RAR‑α, and has been previously studied in aspects such 
as apoptosis  (11). Additionally, evidence of similar trends 
of ROR1 expression in SH‑SY5Y cells and patient primary 
cells from data collected from the NCBI GEO datasets were 
provided.

The data from the present study provided further insight 
into the molecular mechanism of RA‑induced differentiation 
and reiterated the potential of ROR1 and its downstream 
proteins such as PI3K/AKT as a therapeutic target for poorly 
differentiated neuroblastoma.

Materials and methods

Cell culture. SK‑N‑SH (HTB‑11; ATCC) cells were cultured 
using methods recommended by ATCC. Culture media was 
prepared using DMEM/F‑12 (Lonza Group, Ltd.) supple-
mented with fetal bovine serum (10%) (cat. no. TMS‑013‑B; 
EMD Millipore), penicillin (100 U/ml), and streptomycin 
(0.1 mg/ml) (cat. no. 516106; EMD Millipore). Cells were 
maintained at 37˚C with 5% CO2. Cell cultures were vali-
dated and routinely checked for contaminants including 
mycoplasma.

Differentiation of SK‑N‑SH cells using RA. Neuroblastoma 
cells, SK‑N‑SH, were treated with 10 µM all‑trans RA (CAS 
no. 302‑79‑4; Cayman Chemical Company) (19,20) dissolved 
in DMSO and diluted in culture media (final DMSO concentra-
tion, <0.1%) for up to 96 h without the addition of new culture 
media. AGN 193109 (product no. SML2034; EMD Millipore), 
a RAR inhibitor, was prepared by dissolving in DMSO to a 
stock solution of 1 nM and diluted in culture media to a final 
concentration of 10 µM. Cells were then treated for 1 h before 
RA treatment and then treated in cell media containing AGN 

193109 and RA for up to 96 h without the addition of new 
culture media.

Immunoblotting. Following appropriate treatments, cells were 
washed with 1X PBS. To extract proteins, cells were scraped 
with a plastic cell scraper and 1X PBS (cat. no. MT21040CV; 
Thermo Fisher Scientific, Inc.) and centrifuged at 5,000 x g 
for 10  min. The cell pellets were lysed in RIPA buffer 
(150 mM NaCl, 1.0% Triton X‑100, 0.5% sodium deoxycho-
late, 0.1% SDS, 50 mM Tris, pH 8.0) with 1 mM PMSF. Protein 
concentrations from the supernatant were quantified utilizing 
the Bradford Assay using Pierce 660 nm Protein Assay reagent 
(Thermo Fisher Scientific, Inc.). The lysate was then diluted 
in 2X Laemmli Buffer and 355  mM β‑mercaptoethanol 
(CAS 60‑24‑2; EMD Millipore) to be boiled for 5  min. 
Protein samples (10‑15 µg) were loaded on a 4‑15% gradient 
SDS‑PAGE to ensure that protein concentrations were equal 
amongst all lanes. Following SDS‑PAGE, separated proteins 
were transferred to nitrocellulose membranes using electro-
phoresis. Membranes were then blocked in 5% milk for 1 h 
at room temperature and subsequently washed with TBS‑T 
(20 mM Tris, 150 mM NaCl, 0.1% Tween‑20). Primary anti-
body incubations were performed overnight in 5% milk and 
then washed with TBS‑T. Secondary anti‑mouse (product 
no. 7076; Cell Signaling Technology, Inc.) or anti‑rabbit IgGs 
(product no. 7074; Cell Signaling Technology, Inc.) linked 
with horseradish peroxidase diluted 1:1,000 were incubated 
at room temperature for 1 h and washed with TBS‑T. Protein 
bands were imaged via immunofluorescence by SuperSignal™ 
West Dura Extended Duration Substrate (cat. no.  34076; 
Thermo Fisher Scientific, Inc.). The primary antibodies used 
were as follows and diluted 1:1,000 unless specifically speci-
fied differently under manufacturer recommendations: ROR1 
(D6T8C; product no.  16540; Cell Signaling Technology, 
Inc.), GAPDH (D16H11; product no. 5174; Cell Signaling 
Technology, Inc.), p‑AKT‑ser473 (product no.  9271; Cell 
Signaling Technology, Inc.), AKT (C67E7; product no. 4691; 
Cell Signaling Technology, Inc.), p‑GSK3β‑Ser9 (D17D2; 
product no.  8566; Cell Signaling Technology, Inc.), and 
GSK3β (D75D3; product no. 5676; Cell Signaling Technology, 
Inc.), β‑catenin (cat. no. MA1‑301; Invitrogen; Thermo Fisher 
Scientific, Inc.), p‑β‑catenin‑Ser33/37 (product no. 2009; Cell 
Signaling Technology, Inc.), stabilized‑β‑catenin (product 
no.  9562; Cell Signaling Technology, Inc.), Wnt‑5a (cat. 
no. NBP2‑24752SS; Novus Biologicals, Ltd.), Synaptophysin 
(cat. no. 100298‑T40; Sino Biological, Inc.), β‑tubulin (product 
code ab21057; Abcam) and Lamin B1 (product code ab65986; 
Abcam).

Densitometric analysis. Densitometry of immunoblots was 
performed with ImageJ (v1.52a; NIH) software utilizing estab-
lished methods (21,22). Blots were imported to ImageJ and 
utilizing the ‘analyze gel’ feature, the areas under the curves 
generated from the bands were obtained for further analysis.

MTT cell viability assay. Cell viability was determined using 
an MTT Assay (Thermo Fisher Scientific, Inc.) according 
to a previously published method (14). Cells were seeded in 
a 96‑well plate at 15,000 cells/well. A 0.3% vehicle control 
group was used and after 96 h, treatment media was replaced 
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with media containing MTT dye and incubated at 37˚C with 
5% CO2 for 3 h. Following incubation, DMSO was added and 
absorbance was read using a spectrophotometer at 540 nm.

Immunofluorescence analysis. Following treatments with 
10 µM RA, shROR1, 10 µM RA+shROR1, or DMSO Control, 
cells were plated in Lab‑Tek chamber slides at a density of 
10,000 cells/well. Cells were then fixed with pre‑chilled meth-
anol (5 min, ‑20˚C), washed with PBS and blocked for 1 h at 
room temperature in 5% BSA/PBS (blocking buffer). Primary 
antibody incubation was performed in blocking buffer at 4˚C 
overnight. Following three PBS washes, cells were incubated 
with secondary antibodies Alexa‑fluor‑647 (Thermo Fisher 
Scientific, Inc.) in blocking buffer for 1 h at room tempera-
ture. The cells were then washed and stained with a 1‑µg/ml 
DAPI/PBS solution for 2 min at room temperature. Confocal 
fluorescence microscopy at x40 magnification was performed 
using a Leica DMi8 microscope. All the primary antibodies 
are mentioned in the Immunoblotting section.

Analysis of neurite length/cell size. The length of neurites 
or cell size was measured using ImageJ considering the 
techniques published regarding simple length analysis of 
neurons (23). Images of the cells were imported and using 
the polygon shape tool, manual tracing was performed with 
~10‑15 cells per image to obtain cell size. The measurements 
were averaged to obtain the cell size of the sample. Neurite 
length was obtained similarly but used the line tool to manu-
ally measure the length between the middle of the soma to the 
tip of the longest neurite. This was performed to 10‑15 cells 
per image and averaged to obtain the neurite length of the 
sample.

β‑catenin luciferase reporter assay. A construct encoding 
a TCF/LEF luciferase reporter system (cat. no.  79787; 
SABiosciences) was transfected into cells at 10,000 cells/well 
using Lipofectamine 3000 (cat. no. L3000008; Thermo Fisher 
Scientific, Inc.). Expression of this construct is modulated 
by the TCF/LEF transcription factor system specific to the 
Wnt/β‑catenin signaling pathway (24). Following transfection, 
cells were treated with 10 µM RA up to 96 h. Following tryp-
sinization of treated cell cultures, the cells were collected using 
PBS and then were pelleted by centrifugation at 5,000 x g for 
5 min followed by removal of the supernatant. Dual‑Glo® 
Luciferase Assay System reagent was added (100  µl; cat. 
no. E2920; Promega Corporation). Following a 3‑h incuba-
tion on ice, luminescence was read at a 10‑sec exposure per 
well. Luciferase measurements were normalized to protein 
concentrations of 0 h Control group. Luciferase experiments 
were performed as technical triplicates.

Analyzing the expression of Wnt5a and ROR1 using real‑time 
quantitative (RT‑q)PCR. Following treatments with 10 µM 
RA for up to 96 h, RNA extraction was performed using 
TRIzol (cat. no. 15596026; Thermo Fisher Scientific, Inc.). 
cDNA synthesis from the extracted RNA was performed 
using the SuperScript™ III First‑Strand Synthesis System 
(cat. no. 18080051; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. Following a 1:50 dilution 
of synthesized cDNA, RT‑qPCR was performed with the 

CFX384 Touch Real‑Time PCR detection system (Bio‑Rad 
Laboratories, Inc.) under the following conditions: i) 95˚C for 
15 min; ii) 95˚C for 10 sec; iii) 60˚C for 30 sec; and iv) repeat 
ii and iii for 39 more cycles. The fluorophore used was SYBR 
Green (cat. no. 1725150; Bio‑Rad Laboratories, Inc.). The 
ROR1 (NCBI Gene ID: 4919) and Wnt5a (NCBI Gene ID: 
7474) primers used were as follows: ROR1 forward, 5'‑TGT​
TTG​TCA​AGT​TTG​GCC​CCC‑3' and reverse, 5'‑AGG​GAA​
GGA​ATG​GCG​AAC​TG‑3'; and Wnt5a forward, 5'‑CTT​
CAG​CTC​CGG​TTC​ACT​GC‑3' and reverse, 5'‑TGG​ACT​TCT​
TCA​TGG​CGA​GGG‑3'. qPCR quantification utilized 2‑ΔΔCT 
analysis (25). Stand‑alone qPCR experiments were conducted 
as biological triplicates.

Chromatin‑immunoprecipitation (ChIP) assay to analyze the 
binding of a RAR to ROR1 promoter. Immunoprecipitation 
of RAR‑bound chromatin was performed using the Pierce 
Agarose ChIP Kit (cat. no. 26156; Thermo Fisher Scientific, 
Inc.) according to manufacturer's instructions. Briefly, 320,000 
cells were plated in each well of 6‑well plates and treated 
with RA. Cells were then fixed with chilled 1% paraformal-
dehyde solution at room temperature for 10 min and lysed. 
Immunoprecipitation was performed using an anti‑RAR‑α 
antibody (product no. 62294S; Cell Signal technology, Inc.) 
at a 1:50 dilution. RT‑qPCR of Wnt5a and ROR1 promoter 
regions was performed using the following ROR1 (NCBI Gene 
ID: 4919) and Wnt5a (NCBI Gene ID: 7474) primers: ROR1 
forward, 5'‑TGT​TTG​TCA​AGT​TTG​GCC​CCC‑3' and reverse, 
5'‑AGG​GAA​GGA​ATG​GCG​AAC​TG‑3'; and Wnt5a forward, 
5'‑CTT​CAG​CTC​CGG​TTC​ACT​GC‑3' and reverse, 5'‑TGG​
ACT​TCT​TCA​TGG​CGA​GGG‑3'. ChIP assay experiments 
were conducted as technical triplicates.

Analysis of gene expression data from NCBI gene expression 
omnibus (GEO). In dataset GSE58070 (26), SH‑SY5Y cells 
were treated with 5 µM RA for 30 min, 1, 3, 6 and 9 days. 
DMSO was used as a vehicle control. For each treatment, 
total RNA was extracted using the RNeasy Mini Kit (Qiagen) 
and gene expression was profiled using NimbleGen 12x135 K 
Homo sapiens Expression Array (PROBE_ID version 
100718_HG18_opt_expr) (NimbleGen‑Roche). Expression 
data was normalized to GAPDH using the 2‑ΔΔCt method. 
ROR1 and Wnt5a expression data was retrieved using ID 
NM_005012P02481 and NM_003392P04985, respectively, in 
GEO2R. In dataset GSE45587 (27), BE(2)‑C cells were treated 
with 5 µM RA for 6, 24 and 72 h. DMSO was used as a vehicle 
control. Genome‑wide expression profiling was performed 
using GeneChip Affymetrix U133A microarray (GeneChip). 
ROR1 and Wnt5a expression data was retrieved in GEO2R 
using probe IDs 205805_s_at and 205990_s_at respectively. 
In dataset GSE120920 (28), patient‑derived xenograft cultures 
were obtained from cerebral metastasis of a stage 4 neuroblas-
toma patient (NB‑PDX2) and a primary tumor in the adrenal 
gland of a patient with stage 3 neuroblastoma (NB‑PDX3). 
Both cell lines were MYCN amplified. Both NB‑PDX2 
and NB‑PDX3 were treated with RA for 6 and 24 h, with 
DMSO vehicle controls in both groups. Whole transcriptome 
analysis was performed via DRUG‑Seq (29). We visualized 
and analyzed the data using the R2 Genomics Analysis and 
Visualization Platform (r2.amc.nl)  (30). ROR1 and Wnt5a 
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data was retrieved with probe IDs ENSG00000185483 and 
ENSG00000114251 respectively. All data were expressed as 
the mean ± standard error of mean and statistical analysis 
was conducted using GraphPad Prism 7.04 (GraphPad Prism 
Software, Inc.).

ROR1 knockdown and overexpression. ROR1 expres-
sion was knocked down by shRNA (shROR1) (plasmid 
DNA seq: 5' CCG​GCT​TTA​CTA​GGA​GAC​GCC​AAT​ACT​
CGA​GTA​TTG​GCG​TCT​CCT​AGT​AAA​GTT​TTT 3') (cat. 
no. SHCLND‑NM_005012; EMD Millipore) or overexpressed 
using an ROR1‑overexpressing plasmid (pROR1) containing 
a CMV promoter (accession no. NM_005012; GenScript). 
Transfection of shRNA or pROR1 was performed using the 
Lipofectamine 3000 Reagent (cat. no. L3000008; Thermo 
Fisher Scientific, Inc.). Cells were plated at 300,000‑400,000 
cells per well in a 6‑well plate. Twenty‑four hours after seeding, 
the cells were washed with PBS. Transfection was performed 
in non‑supplemented MEM with 1 µg DNA/well for shROR1, 
0.1 µg DNA/well for pROR1, and/or 0.1 µg DNA/well for 
β‑catenin luciferase reporter plasmid. Cells were transfected 
for 24 h at 37˚C then rescued in complete growth media for 
24 h prior to further experimentation.

Statistical analysis. All data were expressed as the 
mean  ±  standard deviation unless otherwise specified. 
Statistically significant differences between groups were 
analyzed using ANOVA with multiple comparison Tukey's post 
hoc test to compare every condition with each other condition 
in the experiment, unless otherwise indicated. P‑values <0.05 
were considered to indicate a statistically significant differ-
ence. All statistical analyses were performed using GraphPad 
Prism 7.04 (GraphPad Software, Inc.).

RA pathway model. The RA model graphic was created with 
BioRender.com utilizing generic DNA, protein, cell membrane, 
and receptor images available on the website.

Results

RA promotes neuroblastoma differentiation and is mediated 
via ROR1. RA‑mediated differentiation of SK‑N‑SH cells 
induced a change in phenotype from an epithelial‑like state 
to a more typical neuronal‑like state with distinct neurite 
processes. Concurrently the increase in neurite processes 
and lengths led to an increase in synaptic connections 
(Fig. 1C and D). Yellow arrows in phase contrast images point 
to marked neurite extensions or clusters of neurites that are 
suggestive of development (Fig. 1C). RA‑induced differentia-
tion was monitored via immunoblotting assessing the levels of 
synaptophysin, a ubiquitous synaptic marker (31). We assume 
that an indication in increased neurite length paired with an 
observation of increasing synaptophysin expression is indica-
tive of the formation of synapses, suggesting differentiation. 
Furthermore, an increase in synaptophysin after 96 h of treat-
ment, indicative of increased differentiation was observed 
(Fig.  1A  and  B). Notably, time‑dependent modulation of 
ROR1 expression was also observed. ROR1 levels increased 
initially from 0 to 72 h and then significantly decreased at 96 h 
(Fig. 1A and B).

To investigate whether RA regulation of ROR1 expres-
sion was vital to the differentiation process, ROR1 was 
knocked down via shRNA (shROR1) and differentiation 
was monitored. A decrease in neurite length was observed 
in RA‑treated cells with ROR1 knockdown when compared 
to a vector control (Fig. 1E and F). The synaptophysin levels 
were also monitored in shROR1‑transfected cells following 
RA treatment and a decrease in synaptophysin levels was 
observed (Fig.  1E  and  F). Immunofluorescence labelling 
synaptophysin in shROR1 and vector‑transfected cells, both 
treated with RA, similarly revealed impeded differentiation 
(Fig. 1G).

RA regulation of ROR1 modulates the PI3K/AKT/GSK3β 
pathway. ROR1 is a Wnt pathway receptor that regulates cell 
migration, cell cycle progression, and apoptosis by promoting 
the PI3K/AKT/GSK3β signaling axis (14‑17). To investigate 
the downstream effects of RA modulation of ROR1 the 
PI3K/AKT/GSK3β pathway was monitored after RA treat-
ment. An increase in AKT phosphorylation on serine 473 
was observed, which is indicative of increased activation of 
the PI3K/AKT pathway (Fig. 2A and B). This was associated 
with increased phosphorylation and inhibition of GSK3β 
until 72 h (Fig. 2A and B). GSK3β phosphorylates β‑catenin 
on Ser 33/37 inhibiting the activity of the latter, tagging it for 
proteasomal degradation (32). Corroborating the increase in 
GSK3β inhibition, a decrease in β‑catenin phosphorylation 
was observed (Fig. 2A and B). This would suggest more active 
β‑catenin. β‑catenin activity was monitored using a luciferase 
reporter system containing TCF/LEF responsive elements 
and an increase in β‑catenin activity after RA treatment 
from 0 to 96 h was observed (Fig. 2C). To confirm that RA 
modulation of the PI3K/AKT/GSK3β pathway was mediated 
via RA upregulation of ROR1, we knocked down ROR1 prior 
to RA treatment and similarly monitored PI3K/AKT/GSK3β. 
A decrease in AKT activation and an increase in phosphory-
lation of GSK3β until the 72‑h time‑point, were observed. 
However, at 96 h, p‑AKT and p‑GSK3β trends were reversed 
which is the suggested time of the end of differentiation 
(Fig.  2D and E). Fig. S2 depicts individual proteins from 
Fig. 2A baseline‑corrected to the NT group. Fig. S3 depicts 
individual proteins from Fig. 2D baseline‑corrected to the NT 
group.

RA regulates the transcription of ROR1/Wnt5a. Subsequently, 
it was investigated how RA mechanistically regulates ROR1 
expression. RA typically binds to and activates RAR, regu-
lating the transcription of genes possessing RARE sequences 
(5'‑AGGTCA‑3') in the region upstream to their promoter (9,10). 
ROR1 transcription was monitored after RA treatment and an 
increase in ROR1 mRNA from 0‑72 h was observed, followed 
by a significant decrease at 96 h (Fig. 3B) mirroring our immu-
noblotting results in Fig. 1A. The transcription of the ligand 
of ROR1, Wnt5a, was also monitored after RA treatment and 
a similar trend was observed: An increase in Wnt5a mRNA 
from 0‑72 h and then a significant decrease at 96 h (Fig. 3C). 
Analysis of the sequence upstream to the ROR1 promoter 
revealed the presence of two RARE sequences. Similarly, 
one RARE sequence was found in the region upstream to the 
Wnt5a promoter (Fig. 3A).
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Next, it was investigated whether the presence of a RARE 
sequence was associated with increased RARα binding to 
the ROR1 and Wnt5a promoters after RA treatment. ChIP 

of RARα after RA treatment was performed and ROR1 and 
Wnt5a bound to RARα were assessed via qPCR. In both 
instances, an increase in RARα bound to the ROR1 or Wnt5a 

Figure 1. RA promotes NB differentiation via ROR1. (A) Immunoblotting revealed the changes in ROR1 and synaptophysin levels under normal differentia-
tion with RA. (B) Densitometry of immunoblots from A, baseline‑corrected to GAPDH (ANOVA with Tukey's multiple comparison to all conditions, n=3). 
**P<0.005, ***P<.0005, ****P<0.0001. (C) Phase contrast images of SK‑N‑SH neuroblastoma cells undergoing RA or DMSO treatment over 96 h under shRNA test 
Lipofectamine transfection, knocking down ROR1 expression. Yellow arrows indicate marked neurite extensions that suggest development. (D) Visualization 
of the average neurite length over time following knockdown of ROR1 (n=3). (E) Immunoblots revealed the changes in ROR1 and synaptophysin levels after 
Lipofectamine transfection, knocking down ROR1 expression. (F) Densitometry of immunoblots from E, baseline‑corrected to GAPDH (ANOVA with Tukey's 
multiple comparison test to compare each condition with every other condition in the experiment, n=3). ****P<0.0001. (G) Immunofluorescence revealed the 
effects of RA on synaptophysin (green) levels with or without shRNA knockdown of ROR1 (red). DAPI (blue) highlights the nucleus of the neurons. Yellow 
arrows indicate marked neurite extensions. RA, retinoic acid; NB, neuroblastoma; ROR1, receptor tyrosine kinase‑like orphan receptor 1; NT, not treated.
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promoter, 3 h after RA treatment followed by a steady decrease 
until 96 h was observed (Fig. 3D and E).

RA promotes ROR1 and Wnt5a transcription in NB 
patient‑derived cells and MYCN‑amplified cell lines. To 
corroborate the present findings and verify if the RA‑induced 
increase in ROR1 and Wnt5a transcription was observed 
in other NB cell lines (both MYCN‑amplified/non‑ampli-
fied) and patient‑derived primary NB cells, publicly 
available gene expression data were probed using GEO 
datasets from NCBI. In dataset GSE58070 (26), SH‑SY5Y 
cells (MYCN‑non‑amplified) were treated with 5 µM RA 
and gene expression, at various time‑points, was profiled 
using NimbleGen microarray. Analysis of ROR1 expression 

revealed an increase in ROR1 mRNA starting at 30 min 
post‑treatment, reaching a peak after 3 days of RA treatment 
(Fig. 4A). ROR1 levels subsequently decreased on days 6 
and 9 (Fig. 4A), mirroring our findings in SK‑N‑SH cells 
(Fig. 3B). Wnt5a mRNA was similarly increased after 1 day 
of RA treatment and exhibited a downward trend in subse-
quent days (Fig. S1A). In another dataset, GSE45587 (27), 
BE(2)‑C cells (MYCN‑amplified) were treated with 5 µM 
RA for 6, 24, and 72 h and genome‑wide expression profiling 
was performed using Affymetrix U133A microarrays. ROR1 
mRNA levels increased 6 h post‑RA treatment, reaching a 
peak at 24 h and decreasing at 72 h (Fig. 4B). Wnt5a mRNA 
levels initially decreased at 6 h, and then increased until 72 h, 
however the data was not statistically significant (Fig. S1B). In 

Figure 2. RA modulation of ROR1 regulates P13K/AKT/GSK3β. (A) Immunoblots of the ROR1 pathway under normal RA treatment over 96 h. (B) Densitometry 
of ratioed baseline‑corrected proteins to their respective loading controls (ANOVA with Tukey's multiple comparison test to all conditions, n=3). **P<0.005, 
****P<0.0001. (C) Luciferase assay of total β‑catenin levels during differentiation over 96 h (ANOVA multiple comparisons to 0 h, n=3). *P<0.05, ***P<0.0005, 
****P<0.0001. (D) Immunoblots of the ROR1 pathway under RA treatment and knockdown of ROR1 with shRNA over 96 h. (E) Densitometry of ratioed 
baseline‑corrected proteins to their respective loading controls (ANOVA with Tukey's multiple comparison test to compare each condition with every other 
condition in the experiment, n=3). *P<0.05, ****P<0.0001. RA, retinoic acid; ROR1, receptor tyrosine kinase‑like orphan receptor 1; NT, not treated.
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another dataset, GSE120920 (28), patient‑derived xenograft 
cultures from two patients with high‑risk, MYCN‑amplified 
NB (NB‑PDX2 and NB‑PDX3), were treated with RA for 
6 and 24 h and whole transcriptome analysis was performed 
via DRUG‑Seq. Similarly, an increase in ROR1 mRNA 
in both cell cultures post‑RA treatment was observed 
(Fig. 4C and D). There was no significant change in Wnt5a 

expression in the RA‑treated groups compared to the control 
(Fig. S1C and D).

RA effect on differentiation and ROR1 is RAR‑dependent. 
RA induces differentiation via activation of RAR  (33). 
However, RA has also been revealed to bind to and induce 
several other cellular regulators such as CRABP I and 

Figure 3. RA regulates ROR1/Wnt5a transcription. (A) DNA sequences of the ROR1 and Wnt5a genes upstream to the first exon depicted with red text. The 
RARE regions which bind to the activated RAR are highlighted yellow. (B and C) qPCR results of ROR1 and Wnt5a mRNA collected during normal RA 
treatment over 96 h, n=3. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001. (D and E) ChIP of ROR1 and Wnt5a genes that has been bound to RAR during differ-
entiation quantified by qPCR. RA, retinoic acid; ROR1, receptor tyrosine kinase‑like orphan receptor 1; RARE, RA response element; RAR, RA receptor; 
ChIP, chromatin immunoprecipitation.
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CRABP II which are involved in nervous system develop-
ment  (34). To verify whether RA‑induced differentiation 
and upregulation of ROR1 was RAR‑dependent, a RAR 
was inhibited using a high affinity RAR antagonist, AGN 
193109 (RARi). Cells were pre‑treated with RARi prior 
to RA treatment. Then, differentiation was assessed by 
measuring neurite length. As anticipated, neurite lengths 
were decreased in the cells pre‑treated with RARi compared 
to cells that were not pretreated with RARi (Fig. 5A). RAR 
inhibition suppressed the effect of RA on ROR1 and therefore 
it was investigated whether overexpressing ROR1 in RARi 
pre‑treated cells would rescue the differentiation phenotype. 
An increase in neurite lengths in RARi pre‑treated cells after 
ROR1 overexpression was observed that was comparable to 
the RA‑only group (Fig. 5A and B). To confirm the present 
findings, synaptophysin protein levels after RA treatment in 
cells with RAR inhibition and/or ROR1 overexpression were 
assessed. Corroborating our phenotypic findings in Fig. 5A, a 
decrease in synaptophysin in the RARi + RA group compared 
to the RA‑only group was observed (Fig. 5C and D). ROR1 
overexpression in these RARi + RA cells rescued synapto-
physin expression (Fig. 5C and D). Fig. S4 provides proof of 

transfection based on RT‑qPCR data for ROR1 expression due 
to the transfection of pROR1.

Based on these findings, we propose a model where 
treatment with RA leads to a cascade of downstream events 
initiated by ROR1, resulting in differentiation of neuronal cells. 
The ROR1‑mediated effect is through the well‑established 
PI3K/AKT/GSK3β pathway (Fig. 6).

Discussion

The data from the present study demonstrated that ROR1 
regulated RA‑induced differentiation by modulating RAR. 
In some instances, spontaneous recovery has occurred in 
patients as a result of differentiation of malignant tissue into 
normal, mature neural tissue  (3). Thus, differentiation of 
malignant neuroblasts into normal mature neurons remains 
a key therapeutic strategy for neuroblastoma. RA, a vitamin 
A‑derived morphogen, is a well‑established differentiating 
agent that has shown promise clinically for neuroblastoma and 
other poorly‑differentiated cancers, including lung, prostate, 
breast, bladder, oral and skin cancers (5,35‑38). Understanding 
of the molecular mechanisms underlying RA‑induced 

Figure 4. RA promotes ROR1 transcription in primary NB cells as well as other NB cell lines. (A) ROR1 mRNA levels in SH‑SY5Y cells treated with 5 µM 
RA for 30 min, 1, 3, 6 and 9 days or DMSO (control). NCBI GEO accession number: GSE58070; n=2. Statistical test via one‑way ANOVA. *P<0.05, **P<0.01. 
(B) ROR1 mRNA levels in BE(2)‑C cells treated with 5 µM RA for 6, 24 and 72 h or DMSO (control). NCBI GEO accession number: GSE45587; n=3. 
Statistical test via one‑way ANOVA. *P<0.05. (C and D) ROR1 mRNA in NB patient‑derived xenograft cells (C) NB‑PDX2 and (D) NB‑PDX3 treated with 
RA for 6 and 24 h; n=20. The results are presented as the mean ± standard deviation. Statistical test via one‑way ANOVA with Tukey's multiple comparison 
test. RA, retinoic acid; ROR1, receptor tyrosine kinase‑like orphan receptor 1; NB, neuroblastoma; GEO, Gene Expression Omnibus.
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differentiation remains limited. There are several genetic 
heterogeneities in neuroblastomas which include amplification 
of the MYCN oncogene, deletion of the distal short arm of 
chromosome 1 (1p), gain in the distal long arm in chromo-
some 17 (17q), and DNA ploidy (39). Neuroblastoma consists 
of tumorigenic ‘N’ type (neuronal) and non‑tumorigenic ‘S’ 
type (Schwannian) cells. This cellular heterogeneity renders 
prognosis difficult. NB aggressiveness and poor prognosis is 
mainly associated with N‑Myc amplification. Since the present 
study was focused on understanding the cellular mechanisms 
that regulated RA‑induced differentiation, human neuroblas-
toma cell line SK‑N‑SH which is markedly heterogeneous 
was selected (40). SK‑N‑SH cells present a suitable model to 
study tumor‑initiating neuroblasts as it has both cell types, 
as well as the ‘I’ cell type which is an intermediate of S and 
N types (41). Furthermore, the time for in‑vitro differentiation 
is significantly shorter and possibly more reliable in this cell 
line than other neuroblastoma cell lines, including the more 
studied SH‑SY5Y cell line (8,20). Hence, the data from the 
present study, obtained in a highly heterogeneous cell line such 
as SK‑N‑SH, is particularly relevant for highly heterogeneous 
tumors such as the ones found in NB patients.

The present data revealed that RA treatment promoted an 
initial increase in ROR1 protein and mRNA expression from 
0‑72 h which was associated with activation of the P13K/AKT 
growth pathway. The P13K/AKT pathway was previously 
revealed to play a role in RA‑induced differentiation through 
proliferation and cell cycle progression (17,42). ROR1 is an 

upstream activator of these pathways (14,15,43). Downstream 
to the P13K/AKT pathway, activation of β‑catenin activity, 
another pathway known to promote differentiation, was 
observed  (32). ROR1 knockdown suppressed RA‑induced 
differentiation indicating ROR1 as a key regulator of the 
process (12,13,15).

Notably, ROR1 levels markedly decreased after 96 h of 
RA treatment. This corroborates previous findings suggesting 
markedly minimal ROR1 levels in normal neurons and other 
differentiated adult cells  (15). The mechanism of ROR1 
sequestering post‑differentiation remains unknown. ROR1 
can be rapidly degraded by the proteasome when Wnt5a levels 
are high in certain cases (44). In the present study, an increase 
in Wnt5a transcription following RA treatment from 0‑72 h, 
followed by a marked decrease at 96 h was observed. It is 
entirely plausible that excessive Wnt5a levels after 72 h aid 
in the sequestering of ROR1. This putative regulatory event 
would prevent ROR1‑induced proliferation and motility in 
mature neurons. Furthermore, this suggests that the role of 
ROR1 is important for the process of differentiation and is 
modulated to decrease once differentiation is complete. This is 
consistent with the theory that ROR1 is generally low in adult 
cells and is upregulated in cancers and undifferentiated cells.

To investigate the mechanism of RA regulation of ROR1 
and Wnt5a, RAR activity was probed. RAR is a transcriptional 
regulator induced by RA, responsible for most RA‑induced 
molecular events (9). RAR is found consistently in neuroblas-
toma cell lines. It is a crucial protein in regard to development 

Figure 5. Effects of RA on ROR1 and differentiation is RAR‑dependent. (A) Light‑microscopic images (x100) after various treatments modulating the degree 
of ROR1 in the cell at 0 and 96 h. Yellow arrows indicate marked neurite lengths and neurite clusters that suggest progression of development. (B) Visualization 
of average neurite length after ROR1‑modulating treatments over 96 h (n=3). *P<0.05. (C) Immunoblots of synaptophysin and ROR1 after ROR1‑modulating 
treatments. (D) Densitometric analysis of immunoblots in C assessing ROR1 and synaptophysin levels (ANOVA with Tukey's multiple comparison test to 
compare each condition with every other condition in the experiment, n=3). **P<0.005, ****P<0.0001. RA, retinoic acid; ROR1, receptor tyrosine kinase‑like 
orphan receptor 1; RAR, RA receptor.
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and differentiation and thus, are useful to target in complex 
diseases such as neuroblastoma (7,11). Upon binding of RA, 
RAR bind to target DNA sequences containing a RARE 
sequence (5'AGGTCA3'), regulating their transcription (9). In 
fact, RAR may heterodimerize with RXR depending on the 
target gene (7). Although this is a characteristic that would 
be useful to characterize a transcription factor complex of a 
gene, our focus was on observing and targeting RAR since it 
are required regardless of heterodimerization with RXR. The 
downstream and intermediate targets of RA‑induced RAR that 
promote neuronal differentiation has generally been studied 
inefficiently (11). However, we identified two RARE sequences 
in the region upstream to the ROR1 promoter, and one in the 
region upstream to the Wnt5a promoter. ChIP of RAR‑bound 
chromatin revealed a rapid increase in RAR accumulation at 
the ROR1 and Wnt5a promoters 3 h after RA treatment. This 
was associated with an increase in ROR1 and Wnt5a transcrip-
tion suggesting RAR as a mediator of RA‑induced regulation 
of both proteins. Corroborating these findings, an increase in 
ROR1 and Wnt5a expression in other MYCN non‑amplified 
(SH‑SY5Y) and amplified (BE(2)‑C), as well as primary NB 
patient‑derived cells, was observed following RA treatment.

Since RA can also bind to other cellular regulators such 
as CRABP I and CRABP II (34), we investigated whether 

the observed effects on ROR1 and differentiation were 
RAR‑dependent. Using a high‑affinity RAR inhibitor (AGN 
193109), a decrease in RA‑induced differentiation was 
confirmed. Overexpression of ROR1 rescued the differentia-
tion phenotype suggesting a vital role for both the RAR and 
ROR1 in RA‑induced differentiation.

Based on the present results, we propose a model where 
RA treatment induces ROR1 and Wnt5a transcription. 
Increased ROR1 and Wnt5a activate MAPK/ERK and 
PI3K/AKT pathways to promote differentiation as previously 
observed (42).

The implications of this research are several‑fold. 
Identifying ROR1 as a regulator of differentiation provides 
valuable insight into the molecular mechanisms underlying 
RA‑induced differentiation. It also suggests that evaluating 
ROR1 levels prior to and during retinol differentiation therapy 
may have prognostic value. As ROR1 is a highly active onco-
genic receptor (15), inducing its expression with RA may lead 
to unwanted outcomes. ROR1 has recently been evaluated as 
a therapeutic target for neuroblastoma (45,46). In these ROR1 
antagonist studies, concurrent efforts evaluating neuroblast 
differentiation may shed more light on the implications of 
ROR1 in neuroblast differentiation. However, these findings 
underline the vital role for growth pathway regulators in 

Figure 6. RA pathway model. The proposed proliferation and differentiation modulation pathway of RA. RA binds to RAR in the cytoplasm and migrates into 
the nucleus to act on RARE regions. Normal transcription and translation result in increased ROR1 and Wnt5a synthesis and the ROR1 signaling pathway 
cascades to synaptophysin as a node of differentiation as well as β‑catenin‑related growth and proliferation factors. The image was created using BioRender. 
RA, retinoic acid; ROR1, receptor tyrosine kinase‑like orphan receptor 1; RAR, RA receptor; RARE, RA response element.
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differentiation and further elucidate the molecular mechanisms 
regulating RA‑induced differentiation.
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