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Abstract Neuroblastoma cells are neural crest derivatives
that can differentiate into neuron-like cells in response to exoge-
nous agents, and are known to be particularly sensitive to retinoic
acid. The spectrum of neuroblastoma responses, ranging from
proliferation, migration, differentiation, or apoptosis, is difficult
to predict due to the heterogeneity of these tumors and to the
broad effective range of retinoic acid. Our study focused on the
effects of nanomolar concentrations of retinoic acid on neuro-
blastoma differentiation in two cell lines cells: SK-N-SH (HTB-
11) and IMR-32. Each cell line was treated with retinoic acid
from 1 to 100 nM for up to 6 d. Morphological changes were
quantified; immunocytochemistry was used to observe changes
in neuronal protein expression and localization, while live-cell
calcium imaging utilizing pharmacological agents was conduct-
ed to identify neuron-like activity. Retinoic acid-treated HTB-11
but not IMR-32 cells developed specific neuronal phenotypes:
acquisition of long neurite-like processes, expression of neurofil-
ament-200, increased responsiveness to acetylcholine, and de-
creased responsiveness to nicotine and epinephrine. In addition,
nanomolar levels of retinoic acid elicited increased nuclear traf-
ficking of the CRABP2, which is traditionally associated with
gene expression of cellular pathways related to neuronal differ-
entiation. Collectively, these results show that nanomolar concen-
trations of retinoic acid are capable of inducing both structural
and functional neuron-like features in HTB-11 cells using
CRABP2, suggesting differentiation in neuroblastoma cells into
neuronal phenotypes. These have important implications for both
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chemotherapeutic design and for the use of neuroblastomas as
in vitro models for neuron differentiation.

Keywords Tumor - Neural differentiation - Calcium
imaging - Neurite outgrowth - Neuronal protein

Introduction

Neuroblastoma is a type of tumor that originates from nervous
tissue; it is the most common solid tumor in infants, accounting
for 6% of all childhood cancers and 15% of all tumor deaths in
children (Voigt et al. 2000). These childhood tumors migrate
aggressively (Holmquist-Mengelbier et al. 2006) and thus often
clinically manifest as swellings, somatic distensions, or localized
pain at the site of metastasis rather than at the site of origin
(Brodeur et al. 1993), making early and accurate diagnosis diffi-
cult. While the genetic basis underlying neuroblastoma is not
well understood, a majority of cases are non-familial and sporad-
ic, with only 1-2% of cases linked to specific familial gene
mutations (Pugh et al. 2013). Among the known gene mutations
associated with neuroblastomas involve PHOX2A (Trochet et al.
2004), KIF1B anaplastic lymphoma kinase (ALK) (Moss¢ et al.
2008), MycN (Brodeur et al. 1984), LMO1 (Wang et al. 2011),
and NBPF10 (Li et al. 2014); however, the full spectrum of gene
mutations is difficult to determine due to the wide sites in which
neuroblastomas are found (Pugh et al. 2013).

While a large variety of subtypes of neuroblastomas can be
found, etiological studies indicate that all these subtypes originate
from the multipotent cells of the neural crest and specifically
from neural crest derivatives such as the sympathetic nerves or
the adrenal glands (Ciccarone et al. 1989; Huang and Saint-
Jeannet 2004; Jiang et al. 2011), suggesting their potential for
acquisition of neuronal phenotypes (Miloso et al. 2004). Thus,
the study of cell differentiation in neuroblastomas has been useful
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for both understanding nerve cell differentiation (Edsjo et al.
2007) as well as for the development of chemotherapeutic agents
(Joshi et al. 2006).

As with normal somatic neuronal cells and neural crest
derivatives (Takahashi et al. 1999; Maden 2007), neuroblas-
tomas exhibit sensitivity to retinoids; vitamin A-related com-
pounds such as retinoic acid (RA) elicit growth (Benson et al.
2007), differentiation (Jones-Villeneuve et al. 1982), or apoptosis
(Altucci et al. 2001). Because micromolar concentrations of RA
inhibit metastasis and promote cytotoxicity in neuroblastoma
tumors in vitro, phase I trials of RA chemotherapies have
adopted 107> M as the standard oral dose (Voigt et al. 2000;
Voigt and Zintl 2003). This dose of RA has been shown to
increase the 3-yr event-free survival rate of patients, but also
produces a number of side effects due to non-specific cytotoxic-
ity (Matthay et al. 2009). Few studies, however, have explored
the effects of the full range of clinical concentrations of RA
effective for neuroblastoma treatment.

RA is known to bind two families of nuclear receptors: the
retinoic acid receptors (RARs), which include RAR «, {3, and 'y
and which are activated by both all-trans-retinoic acid and 9-cis-
retinoic acid, and the retinoid X receptors (RXRs), which are
cellular retinoic acid-binding proteins that include RXR «, f3,
and y and which are only activated by 9-cis-retinoic acid
(Gupta et al. 2003). Several proteins, including cellular retinol-
binding protein (CRABP), help regulate the availability of RA to
nuclear receptors (Redfern et al. 1994). When RA binds an RAR,
the activated receptor dimerizes with an RXR (Gupta et al. 2003),
and the RAR-RXR heterodimer then associates with specific
DNA-binding sequences present in the promoters of RA-
responsive genes called RA response elements (Gupta et al.
2003) to trigger gene transcription (Kambhampati et al. 2003).
The binding of RA to its receptors alters the transcription of a
variety of genes related to differentiation, proliferation, and apo-
ptosis. For example, it is thought that RA upsets the balance
between differentiation-inhibiting and differentiation-promoting
pathways such as the basic helix-loop-helix (bHLH) pathway
and the phosphatidylinositol 3-kinase (PI3K)/AKT pathway
(Lopez-Carballo et al. 2002; Akkuratov et al. 2015). RA binding
has been shown to downregulate mRNA products of the
differentiation-inhibiting genes in the bHLH family (Lopez-
Carballo et al. 2002), but activate the PI3K/AKT pathway
(Akkuratov et al. 2015), which promotes cell survival,
differentiation, and neurite outgrowth (Qiao et al. 2012).
Activation of a number of other signaling cascades in-
cluding the anti-proliferative protein kinase C (PKC)
pathway and the mitogenic-activated protein kinase
(MAP)/extracellular signal-regulated kinase (ERK) path-
way are necessary for RA-induced differentiation of neu-
roblastomas (Kambhampati et al. 2003).

The effects of RA stimulation can include migration, apo-
ptosis, differentiation, adhesion, or increased survival depend-
ing upon the tumor precursor type, the stage of tumor

development, and the length of the treatment exposure. While
some cell types typically adopt axonic or dendritic morphologies
after exposure to RA (Gudas 1994), other cell types detach from
substratum and undergo apoptosis (Rozzo et al. 1997). Studies
show that micromolar concentrations of RA lead to greater cell
adhesion, migration inhibition, decreased invasiveness, and the
adoption of neuronal phenotypes in some cell lines (Preis et al.
1988; Messi et al. 2008) and have thus been the focus of chemo-
therapeutic doses (Voigt and Zintl 2003); these doses of RA have
been shown to increase the 3-yr event-free survival rate of pa-
tients, but also produces a number of side effects due to non-
specific cytotoxicity (Matthay et al. 2009).

However, RA is known to exert cellular effects at a broad
range of concentrations, and few studies have explored the ef-
fects of the full range of concentrations of RA on neuroblastoma
cell regulation. We focused our study on the effects of nanomolar
concentrations of RA on neuroblastomas. We employed two cell
lines; the SK-N-SH (HTB-11) is a neuroblastic (N-type) line that
contains the enzymes required for noradrenergic biosynthesis,
the structures required for norepinephrine uptake, and opioid,
muscarinic, and nerve growth factor receptors (Ciccarone et al.
1989). For contrast, we used the IMR-32, which is a substrate
adherent (S-type) line that consists of Schwann cell precursor-
like cells that have larger morphologies, stronger substrate adher-
ence, and that lack most neuronal properties, including neuro-
transmitter biosynthesis enzymes, catecholamine uptake, and re-
ceptor proteins (Ciccarone et al. 1989). In this study, neuroblas-
toma cells of the HTB-11 and the IMR-32 cell lines were cul-
tured and incubated in varying nanomolar RA concentrations for
up to 6 days. The extent of differentiation was determined by
observing morphological changes, immunostaining for neuronal
proteins, and calcium imaging. The proteins and time points
identified by immunocytochemical staining served as indicators
of the process of neuroblastoma differentiation without the acti-
vation of apoptotic pathways. Live-cell calcium imaging was
then conducted to observe changes in functional response after
RA differentiation. Altered responses to a series of stimuli indi-
cated the extent of changes induced by low-concentration RA
differentiation. Together, these studies provide information re-
garding the complicated mechanisms of cancer proliferation as
well as the pathways involved in neuronal development.

Methods and materials

Unless otherwise noted, all materials were purchased from
Sigma-Aldrich Chemical Company, St. Louis, MO.

Cell cultures SK-N-SH (HTB-11) and IMR-32 neuroblastoma
cell lines were obtained from the American Type Culture
Collection (ATCC; Manassas, VA); each batch was thawed from
a frozen stock, used for a maximum of five passages. Cells were
cultured in Iscove’s modified Dulbecco’s medium (IMDM).
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Media was supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. Cells were cultured in 75-cm?
cell culture-treated flasks (Thermo Scientific, Waltham, MA) in-
cubated at 37°C in a humidified incubator at 5% CO, for regular
passaging and cell line maintenance. As the cells approached
confluence, adherent cells were split following treatment
with 0.5% porcine trypsin supplemented with 2 mM eth-
ylenediaminetetraacetic acid, resuspended in culture me-
dium, and re-plated with fresh media to 15-20% original
density. Prior to treatment and experimentation, cells were
seeded onto tissue culture-treated 6-well plates (Becton,
Dickinson and Company Biosciences, San Jose, CA) con-
taining 22 x 22-mm no. 1 premium glass coverslips
(Fisher Scientific, St. Louis, MO).

Possible mycoplasma contamination was detected using 4’,6-
diamidino-2-phenylindole (DAPI) in conjunction with cell via-
bility assays (see below) as described previously (Battaglia et al.
1994); cells that showed signs of possible mycoplasma contam-
ination and abnormal growth properties were discarded and not
included in the study. To quantify cell growth, cells were viewed
under a phase contrast-inverted cell culture microscope, and a
number of cells in five separate microscope fields at X200 mag-
nification were counted. Since cells that died typically rounded
up, detached from the culture, and floated, we counted the num-
ber of floating cells in the culture using a hemocytometer and
verified their viability using 0.4% trypan blue. To quantify
neurite-like process growth, photomicrographs were taken under
phase contrast illumination, processes were visually identified,
and lengths were digitally measured using Imagel. Processes
were counted if they originated directly from the cell body and
if their length was at least 40 um (twice the diameter of the cell
body). Data for cell counts and process measurements within
each treatment were validated with ANOVA, and compared
against controls or the other treatments with the Student’s # test
using a p value of 0.05 to determine significance. Statistical
comparisons for this and all subsequent analyses were made
using GraphPad Prism (La Jolla, CA).

Retinoic acid treatment Cells were seeded onto 6-well plates
containing glass coverslips then incubated overnight. For each
experiment, 11-cis retinoic acid (RA; Sigma Chemical Co., St.
Louis, MO) was diluted using culture media from a stock solu-
tion stored at —20°C and added directly to each well for a final
concentration of 1 nM, 3.1 nm, 10 nm, 31 nm, or 100 nM. The
day of RA treatment was designated as day 0. Untreated control
cells were maintained for later comparison. Cells were monitored
under an Olympus CX-41 tissue culture microscope throughout
the study and quantified as described above.

Immunocytochemistry and immunofluorescence micros-
copy Coverslips with cells were fixed in methanol for 5 min,
subjected to three 10-min washes with phosphate-buffered saline
(PBS), and blocked for 30 min in a solution of 10% normal goat
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serum and 0.3% Triton X-100 detergent in PBS. Cells were
subjected to three more 10-min rinses in PBS and incubated
overnight at 4°C with one of the following antibodies (see
Table 1). For controls, antibodies were substituted with
non-immune serum. After the overnight incubation, cells were
subjected to three 10-min rinses with PBS and incubated for
1.5 h in the dark with the appropriate secondary antibody
conjugated to either fluorescein isothiocyanate (FITC) or
tetramethylrhodamine (TRITC) diluted 1:100 in PBS.
Following incubation, cells were subjected to two 15-min PBS
washes, incubated for 5 min in 1 uM DAPI, and then subjected
to three additional 10-min washes in deionized water. Slides were
mounted using Vectashield Mounting Medium (Vector
Laboratories Inc., Burlingame, CA) and stored in a light-tight
box at 4°C.

Slides were viewed at X100 under oil immersion using a
Nikon Eclipse E400 epifluorescence microscope using the
appropriate filters and photographed as TIFF images using a
cooled Orca CCD camera (12-bit resolution; Hammamatsu
Corp., Bridgewater, NJ) set at a constant 500-ms exposure
time. Ten fields of view per slide were photographed under
oil immersion at X100 unless otherwise noted. The digital
TIFF images were analyzed using ImageJ (National Institute
of Health, Bethesda, MD) to identify differentially expressed
or co-localized proteins in RA-treated neuroblastoma cells. For
each image, the number of DAPI-stained nuclei and immuno-
stained cells were counted. Specific cellular locations of protein
aggregation were identified and photos were superimposed to
analyze co-localization of doubly labeled proteins. Changes in
cellular morphologies were observed and any discrete neurite-
like processes longer than the length of the cell body were
tabulated.

Since the brightness of the staining is proportional to the
amount of protein in the cells, the differential amount of protein
expression was quantified from the digital photographs using
available software (ImageJ, National Institutes of Health). For
each trial, five images from separate microscope fields of each
coverslip were randomly selected. The pixel intensity threshold
value of the staining in each image was determined by visual
inspection of the control images; this threshold value was sub-
sequently kept constant throughout the data analysis. The pro-
tein expression and distribution were quantified based on stan-
dard methods (Masliah et al. 1990; Kokolakis et al. 2008). To
quantify protein staining in a specific area of the cell (i.e., the
nucleus), a region of interest (ROI) was manually identified in
the image using ImageJ, and measurements were restricted to
this area. The values for each of the images taken from one slide
were grouped and compared to those from other slides that were
subjected to the same experimental treatment using a paired
sample ¢ test. If the data were not significantly different, the
data from these slides were combined for subsequent analyses.
The effect of different experimental treatments was determined
using a paired sample ¢ test. Data from the experimental
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Table 1. Listing and summary of

staining activity of key antibodies Name Immunogen Sigma catalog Dilution  Results
on untreated and RA-treated HTB #/species; NIF #
11 cells Untreated RA treated
Neuro-filament-200 Bovine spinal N4142/ rabbit, AB 1:500 Mostly Overall amount
(NF200) cord; pig 477272, localized to and neuritic
spinal cord N5389/mouse, AB neurites; no localization
260781 nuclear increased;
staining no nuclear
staining
Vimentin Pig eye lens V6630/mouse, AB 1:1000 Either diffused  Either diffused
477627 through the through the
cytosol or cytosol or
organized organized
into into
filaments; filaments;
non-specific non-specific
Glial fibrillary acidic ~ Pig spinal cord G3893/mouse, AB 1:500 Generally Overall amount
protein (GFAP) 477010 diffuse decreases
through the with RA
cytosol; treatment
non-specific
RAR«x Synthetic peptide ~ SAB1100358/rabbit, 1:500 Primarily Increased
corresponding AB 10608382 cytosolic localization
to amino acids to nucleus
13-25 of
human RAR«x
CRABP2 Synthesized SAB4500440/rabbit, 1:200 Primarily Increased
peptide AB 10743918 cytosolic localization
derived from to nucleus
human
CRABP2
FABP5 FABP5 (NP_ SAB1401130/rabbit, 1:200 Mostly Staining
001435.1, AB 10608012 cytosolic pattern
1~135 a.a.) and some unaffected
full-length nuclear by RA
human protein treatment

In this table, “nonspecific staining” means that staining was present, but not correlated in any meaningful fashion
with RA treatment at any concentration

treatments were normalized to their corresponding controls
(=100%). For all statistical measures, significance level was
set at p = 0.05. Values were normalized so that trends among
data sets could be most clearly compared with each other and
control groups. Error bars for all figures show the standard error
of the mean.

Calcium imaging Cells cultured on glass coverslips in 6-well
plates were prepared for imaging as follows: culture medium was
replaced with warm culture medium supplemented with 1 uM
Fura-2 and 20 pg/ml Pluronic F-127 (both from Molecular
Probes/Invitrogen, Carlsbad, CA). Plates were returned to the
incubator for 1 h prior to imaging. Coverslips with Fura-2-
loaded cells were situated in a recording chamber, continuously
bathed with a Ringer’s solution superfusion (145 mM NaCl,
5 mM KCl, 1 mM CaCl,, | mM MgCl,, | mM Na-pyruvate,
20 mM HEPES-Na), and secured to the stage of an inverted
fluorescence microscope (Nikon Eclipse TE2000-U). Stimulus
solutions, each mixed at 100 uM in Ringer’s and prepared im-
mediately prior to use, were held in a stimulus bank, and included

ATP, acetylcholine (ACH), epinephrine (Epi), nicotine (Nic), and
high K* Ringer’s solution (Ringer’s with 100 mM Na*
equimolarly substituted with K*). Stimuli were applied by
switching the gravity-fed superfusion for 2 to 3 min. The record-
ing chamber configuration and the stimulus application system
allowed the superfusion solutions to be completely exchanged
within 5 s without interrupting fluid level or flow.

Intracellular calcium concentrations ([Ca®*];) were quanti-
fied and analyzed as follows: cells were illuminated at excita-
tion wavelengths of 340 and 380 nm and images were acquired
at exposure times of 200-300 ms every 5 s. Light emission
from the Fura-2 within the cells was filtered at 510 nm and
recorded with a cooled Hammamatsu Orca CCD camera.
Images from the camera were digitized and analyzed using
IPLabs software (Scanalytics Inc./BD Biosciences, Bethesda,
MD). Responses to stimuli were monitored in real time and
quantified using standard ratiometric calcium imaging tech-
niques, where relative calcium levels were estimated by calcu-
lating the ratio of the intensity of the emitted light at 340- and
380-nm excitation. Individual cells were visually identified and
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selected by drawing an ROI to restrict calcium measurements
within the individual ROIs. Immediately prior to the applica-
tion of a stimulus solution, the baseline [Ca®*]; was noted. If a
distinct and sustained change in [Ca®*]; following stimulation
(within 5-20 s) and a return of [Ca**]; toward the original
baseline following solution removal (within 50 s) were noted,
this counted as a response. Average data for individual cells
within each treatment were validated with ANOVA, and com-
pared against controls or the other treatments with the Student’s ¢
test using a p value of 0.05 to determine significance. Statistical
comparisons were made using GraphPad Prism (La Jolla, CA).

Western blotting Western blots were conducted using standard
immunoblotting techniques. Briefly, cells were cultured in 150-
cm? flasks and treated with RA as described above. Cells were
harvested using cell scrapers, lysed, fractionated into the nuclear
and cytosolic fractions, homogenized in Laemmli buffer, and
separated on a 15% SDS-polyacrylamide electrophoresis gel
with 15 pg total protein per lane. Protein concentration was
determined using a Coomassie protein assay (Thermo
Scientific, Rockford, IL). Proteins were transferred to a nitrocel-
lulose membrane, incubated in 10% goat serum for 1 h, and
reacted with anti-RAR« (1:1000), anti-FABPS (1:500), or anti-
CRABP2 (1:1000) overnight at 4°C. Uniform gel loading and
appropriate protein localization was confirmed using nuclear
lamin (1:5000) and {3-tubulin IIT (1:1000) for nuclear and cyto-
solic localization, respectively. Immunoreactive proteins were
visualized with Vectastain ABC Elite Kit (Vector Labs,
Burlingame, CA) using peroxidase-conjugated secondary anti-
bodies and diaminobenzidine (DAB) following the manufac-
turer’s instructions.

Results

Retinoic acid and cell growth in two neuroblastoma cell
lines Untreated HTB-11 cells appeared as triangular- or spindle-
shaped cells with long fibrous processes (Fig. 14). After treat-
ment with RA, cultures consisted of smaller, circular cells, many
of which had neurite-like processes (Fig. 1B). These morphol-
ogies typically appeared within 2 days of treatment with 1 nM
RA, and were more pronounced at higher concentrations. No
rounded or detached cells were visible.

Untreated IMR-32 cell cultures consisted of spindle-like,
triangular, and stout rectangular cells with short fibrous pro-
cesses (Fig. 1C). Treatment with RA induced cells bodies to
appear more round, as well as induced detachment of cells
(seen as small, phase bright bodies that moved when the plate
was gently agitated). After 6 days of incubation in 31 nM RA,
the majority of IMR-32 cells had detached (Fig. 1D).

To quantify the effects of RA on cell growth and cell dif-
ferentiation, we conducted five separate experiments on the
two different cell lines, where cells were counted after 1, 3,
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and 6 days in vitro following RA treatment at different con-
centrations; we also measured cell viability at each time point.
In Fig. 2A, HTB-11 cells treated with RA after 1 day generally
showed a concentration-dependent reduction in the overall
number of cells when compared to controls. After 3 through
6 days of treatment, the reduction in these numbers was consis-
tent (approximately 70% compared to control) but no longer
concentration-dependent. The reduction in numbers was due to
reduction in cell proliferation and not due to cell death and/or
detachment; we did not see a marked increase in the number of
trypan blue-stained rounded or floating cells present in the cul-
tures (75 = 2.956; p < 0.005). In contrast, IMR-32 cells treated
with RA (Fig. 2B) showed a strong concentration-dependent
reduction in overall number after 1 day in vitro. This effect was
exacerbated after 3 through 6 days of treatment. The reduction in
this cell number was due to an increase in cell death; at each time
point, we quantified a high number of trypan blue-stained float-
ing cells that accounted for the reduction in the cell number of
each treatment compared to controls. Thus, for this cell line, the
observed reduction in numbers was due to decreased cell viabil-
ity and not due to decreased cell proliferation.

RA-induced neuritogenesis and neurofilament expression
in HTB-11 cells RA-treated and untreated HTB-11 and IMR-
32 cells were stained using primary antibodies as described in
the “Methods and Materials” section. Figure 3 shows repre-
sentative images of positive immunostaining seen in HTB-11
cells; Table 1 gives a summary of the immunostaining results
for both HTB-11 and IMR-32 cells.

The DAPI-stained nuclei that were visible in images served as
an indicator for the individual cells. Based on our preliminary
results, we focused on glial fibrillary acidic protein (GFAP) to
stain non-neuronal phenotypes, neurofilament 200 (NF200) to
stain neuron-like cells, and vimentin as a neutral stain for both
neuronal and non-neuronal phenotypes (Table 1). Figure 3A
shows that GFAP was localized in the cytosol, but did not show
any distinct subcellular pattern. In addition, some cells with vi-
sually distinct nuclei did not express this marker protein; these
cells served as internal controls for immunoreactivity. RA treat-
ment (Fig. 3B) did not result in a change in the immunostaining
pattern or in the number of GFAP* cells. In untreated cells,
vimentin staining (Fig. 3C) appeared to be either diffused within
the cytosol or organized into distinct filaments. RA treatment
(Fig. 3D) did not result in a noticeable change in the proportion
of vimentin® cells nor in the staining patterns. In untreated cells,
NF200 primarily appeared as diffuse staining throughout the
cytosol (Fig. 3E). RA treatment resulted in a higher frequency
of neurite-like processes (as in Fig. 1B); in these cells, NF200
appeared to be organized in discrete filaments localized to these
processes (Fig. 3F).

Figure 3G shows a sample of cells stained with vimentin
(green) and NF200 (red); for these cells, there was no overlap
in staining of vimentin and NF200. In all combinations tested
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Fig. 1. Changes in cell morphology and growth rates resulting from a
6-d treatment with retinoic acid in HTB-11 or IMR-32 cells. HTB-11
(A, B) and IMR-32 (C, D) cell lines were prepared in 6-well plates as
described above and left untreated or subjected to 6 d of exposure to
31 nM retinoic acid. Cells were photographed under phase contrast on
the sixth day of treatment. (A) Prior to treatment (day 1), HTB-11 cells
exhibited triangular- and spindle-shaped cell bodies terminating in short,
fibrous processes. (B) Treatment with 31 nM retinoic acid for 6 d resulted

(vimentin/NF200, GFAP/NF200, and GFAP/vimentin), we
found no co-localization between any of these proteins, sug-
gesting that neurofilament expression in cells that differentiate
into a neuron-like phenotype occurs in a specific subpopula-
tion of cells that is likely distinct from the glia-like cells.

To quantify the emergence of these neuronal phenotypes
resulting from RA treatment, HTB-11 cells were treated with
different concentrations of RA and incubated for 1 to 6 d, then
immunostained for NF200 as described in the “Methods and
Materials™ section. We conducted five replicates for each treat-
ment at each duration. We first determined the proportion of cells
that had visible processes; Fig. 44 shows the complete series of
data for all RA treatments and durations. After 2-day treatment,
the proportion of cells with processes ranged from 38 to 60%;
while increasing RA concentrations resulted in a larger propor-
tion of cells developing processes, this proportion was not sig-
nificant. After 3 days of treatment, increasing RA concentrations
in half-log steps resulted in significant increases in process de-
velopment; each data point from 1 to 31 nM was significantly
higher than the data point that preceded it (755 = 3.492;
p <0.001). At 31 nM, the response reached a maximum, above
which increasing concentration of RA did not result in additional
process development. Longer incubations (4 through 6 d) did not
result in a change in this pattern.

-treatéd

in cells that developed more pronounced neurite-like processes with
rounder cell bodies. (C) IMR-32 cells at day 6 exhibited spindle-like,
triangular, and stout rectangular cell bodies with few processes. (D)
Treatment with 31 nM retinoic acid for 6 d resulted in the detachment
and death of many cells; cells remaining exhibited rounded cell bodies
with some short processes, with no observable difference from the
untreated cells. Scale bar 50 um.

We then determined the proportion of cells that were
NF200%; for clarity, Fig. 48 shows data from days 2, 3, and
6. At day 2, the proportion of NF200™ cells was relatively low
(15-35%) and was not significantly altered by increasing RA
concentrations (7,5 = 1.477; p > 0.05). At 3 days, 1 and
3.1 nM RA resulted in an increase in the proportion of
NF200" cells; higher concentrations (10 nM and above) did
not result in a further increase in NF200" expression.

We then determined the proportion of processes that had
NF200 localized (as seen in Fig. 3F). The trend seen in this
data was similar to that seen in Fig. 4B: at day 2, the effects of
RA were not evident, and at day 3, NF200 localization to
processes increased with increasing RA concentrations above
3.1 nM. At time periods longer than 3 d, the trend did not
change (755 =0.973; p > 0.1).

Based on the results shown above, we focused our functional
studies (below) on 3.1- or 10-nM RA exposure for 3 d.

Retinoic acid induces neuron-like functional changes in
HTB-11 cells HTB-11 cell were seeded into 6-well plates and
treated with O (control), 3.1 nM, or 31 nM RA for 3 d and
prepared for live-cell imaging as described above. Cells were
superfused with ATP, acetylcholine epinephrine, nicotine (each
at 100 uM), or high K* Ringer’s solution, and changes in
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Fig. 2. Changes in overall cell abundance cell morphology and growth
rates resulting from a 6-d treatment with retinoic acid in HTB-11 or IMR-
32 cells. HTB-11 (A, B) and IMR-32 (C, D) cell lines were prepared in 6-
well plates as described above and left untreated or subjected to 6 d of
exposure to retinoic acid. Five microscope fields were photographed at
each d, and cells were counted; the values were expressed as a proportion
of'the cells in the control treatment. For clarity, only the data for 1, 3, and
6 d are shown. (A) HTB-11 cells generally slowed their proliferation
when treated with RA. The total number of cells was lower generally
steady when compared to control cells. (B) IMR-32 cells showed a greater
reduction in the proliferation rate when treated with RA.

[Ca®*]; in response to the stimulus application were monitored
in real time. Sample calcium imaging data traces are shown in
Fig. 5. In the top panel, the cell responded to ACH with an
increase in [Ca2+]i but not to ATP, Epi, or Nic. While the
[Ca”*]; level appears to change in response to Epi, this was
not counted as a response since the change in magnitude was
not at least twice greater than the fluctuation in [Ca*]; imme-
diately prior to the stimulus application. The lower panel shows
a different cell that responded to Nic with a decrease in [Ca®*];,
but not to ATP, ACH, or K.

Data from four complete runs of the manipulations were
summarized, and responses from at least 100 cells per trial
were tallied. Analyses of the variation within each run and
between individual runs did not show a significant difference
between the trials; thus, the data was pooled. Figure 6 shows
the proportion of all measured cell responses. When stimulat-
ed with Nic, approximately 48% of untreated cells did not
show a response, 4% responded with increases in [Ca2+]i,
and 48% responded with decreases in [Ca®*];. Treatment with
3.1 or 31 nM RA resulted in a similar significant decrease in
the proportion of these responses (74 = 4.953; p < 0.005). A
similar pattern was observed with Epi stimulation, where RA
treatment resulted in significant decreases in the proportion of
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Untreated

RA-treated

NF 200

o . I I
Vimentin

Fig. 3. Immunostaining properties of HTB-11 cells. Images show repre-
sentative samples of untreated and RA-treated (31 nM) HTB-11 cells
immunostained with marker molecules that characterize neurons. For all
images, DAPI-stained nuclei appear blue, while the antibody staining was
visualized with either FITC (green) or TRITC (red). (A) GFAP staining, a
glial cell marker, was diffused throughout the cytosol and was visible in
approximately 50% of all cells. (B) RA treatment did not affect GFAP
staining patterns. (C) Vimentin staining in untreated cells appeared gen-
erally diffused, and occasionally appeared to be organized in fibers.
About 40-50% of these cells were vimentin®. (D) RA treatment generally
resulted in denser and more fibrous vimentin staining; the proportion of
vimentin® cells was unaffected by RA treatment. (E) In untreated cells,
NF200 appeared to be localized in the cell body. (<) In RA-treated cells,
NF200 appeared to localize to the neurite-like processes (see Fig. 1B).
The proportion of NF200 staining localized to neurites increased with
increasing concentrations and duration of RA treatment (see Fig. 3). (G)
Cells double-labeled for vimentin (green) and NF200 (red) showed that
these two proteins did not co-localize in treated or untreated cells. Images
were acquired using a x40 objective. Scale bar 50 um.

cells that responded (74 = 2.226; p < 0.05). In contrast, in-
creasing concentrations of RA resulted in a significant in-
crease in the proportion of cells that responded to ACH
(T4 = 2.360; p < 0.05). RA treatment did not affect the pro-
portion of cells that responded to ATP or K* depolarization
(T4=0.881; p > 0.2).

Differentiation in response to nanomolar concentrations of
RA involves CRABP2 To determine the likely signaling
pathway involved with RA induction of cell differentiation,
determine the effect of RA stimulation on the expression of
proteins known to be involved with RA signaling: CRABP2,
which has a high affinity for RA and shuttles it to its one
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Fig. 4. RA treatment upregulates neurite formation. Cells were treated
with varying concentrations of RA for 2 to 6 d. Cell processes (Fig. 1) and
NF200 staining (Fig. 3) were quantified as described in the “Methods and
Materials” section. Asterisks indicate the point at which increasing RA
did not result in a further significant increase. (A) Increasing concentra-
tions of RA resulted in increased formation of neurite-like processes.
After 2 d in vitro, the effects of RA were evident but not as pronounced.
By 3 d and at 10 nM RA, the maximal effects of RA treatment were
observed, and longer treatment times did not result in a significant in-
crease in process formation. (B) The total number of cells that expressed
NF200 (either localized to processes or found in the cell body) was de-
termined. For clarity, only the data for days 2, 3, and 6 are shown in the
graph. Increasing concentrations of RA (up to 3.1 nM) resulted in a
significant increase in cells expressing NF200; as in Fig. 4A, this occurred
within 3 d, and longer treatment times did not result in a significant
increase in the proportion of NF200" cells. C NF200 could either be
diffusely distributed through the cytosol (Fig. 3E) or localized to process-
es (Fig. 2F). Increasing RA resulted in a larger proportion of processes
that were NF200". The processes that did not have NF200 were likely in
earlier stages of formation.

Processes with NF200 (%)

nuclear receptor RAR«, and ultimately stops cell division
(Sidell 1982), and FABPS, a protein interacts with RA and
shuttles it to the nuclear receptor PPAR3 and eventually leads
to cell proliferation (Tachibana et al. 2008; Morgan et al.
2010). We treated cells for 3 d with RA at a low concentration
(10 nM; see Fig. 3). Figure 7 shows sample images of cells
double labeled with either RARx, CRABP2, or FABP5S
(green); nuclei were labeled with DAPI to enable determina-
tion of the precise boundary of the nuclei and the relative
amount of protein that is localized in this region.

In untreated HTB-11 cells, all three proteins appeared to be
diffuse throughout the cell cytosol, with is no evident nuclear
localization for CRABP2 or RAR«x. When treated with 10 nM
or 10 uM RA, FABPS distribution does not visibly change; in
contrast, both CRABP2 and RAR«x appear to localize to the
nucleus.
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Fig. 5. Sample data traces showing typical stimulus-induced changes in
[Ca2+]i measured using ratiometric imaging. HTB-11 cells were prepared
as described in the “Methods and Materials” section and loaded with
Fura-2 for 1 h. Cells were situated in a recording chamber, and stimuli
were applied using superfusion. Stimuli used were nicotine (Nic), ATP,
acetylcholine (ACH), epinephrine (Epi), or depolarization with 100 mM
K* (K™*). Solid bars indicate stimulus applications, while the hatched bar
indicates a time scale of 100 s. The fop panel shows a single cell’s re-
sponse to ACH with an increase in [Ca?*]; that is at least twice the mag-
nitude of the baseline fluctuation in [Ca®*];. The bottom panel shows a
different cell that responded to Nic with a decrease in [Ca®*];; this type of
response was more commonly observed in these cells. While there ap-
pears to be a slight change in [Ca*]; following ACH, the magnitude of
the change was not large enough (i.e., at least twice the magnitude of the
baseline fluctuation) to be considered a response.

The protein expression patterns seen above were quanti-
fied using Western blotting and quantitative immunocyto-
chemistry. Results from three replicates of the Western blot-
ting studies (Fig. 84) showed that RA treatment increased
the localization of RARx and CRABP2 but not FABPS,
confirming the trends shown in Fig. 7. To verify these
trends, the staining in the immunostained cells was quanti-
fied as described in the “Methods and Materials” section.
Six replicates of the study were conducted, and immuno-
staining data was quantified. RA treatment resulted in a
significant increase in the overall expression (Fig. 8B) and
nuclear localization (Fig. 8C) of RAR«x (7 = 3.263;
p < 0.01) and CRABP2 (T = 4.941; p < 0.005) but not in
FABPS (T = 1.443; p > 0.05). These results suggest that the
differentiation of HTB-11 cells into neuron-like cells is ini-
tiated by transcriptional regulators that depend on CRABP2
complexing with RAR« and entering the nucleus.

Discussion

The present study, working with IMR-32 and HTB-11 cell
lines, focused on quantifying changes in both structural (cell
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Fig. 6. RA treatment induces
neuron-like functional properties.
The total number of responses for o 100 —
each cell tested was determined as
shown in Fig. 5. The responses of
all untreated and RA-treated (3.1
and 31 nM) cells were expressed
as a percentage of the total. RA
treatment resulted in a significant
decrease in the response rate to
nicotine, and a significant
increase in the response rates to
epinephrine and ACH. Stimuli
that are general excitable cell
activators (high K* and ATP)
were not affected by RA
treatment, suggesting that RA
treatment triggered a
differentiation pathway that was
specific for neurons.
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morphology, protein expression) and functional (Ca**-mediated
cellular response to stimulatory compounds) responses elicited
by nanomolar concentrations of RA. Our results indicate that
nanomolar concentrations of RA elicit CRABP2-mediated dif-
ferentiation pathways (Figs. 7 and 8) in HTB-11 cells that acti-
vate expression of both structural (Figs. 3 and 4) and functional

Control

Fig. 7. Immunostained images showing RA-induced nuclear
localization of CRABP2 and RAR. Sample epifluorescence images
showing immunostaining for the nuclear receptor proteins (CRABP2,
RAR«, or FABP5; each shown in green) and DAPI-stained nuclei
(blue). Diagonal right arrows indicate nuclear localization, while
diagonal left arrows show cytosolic localization. In untreated cells,
CRABP2 and RAR« did not localize to the nucleus. Following
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Epinephrine
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(Fig. 6) neuronal phenotypes (Miloso et al. 2004). IMR-32 cells
subjected to the same treatments showed increased mortality
(Fig. 2), suggesting that the effects of RA were cell line-specific.

Because neuroblastomas are derived from the neural crest
and arise from neural tissue, the expression of neuronal pro-
teins during cell differentiation would be expected. The lack

0.01 uM

RARa CRABP2

FABP5

treatment with 10 nM (0.01) or 10 uM (10) RA, although much of the
protein was still localized to the cytosol, some staining was evident in the
nucleus, suggesting nuclear import. For FABPS, RA treatment did not
appear to affect nuclear localization, suggesting that this receptor protein
was not involved with RA signaling at these concentrations. All images
were acquired using a X100 objective. Scale bar 20 pm.
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Fig. 8. Quantification of immunostaining shows RA-induced increases
in nuclear localization of CRABP2 and RA, but not FABPS5. (A) Western
blots of untreated cells (C) or cells treated with 10 nM (0.01) or 10 uM
(10) RA. These correspond to the immunostained cells shown in Fig. 7.
The top two bands show loading and staining controls for nuclear (lamin)
and cytosolic (tubulin) proteins that are unaffected by RA. Note that
10 nM RA resulted in changes in nuclear localization of RARx and
CRABP2 but not FABPS, supporting the visually observable results from
Fig. 7. (B) Immunostaining of different proteins was quantified as
described in the “Methods and Materials” section. The measured values
were consistent with the trends seen in the western blots (A). (C) The total
amount of protein localized to the nucleus (determined by visual
determination of the location of the nucleus using DAPI staining) was
expressed as the proportion of the measured total amount of protein (as
measured in B). Treatment with 10 nM RA resulted in increased
localization of RAR«x to the nucleus; increased RA did not result in a
further increase in nuclear localization (not shown). The proportion of
nuclear localization of CRABP2 increased with increasing RA
concentrations. Nuclear localization of FABPS was not affected by RA
treatment. Asterisks indicate a significant change in the measured quantity
resulting from RA treatment.

of expression of most of the neuronal proteins tested in this
study is likely due to the heterogeneity of neuroblastoma tu-
mors (Brodeur 1995; Maris 2005). Neuroblastoma cells lines,
including HTB-11 and IMR-32, contain a mixture of the N-
type, S-type, and intermediate-type (I-type) cells (Ross et al.

1995). S-type cells tend to express high levels of vimentin and
not GFAP in vitro due to their Schwann cell derivation
(Ciccarone et al. 1989). The immunostaining patterns seen
in our study (Table 1) suggest that the IMR-32 cell line
consisted of mostly S-type cells, while the expression of
NF200 in HTB-11 cells (Fig. 3) suggests that this cell line
consists primarily of N-type cells. In addition, the differential
viability and adhesion patterns seen in our two cells lines (Figs.
1 and 2) could also be related to the heterogeneity of the differ-
ent tumor cell lines. S- and N-type cells exhibit varying levels of
invasiveness and substrate adherence (Corey et al. 2010); prior
to differentiation, S-type cells remain tightly adhered to the
substrate due to integrin upregulation while N-type cells adhere
loosely (Meyer et al. 2004). This downregulation of adhesion
proteins is thought to account for the highly migratory and
metastatic nature of N-type cells (Voigt et al. 2000). Binding
of RA to its receptor sites upregulates expression of platelet
endothelial cell adhesion molecule (PECAM-1; Voigt et al.
2000), which is one of several proteins involved in tumor an-
giogenesis and integrin activation (Meyer et al. 2004). In N-type
HTB-11 cells, retinoic-acid induced PECAM-1 expression and
the formation of substrate-adhered neurite-like processes appear
to inhibit migration and metastatic invasion (Voigt et al. 2000;
Messi et al. 2008). In S-type IMR-32, the opposite effect was
seen; cells were detached and did not survive RA treatment,
suggesting a differential gene expression pathway associated
with RA-induced cytotoxicity (Voigt et al. 2000; Voigt and
Zintl 2003).

In addition to heterogeneity of the different tumor lines, the
cells within each cell line show heterogeneity as well. Although
RA treatment of HTB-11 resulted in extensive neurite out-
growth (Figs. 1 and 2), the immunostaining patterns of the cells
we never uniform (Figs. 3 and 4). When tested with pharmaco-
logical agents, a majority of cells were non-responsive (Fig. 6),
suggesting that these cells were either not fully differentiated or
of a different cell type. This tumor heterogeneity and individual
differences in cell responsiveness to RA treatment underscores
the difficulty in using specific chemotherapeutic agents that are
broadly applied to an entire population of cells (Skipper and
Schabel 1984; Fidler and Poste 1985; Tang 2012).

The effects of RA treatment seen in our study could be
elicited by several different mechanisms; inhibition of cell
division, induction of terminal differentiation, or initiation of
apoptosis could all result in the morphological changes seen in
our study. The involvement of CRABP2 (Figs. 7 and 8) sug-
gests that the most likely mechanism of elicited by nanomolar
concentrations of RA is gene expression that elicits terminal
differentiation (Didierjean et al. 1991; Houldsworth et al.
2002). To activate gene expression, RA typically binds to
RA binding proteins to enable nuclear import and subsequent
associating with RA receptors associated with the DNA
(Mangelsdorf and Evans 1995; Balmer and Blomhoft 2002).
The two major activation pathways related to RA-elicited
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gene activation involve either CRABP2-mediated association
with nuclear RARs (Dolle et al. 1990; Pemrick et al. 1993) or
FABPS5-mediated activation of PPAR (3/y (Tachibana et al.
2008; Morgan et al. 2010). Studies show that CRABP2 is
typically associated with growth inhibition, cell cycle arrest,
or differentiation, while FABPS is typically associated with
cell proliferation and cell survival (for review, see Wolf
2008). Activation of these two pathways differs for each cell
type and for different concentration ranges (Allenby et al.
1993; Schug et al. 2007). The results of our study show that
for the SK-N-SH, nanomolar levels of RA are capable of
modulating gene expression through the canonical pathways
previously described (Sidell 1982; Allenby et al. 1993).
Neuroblastoma cells have long been used as models for
nerve cell differentiation (Gomez et al. 1996; Edsjo et al.
2007; Xie et al. 2010). In our study, we showed that RA at
nanomolar concentrations can trigger the emergence of a sub-
set of structural and functional cellular features associated
with neurons. Previous studies using calcium fluxes to mea-
sure acetylcholine activation of muscarinic receptors in neu-
roblastoma cell lines have shown that these cells possess
acetylcholine-sensitive muscarinic binding sites (Forsythe
et al. 1992). The RA-induced differentiation in our study re-
sulted in an increase in muscarinic and adrenergic receptor
activity, and a decrease in nicotinergic receptor activity in
subpopulations of cells (Fig. 6). Thus, these subpopulation
neuroblastoma cells likely differentiated into a specific neuro-
nal phenotype, likely related to sympathetic/parasympathetic
origins (Landis and Keefe 1983; McGehee and Role 1995),
suggesting that RA at very low levels can affect the develop-
mental trajectory of neuron-like cells (Henion and Weston
1994; Sucov and Evans 1995). This has implications for the
study of nerve cell differentiation in vivo (Encinas et al. 2000).
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