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Abstract

Neuroblastoma is characterized by biological and genetic heterogeneity that leads to diverse, often 

unpredictable, clinical behavior. Differential expression of the Trk family of neurotrophin 

receptors strongly correlates with clinical behavior; TrkA expression is associated with favorable 

outcome, whereas TrkB with unfavorable outcome. Neuroblastoma cells cultured in a 

microgravity rotary bioreactor spontaneously aggregate into tumor-like structures, called 

organoids. We wanted to determine if the clinical heterogeneity of TrkA- or TrkB-expressing 

neuroblastomas was reflected in aggregation kinetics and organoid morphology. Trk-null SY5Y 

cells were stably transfected to express either TrkA or TrkB. Short-term aggregation kinetics were 

determined by counting the number of single (non-aggregated) viable cells in the supernatant over 

time. Organoids were harvested after 8 d of bioreactor culture, stained, and analyzed 

morphometrically. SY5Y-TrkA cells aggregated significantly slower than SY5Y and SY5Y-TrkB 

cells, as quantified by several measures of aggregation. SY5Y and TrkB cell lines formed 

irregularly shaped organoids, featuring stellate projections. In contrast, TrkA cells formed smooth 

(non-stellate) organoids. SY5Y organoids were slightly smaller on average, but had significantly 
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larger average perimeter than TrkA or TrkB organoids. TrkA expression alone is sufficient to 

dramatically alter the behavior of neuroblastoma cells in three-dimensional, in vitro rotary 

bioreactor culture. This pattern is consistent with both clinical behavior and in vivo 

tumorigenicity, in that SY5Y-TrkA represents a more differentiated, less aggressive phenotype. 

The microgravity bioreactor is a useful in vitro tool to rapidly investigate the biological 

characteristics of neuroblastoma and potentially to assess the effect of cytotoxic as well as 

biologically targeted drugs.
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Introduction

Neuroblastoma is the most common and deadly solid tumor of childhood and the most 

common cancer of infancy, accounting for about 15% of all pediatric cancer deaths (Brodeur 

2003; Maris 2010). Neuroblastoma is characterized by biological and genetic heterogeneity 

that leads to diverse, often unpredictable, clinical behavior, from spontaneous regression to 

widespread dissemination (Maris 2010). We and others have shown that the pattern of 

expression of NTRK family gene expression contributes to this clinical diversity (Brodeur et 

al. 2009; Thiele et al. 2009; Light et al. 2012).

The NTRK genes code for the Trk family of neurotrophin receptors, a homologous group of 

transmembrane receptor tyrosine kinases that are critical for normal development of the 

central and peripheral nervous system. Trk receptors regulate multiple cellular processes, 

including proliferation, differentiation, migration, and apoptosis (Barbacid 1995). The Trk 

family consists of TrkA (NTRK1), TrkB (NTRK2), and TrkC (NTRK3), which are the 

cognate receptors for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 

and neurotrophin-3, respectively (Brodeur et al. 2009). In neuroblastoma, Trk expression has 

been strongly associated with clinical outcome. High TrkA expression is associated with 

favorable clinical and biological features and an excellent outcome, with 5-year survival 

rates of 95% (Nakagawara et al. 1993; Brodeur 2003). Conversely, high TrkB expression 

(and low TrkA expression) is associated with unfavorable biology and predictive of poor 

clinical outcome, with 5-year survival rates of 25% (Suzuki et al. 1993; Nakagawara et al. 

1994a, b; Brodeur 2003). Interestingly, Trk-null neuroblastomas have intermediate risk and 

outcomes, with 5-year survivals from 40 to 50% (Brodeur 2003). Trk expression affects the 

tumorigenicity of neuroblastoma cells in xenograft models in a similar manner: TrkB 

expressing neuroblastoma lines readily form tumors, but TrkA expressing lines do not 

(Eggert et al. 2002).

We previously reported on the utility of in vitro, three-dimensional microgravity rotary 

bioreactor culture for the characterization of neuroblastoma behavior. In the rotary 

bioreactor, single neuroblastoma cells spontaneously aggregated into tumor-like structures 

called organoids, and the kinetics of aggregation and morphology of the organoids 

correlated with a specific biological parameter (Redden and Doolin 2011). Here, we 
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examined the effect of Trk expression on the behavior of a Trk-null neuroblastoma cell line 

(SH-SY5Y) engineered to express either TrkA or TrkB. We hypothesized that the pattern of 

Trk expression would correlate with behaviors that could be quantitatively measured and 

discerned by aggregation kinetics, organoid morphology, and morphometric analysis.

Materials and Methods

Cells and cell culture

We analyzed three cell lines in this research as follows: the human neuroblastoma cell line 

SH-SY5Y (ATCC, Manassas, VA); SY5Y-TrkA, a subclone of SY5Y stably transfected to 

express the receptor TrkA at high levels; and SY5Y-TrkB, a subclone of SY5Y stably 

transfected to express the receptor TrkB at high levels (Eggert et al. 2000a, b; Ho et al. 

2002). The parental SY5Y cell line has no detectable TrkA or TrkB expression by Western 

analysis (Trk-null). For a transfection control, the parental cell line (SY5Y) was transfected 

with an empty vector (Eggert et al. 2000). Cells in two-dimensional (2D) and three-

dimensional (3D) rotary culture were maintained in RPMI media supplemented with 10% 

FBS, L-glutamine, gentamicin, and (if necessary) the selection agent G418. Exemption was 

obtained from the institutional review board regarding research with human cell lines. 

Unless specified otherwise, cell culture media and reagents were purchased from Life 

Technologies (Grand Island, NY).

Rotary bioreactor

The Rotary Cell Culture System (Synthecon, Inc., Houston, TX) consists of a culture vessel 

(for this research, we used the slow-turning lateral vessel), a base unit housing a rotary 

motor and pump, and an external power supply. Under typical operating conditions, the 

toroidal culture chamber of the vessel is completely filled with cells and media, connected to 

the base unit, and placed in toto into an incubator. The culture vessel slowly rotates about 

the horizontal (longitudinal) axis, and the pump pulls ambient air, i.e., the atmosphere within 

the incubator, across an inner semi-permeable membrane core for gas exchange within the 

vessel.

Cell culture in the bioreactor

Cells in 2D culture were detached before confluence with 0.05% trypsin-EDTA, and a 

single-cell suspension was seeded into the bioreactor at 5×105 cells/ml. The bioreactor was 

maintained in a humidified, 37°C, 5% CO2 incubator. The bioreactor vessel was initially 

rotated at 10 rpm, but as cells aggregated into larger structures, the rotation speed was 

increased (at least daily) in order to maintain suspension and prevent sedimentation. Half of 

the medium was replaced every 3–4 d. In all cases, the bioreactor vessel was preconditioned 

with medium for 24 h before inoculation.

Analysis of cell aggregation kinetics

During the first 12 h of bioreactor culture, the supernatant was sampled hourly, concentrated 

by pulse centrifugation if necessary, and the single cells in the supernatant were manually 

counted. Viability was determined by trypan blue exclusion. The aggregation kinetics were 

quantified by (1) plotting the number of single cells per milliliter versus time and calculating 
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the areas under the curve at 6 and 12 h, (2) calculating the culture time required for the 

number of single cells (non-aggregated) in the supernatant to reduce to a given 

concentration, and (3) calculating the concentration of single cells after 2 and 4 h of 

bioreactor culture. A more rapid aggregation was indicated by a lower area under the curve 

after a given time of culture, a longer time required to reach a given concentration of single 

cells, and a higher concentration of single cells after a given culture time. For each cell line, 

three separate kinetics experiments (bioreactor runs) were performed (n =3).

Analysis of organoids

In separate experiments, after 8 d of bioreactor culture, organoids were gently removed 

using a wide-mouthed transfer pipet, and fixed overnight at 4°C in HistoChoice MB 

(Electron Microscopy Sciences, Hatfield, PA). After fixation, the organoids were embedded 

in Cytoblock kit cassettes (ThermoFisher, Pittsburgh, PA) and histoprocessed to paraffin. 

The paraffin/Cytoblock polymer disks containing the organoids were embedded in paraffin, 

sectioned (4 μm), and stained with hematoxylin and eosin. Microscopic images were 

captured using IPLab (Scanalytics, Rockville, MD) and analyzed. For each cell line, ten 

organoids from two separate experiments were randomly selected for analysis. Images were 

imported into image analysis software (SigmaScan Pro, SPSS Science, Chicago, IL); 

organoids were manually traced; and maximum cross-sectional areas, perimeters, and shape 

factors (see below) were calculated by the software.

Statistical analysis

Statistical comparisons were performed using one-way ANOVA with Tukey’s post hoc 

analysis for determining the differences between the means of the groups (IBM SPSS 

Statistics, v. 20). Unless indicated, error bars depict standard deviations (SD). P values 

<0.05 were considered statistically significant.

Results

Aggregation kinetics

During the initial 12 h of bioreactor culture, the number of single viable cells in the 

supernatant decreased (Fig. 1), but no nonviable single cells were detected. This strongly 

suggested that this ‘disappearance’ of single cells represented cell-cell aggregation rather 

than cell death, as single cells adhered to one another to form doublets, triplets, and 

progressively larger aggregates. Aggregation curves were plotted for all three cell lines and 

indicated that the TrkA-expressing cell line aggregated more slowly than the Trk-null-and 

TrkB-expressing cell lines (Fig. 1). To quantify aggregation kinetics, we first calculated 

areas under the curve. As shown in Fig. 2, the TrkA curve showed a significantly higher area 

under the curve than the Trk-null and TrkB cell lines after 6 and 12 h of culture. No 

statistical differences were noted between the Trk-null and TrkB-expressing cell lines. 

Second, as indicated in Table 1, to reach each given single cell concentration in the 

bioreactor supernatant, the TrkA-expressing cell line required a longer culture time; and at 

each given time point, the TrkA-expressing cells had a higher single cell concentration. For 

all cell lines, after 12 h of bioreactor culture, less than 5% of the initially seeded single cells 

remained as single cells in the supernatant.
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Organoid morphology and morphometry

After 8 d of bioreactor culture, SY5Y and SY5Y-TrkB cell lines formed complex, 

irregularly shaped organoids featuring multiple stellate projections (Fig. 3). In contrast, 

SY5Y-TrkA cells formed more regular organoids with a smooth (non-stellate) periphery. In 

all cases, the organoids featured an outer region of viable cells and an inner core of 

nonviable cells. In terms of maximum cross-sectional area, no significant differences were 

seen between the organoids formed by the three cell lines (n = 10; Fig. 4). However, the 

SY5Y organoids had a significantly larger average perimeter than the TrkA and TrkB 

organoids (Fig. 4), which was largely due to the complex morphology. Finally, we 

calculated the shape factor (SF) of the organoids, a quantification of the deviation from a 

perfect sphere/circle (SF=1 indicates a perfect circle). After 8 d of bioreactor culture, the 

TrkA organoids showed a significantly higher SF than SY5Y and TrkB organoids (SY5Y-

TrkA: 0.79± 0.05; SY5Y: 0.10±0.03; TrkB: 0.55±0.07; p <0.001 for all).

Discussion

In vitro culture offers several distinct advantages to both clinical analyses and in vivo 

models. For example, in vitro culture allows for the control and manipulation of single, 

specific biologic factors, and it can provide rapid, inexpensive, reproducible assays that 

generate multiple quantitative parameters of cellular behavior, often in real-time. 3D in vitro 

culture systems, such as the rotary bioreactor, offer further advantages compared to 

traditional 2D monolayer culture. In 2D culture, cell deformation (spreading) on the rigid 

cell culture surface, and lack of proper cell-cell adhesions and 3D architecture can induce 

widespread genotypic and phenotypic changes that are not necessarily indicative of cancer 

cells in vivo. Indeed, many researchers have shown that cancer cells in 3D bioreactor culture 

better emulate in vivo cancer cells in terms of behavior (proliferation, humoral responses, 

etc.), morphology, and cell-cell interactions (Jessup et al. 1993; Freed and Vunjak-

Novakovic 1997; Ingram et al. 1997; O’Connor 1999; Rhee et al. 2001; Vamvakidou et al. 

2007; Licato et al. 2009).

These results demonstrated that Trk expression alone is sufficient to radically alter the 

behavior of neuroblastoma cells in vitro. The TrkA-expressing cell line aggregated 

significantly slower than either the Trk-null or TrkB-expressing cell lines, and the 

morphology of the TrkA cell line was dramatically different. The distinct, contrasting 

behavior of SY5Y-TrkA compared to the Trk-null and TrkB lines in rotary bioreactor 

culture is similar to that seen both in clinical behavior and animal tumorigenicity 

(Nakagawara et al. 1993; Nakagawara et al. 1994a, b; Eggert et al. 2002). This suggests that 

slower aggregation kinetics and less complex organoid morphology (decreased perimeter) 

represent specific in vitro parameters that are indicative of a benign phenotype. In contrast, 

rapid aggregation and complex organoid morphology, with projections resembling 

invasiveness, are consistent with a more aggressive phenotype. The association here 

between rapid aggregation and aggressive phenotype supports previous research in which 

we demonstrated that a MYCN-amplified neuroblastoma cell line (an unfavorable genotype) 

showed a significantly more rapid aggregation compared to non-MYCN-amplified cell lines 
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(Redden and Doolin 2011). Notably, SY5Y cells (as well as SY5Y-TrkA and SY5Y-TrkB 

cells) are not MYCN-amplified.

The specific mechanisms behind these phenotypes remain to be elucidated. Increased 

aggregation, in this case by the SY5Y and TrkB cells, could indicate an increased expression 

of certain cell-surface adhesion molecules. But the more ‘loose’ structure of the SY5Y and 

TrkB organoids after 8 d of culture, compared to the more compact TrkA organoids, may 

indicate that in the 3D organoid milieu, SY5Y and TrkB cells lose expression of adhesion 

molecules over time. The former could be a specific characteristic of SY5Y and TrkB cells 

in 2D culture that is maintained during early rotary bioreactor culture. In terms of the latter, 

reduced expression of adhesion factors has been reported in aggressive/metastatic 

neuroblastomas in vitro, in animal models, and in clinical tumors (Lammens et al. 2012; Lee 

et al. 2012). Reduced expression of specific adhesion factors in the tumor-like 3D organoids 

in the bioreactor could explain the stellate morphology, but more importantly could further 

demonstrate the potential of bioreactor culture to emulate in vivo tumors. The larger 

organoids and more complex morphometry of the Trk-null organoids could also indicate an 

increased heterogeneity of the SY5Y cell line in terms of its profile of adhesion factors. 

Regardless, these data validate the utility of the in vitro bioreactor assay for the 

characterization of differences in cancer cell behavior, and provides an advantageous 

environment for the investigation of the mechanisms driving specific behaviors.

The cell line SH-SY5Y is a subclone of the neuroblastoma cell line SK-N-SH that was 

established from a bone metastatic site (Biedler et al. 1978). It has been reported that SY5Y 

cells express low or undetectable TrkA and TrkB, though the signaling pathways appear to 

be intact (Lavenius et al. 1995; Ho et al. 2002), and they do not synthesize endogenous NGF 

(Arien-Zakay et al. 2007). In contrast, SY5Y cells express endogenous BDNF (Ho et al. 

2002). In the absence of NGF, neuroblastoma cells undergo apoptosis, presumably mediated 

through p75 expression (Bunone et al. 1997), and transfection with TrkA inhibits this 

process (Eggert et al. 2000a, b). No exogenous NGF was added to the culture media in our 

experiments, and no nonviable cells were detected in the first 24 h of bioreactor culture. 

However, a substantial advantage of the bioreactor is the manipulation of specific, 

individual biologic and/or genetic variables and observation of the resultant behavior, 

allowing the discrimination and parsing of the relative contributions of these variables. In 

future analyses with these cell lines, we will evaluate the specific influence of external 

ligand, chemotherapeutic agents, biologically targeted agents, and environmental factors, 

which may inform the development of clinical treatments.
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Figure 1. 
Aggregation kinetics. Over the first 12 h of bioreactor culture, the number of viable, non-

aggregated single cells in the supernatant rapidly decreased (initial concentration: 5×105 

cells/ml). The rate of the ‘disappearance’ of single non-aggregated cells represents 

aggregation rather than cell death, since no nonviable cells were detected. The TrkA-

expressing cells (SY5Y-TrkA) aggregated more slowly than either the Trk-null (SY5Y) or 

TrkB-expressing cells (SY5Y-TrkB), see Fig. 2, Table 1. Error bars represent standard 

deviation. For each cell line, three separate experiments were performed (n =3).
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Figure 2. 
Quantification of the aggregation kinetics (graphically depicted in Fig. 1) by calculation of 

the area under the curve (AUC). SY5Y-TrkA had significantly greater AUC than the other 

cell lines, indicating slower cell-cell aggregation (6 h: p =0.013 v. SY5Y, p = 0.003 v. TrkB; 

12 h: p =0.001 v. SY5Y, TrkB).
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Figure 3. 
Organoid morphology. The morphology of organoids formed after 8 d of bioreactor culture 

from SY5Y (left), SY5Y-TrkA (middle), and SY5Y-TrkB (right) at 50X (top) and 200X 

(bottom). SY5Y and SY5Y-TrkB cells formed complex, stellate organoids, but SY5Y-TrkA 

did not. Scale bar depicted.
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Figure 4. 
Average maximum cross-sectional areas (left) and perimeters (right) of SY5Y, TrkA, and 

TrkB organoids at day 8 (*p =0.004 vs. TrkA; p =0.001 vs. TrkB).
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