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Cooperative cell invasion: matrix 
metalloproteinase–mediated incorporation 
between cells

ABSTRACT  Progression to metastatic disease is a leading cause of cancer death. Tumors are 
a complex mixture of cell types, both genetically heterogeneous malignant cells and associ-
ated nonmalignant cells. Models mimicking this heterogeneous cell environment have re-
vealed that invasive cell populations can induce dissemination by otherwise poorly/noninva-
sive tumor cells, known as cooperative invasion. Neuroblastoma tumors arise in children and 
are characterized by mixed cellular populations in vivo, consisting chiefly of neuronal (N)-type 
and substrate (S)-type cells. The S-type cells have all the hallmarks of invasive leader cell 
populations and have been coisolated with N-type cells from metastatic bone lesions, but to 
date their ability to induce cooperative invasion has not been investigated. Therefore, in the 
present study, we analyzed the invasive behavior of mixed N-type and S-type multicellular 
spheroids embedded in three-dimensional collagen gels. Our analyses show that S-type cells 
induce invasion of either single cells or small cell clusters of N-type cells. In contrast to other 
reports of cooperative invasion in which mixed cultures exhibit a follow-the-leader mechanism, 
we show coincident emergence of S- and N-type cells from mixed spheroids. Our data suggest 
mutual effects between the two cell types. Thus, whereas coculture with S-type cells induces 
N-type invasion, coculture with N-type cells slows S-type invasion. Using matrix metallopro-
teinase (MMP) inhibitors and cell incorporation assays, we demonstrate that MMP activity is 
required for S-type cells to insert into layers of N-type cells. Our study therefore highlights an 
important role for S-type neuroblastoma cells in the invasion process and reveals a new mech-
anism of cooperative invasion.

INTRODUCTION
Cooperative invasion describes how inherently invasive cells, either 
malignant or nonmalignant, can induce invasion of otherwise poorly 
invasive subpopulations in mixed cell populations in tumors 

(Gaggioli et al., 2007; Wyckoff et al., 2007; DeNardo et al., 2009; 
Dang et al., 2011; Carey et al., 2013; Cheung et al., 2013; Chapman 
et al., 2014; Etienne-Manneville, 2014; Westcott et al., 2015). It is 
increasingly realized that tumors consist of heterogeneous cell pop-
ulations, thus suggesting that cooperative invasion mechanisms 
may be important in the progression to metastatic cancer. The pedi-
atric tumor neuroblastoma is characterized by mixed cell popula-
tions and the development of metastatic disease. In the present 
study, we therefore investigated cooperative invasion mechanisms 
between neuroblastoma cell subtypes.

During cooperative invasion, a “leader” cell population fre-
quently initiates invasion into the surrounding matrix, and follower 
cells subsequently invade. The leader cells are characteristically 
highly migratory, with rapidly protrusive leading edges, whereas the 
follower cells often invade as collective multicellular strands behind 
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Coculture of neuroblastoma subtypes changes invasive 
behavior
To next directly analyze cooperative invasion between neuroblas-
toma subtypes that are seen in vivo, we prepared MCS consisting of 
S-type SHEP cells mixed with N-type cells. The invasive pattern of 
spheroids consisting of each cell type alone was compared with in-
vasive patterns when S- and N-type cells were mixed, and this re-
vealed a striking change in invasive behavior (Figure 2, A and B). 
Collagen-embedded S-type SHEP MCS display a single-cell inva-
sion mode, with predominately elongated cells radiating out from 
the spheroid center. In contrast, N-type SH-SY-5Y MCS display a 
mixed mode of invasion, with both collectively invading strands and 
individually invasive cells. This changed to a predominantly individ-
ual cell invasion mode in mixed SHEP/SH-SY-5Y MCS (Figure 2, A 
and B). Even more strikingly, the N-type IMR32 MCS changed from 
a noninvasive phenotype into small clusters of invading cells in 
mixed SHEP/IMR32 MCS (Figure 2, A and B).

We confirmed that the invasive fractions in the mixed MCS in-
deed constituted representatives from each of the two subtypes by 
first labeling cells with alternative membrane-permeant fluorescent 
dyes to facilitate subtype detection within the mixed MCS. In each 
case, S-type SHEP cells were labeled with red fluorescent dye and 
N-type cells were labeled in green. Immediately after being embed-
ded in 3D collagen (Figure 3, A and C, 0 h), green and red cells are 
observed mixed throughout the MCS. At 48 h later, mixed green 
and red cells are clearly visible throughout the invasive cell popula-
tions in both SHEP/SH-SY-5Y MCS (Figure 3A) and SHEP/IMR32 
MCS (Figure 3C). The detection of IMR32 cells at the boundary of 
the invasive front was particularly striking, given the absence of 
IMR32 invasion when cultured alone (compare to Figure 2B). Of 
note, quantification of the extent of invasion revealed differences 
between the two sets of cultures. The SHEP cells invaded signifi-
cantly further than the SH-SY-5Y cells in mixed SHEP/SH-SY-5Y MCS 
(Figure 3B). In contrast, SHEP and IMR32 cells invaded to the same 
extent as each other (Figure 3D). Moreover, the total distance in-
vaded by the SHEP cells was reduced when in combination with the 
IMR32 versus when in combination with the SH-SY-5Y cells. We con-
sidered whether the invasive phenotype of the IMR32 cells might be 
due to poor spheroid compaction when cocultured with the SHEP 
cells. However, analysis of spheroid compaction confirmed that 
there is no difference between the compaction of IMR32 spheroids 
versus IMR32 spheroids cocultured with SHEP cells (Figure 3E).

The observation that the SHEP cells invade further than the 
SH-SY-5Y cells suggested that the SHEP cells might invade first from 
the mixed SHEP/SH-SY-5Y spheroid. Conversely, the equivalent in-
vasion seen between the SHEP and IMR-32 cells suggested that the 
invasion of these two cell types from the MCS might be concurrent. 
To investigate these possibilities, we performed live imaging of the 
mixed MCS. Of importance, SHEP cells (labeled red) were the first 
to emerge from the SHEP/SH-SY-5Y mixed MCS, appearing ∼4 h 
after embedding (Figure 4A). In contrast, SHEP and IMR-32 cells 
(red and green, respectively) emerge from the mixed MCS at the 
same time (see 12 h, Figure 4B). Note that the emergence of the 
SHEP cells from the SHEP/IMR-32 mixed MCS is delayed compared 
with the SHEP/SH-SY-5Y mixed MCS, in agreement with our obser-
vation of the reduced overall extent of SHEP invasion in SHEP/IMR-
32 mixed MCS.

Mixed MCS invasion requires Rac
Owing to the striking induction of IMR32 invasion when mixed with 
SHEP cells, we focused on the mechanism behind this cooperative 
invasion. The concurrent emergence and extent of invasion by the 

the leader cells (Carey et al., 2013). In one mechanism, the invasive 
or leader cell provides a factor in-trans, such as matrix metallopro-
teinase (MMP), which creates a path through the three-dimensional 
(3D) matrix for follower cells (Carey et al., 2013; Chapman et al., 
2014). In another mechanism, invasion-inducing cells may instead 
simply create paths in the matrix by exerting force on collagen fibers 
and thereby create invasion cues to the second cell population 
(Dang et al., 2011). Alternatively, the invasive cells create paths via a 
combination of protease- and force-mediated matrix remodeling 
(Gaggioli et al., 2007) or through deposition of additional extracel-
lular matrix components (Chapman et al., 2014). Specific GTPase 
activity is a feature of the invasion inducer cells, but the GTPases 
that are required differ between tumor types (Carey et  al., 2013; 
Westcott et al., 2015). Furthermore, the invasion-inducer cells can in 
turn be altered by the cooperative interaction. For example, previ-
ously protease-independent invaders were observed to switch to a 
protease-dependent mode of invasion during cooperative invasion 
(Chapman et al., 2014). Such changes in invasive modes may ulti-
mately determine subsequent routes of metastatic dissemination 
(Giampieri et al., 2009).

Neuroblastoma tumors arise from cells of neural crest origin and 
are the most common extracranial solid tumor in children. They can 
occur anywhere along the sympathetic nervous system, but most 
commonly appear in the adrenal gland. Individual tumors frequently 
constitute mixed cell types including both neuroblastic (N) and stro-
mal (S) cell types (Mora et al., 2001; Mora and Gerald, 2004). Cell 
lines representing each of these phenotypes have been isolated 
from patient tumors (Ross et al., 2003). The S-type cells have many 
features in common with fibroblasts, including elongated Rac-de-
pendent 3D invasion (Zhong et al., 2014). The coisolation of S- and 
N-type neuroblastoma cells from metastatic bone tumors (Valent 
et al., 1999, 2001) suggests that cooperative invasion may occur in 
neuroblastoma, but this has not previously been investigated. In the 
present study, we used multicellular spheroids of mixed N- and 
S-type neuroblastoma cells cultured in 3D collagen to assess co-
operative invasion.

RESULTS
SK-N-SH spheroids exhibit mixed invasion
We first analyzed invasive phenotypes in the SK-N-SH neuroblas-
toma line, which is an example of a cell line isolated as a mixed 
population of S- and N-type cell subtypes (Ciccarone et al., 1989). 
We determined that the culture retained subtype heterogeneity, by 
immunostaining for the canonical S-type marker CD44 (Gross et al., 
1994; Figure 1A). To confirm specificity of this staining, we sepa-
rately analyzed CD44 immunoreactivity in S-type SHEP and N-type 
SH-SY-5Y neuroblastoma lines, which were established from the pa-
rental SK-N-SH line (Thiele, 1998) and a second N-type line IMR32. 
This confirmed that the S-type SHEP cells are positive for CD44, 
whereas both N-type lines are negative. Next analysis of collagen-
embedded SK-N-SH multicellular spheroids (MCS) revealed both 
collective and single-cell invasion: multicellular strands (Figure 1B, 
arrowheads) and, beyond the end of the strands, individual elon-
gated cells (Figure 1B, arrows). SK-N-SH MCS have a tight core with 
prominent cell–cell adhesions as revealed by the cobblestone ap-
pearance of actin immunostaining (Figure 1C). The single elongated 
invasive cells that invade into the collagen are CD44 positive (Figure 
1D), as are cells at the MCS periphery, which extend elongated 
membrane processes into the surrounding matrix (Figure 1D, 
arrows). This indicates that individual invasive cells represent the 
S-type fraction of SK-N-SH cells. Collectively these data suggested 
that S-type cells may be “leader” cells.
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SHEP and IMR32 cells from the mixed MCS 
and lack of collective strand invasion sug-
gested a different mechanism from previ-
ously described follow-the-leader invasion 
(Gaggioli et  al., 2007; Carey et  al., 2013). 
We therefore first analyzed the role of Rac 
GTPase and Rho kinase in the mixed MCS 
invasion. We found that Rac inhibition (EHT 
1864) efficiently blocks invasion in the mixed 
MCS (Figure 5A). Analysis of MCS in which 
cell lines were first differentially labeled with 
fluorescent dyes confirmed that Rac inhibi-
tion significantly inhibits invasion of both 
cell types within the mixed MCS (Figure 5, 
B–D). In contrast, both cell lines remain inva-
sive when treated with the Rho kinase inhibi-
tor Y-27632 (Figure 5, A–D). Invasion was 
efficiently inhibited by cotreatment with 
EHT 1864 and Y-27632. Thus the invasive 
phenotype induced in mixed SHEP/IMR32 
MCS is Rac dependent and Rho kinase 
independent.

It is striking that Rac inhibition arrested 
IMR-32 invasion in the mixed MCS (Figure 5, 
B and D), given that IMR-32 cells have low 
Rac expression and activity (Mitchell and 
O’Neill, 2016). Conversely, S-type cells have 
high Rac activity and were previously shown 
to exhibit Rac-dependent invasion (Mitchell 
and O’Neill, 2016). Because neuroblastoma 
cells can be induced to differentiate into 
S-type phenotypes through exposure to bro-
modeoxyuridine (BrdU; Sugimoto et  al., 
1988), we assessed whether BrdU-induced 
differentiation could stimulate IMR-32 inva-
sion. Indeed, 48-h exposure to 10 μM BrdU 
induced invasion of IMR-32 spheroids 
(Figure 6). These data therefore confirm that 
differentiation can switch neuroblastoma 
cells to an invasive phenotype.

MMPs mediate SHEP incorporation 
between IMR32 cells
Because Rac-dependent invasion through 
3D collagen gels is frequently accompanied 
by MMP activity (Friedl, 2004), we next 
tested the role of MMPs. We compared the 
effects of treatment with the broad-spec-
trum MMP inhibitor Marimastat/BB2516 
and the specific MMP2 inhibitor oleylhy-
droxamic acid. Both inhibitors significantly 

FIGURE 1:  S-type cells have the phenotype of leader cells. (A) Immunostaining of SHEP, 
SH-SY-5Y, IMR-32, and SK-N-SH cells for CD44 (green), phalloidin (red), and DAPI (blue). 
CD44-positive cells are indicated with arrows. Scale bar, 50 μm. (B) Representative confocal 
images (maximum projection) of SK-N-SH cells grown as multicellular spheroids suspended in 3D 
collagen gels. Spheroids were incubated for 48 h after embedding in collagen and stained with 
phalloidin (left; red in merged image) and Hoechst (middle; blue in merged image). Scale bar, 
250 μm. Right, magnification of the boxed region. Arrowheads indicate an invasive strand; 
arrows indicate individual, elongated invasive cells. Scale bar, 100 μm. (C) Single confocal slice of 

the SK-N-SH MCS showing detail of 
cobblestone phalloidin staining (magnified 
inset in the first image). (D) Maximum 
projection of SK-N-SH spheroids 48 h after 
embedding in collagen immunostained with 
CD44 antibody (green) and Hoescht (blue). 
Asterisks indicate individual invasive cells. 
Arrows indicate regions shown in magnified 
images. Scale bar, 500 μm.
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cocultured with IMR32 cells versus their dis-
tance invaded when cultured alone. Com-
parison of the distances invaded confirmed 
that SHEP invasion is reduced when cocul-
tured with IMR-32 cells (Figure 8A). Given 
the cell–cell adhesion exhibited by the 
IMR32 MCS, we considered whether the 
IMR32 cell–cell interactions presented a 
barrier to SHEP invasion. On the basis of 
previous reports that MMPs can cleave cell–
cell adhesions (Grabowska and Day, 2012), 
we asked whether MMP activity might be 
required for SHEPs to break through the 
barrier presented by IMR32 cell–cell adhe-
sion. To test this, we adapted a previous 
method for analyzing the incorporation of 
one cell type into layers of a second cell 
type (Hamilla et al., 2014). IMR32 cells were 
grown to high confluence, and SHEP cells 
were then introduced to the cultures. After 
fixation, SHEP cells were identified by im-
munostaining with CD44 antibodies. The 
location of individual SHEP cells relative to 
the IMR32 cell layer was then determined 
using orthogonal projections of confocal z-
stacks (Figure 8, B–D). Incorporated SHEP 
cells (middle) are those that reside within the 
IMR32 layers and are surrounded in all direc-
tions by IMR32 cells (Figure 8C). Unincorpo-
rated SHEP cells are those located either on 
top of the IMR32 cells or below the IMR32 
cells (Figure 8, B and D). Quantification re-
vealed that under control conditions, 45.8 ± 
3.2% of SHEP cells were incorporated into 
the IMR32 cell layer (Figure 8E). Live imag-
ing of fluorescently tagged SHEP cells after 
introduction to the confluent IMR32 cultures 
confirmed that the SHEP cells actively in-
vade between IMR32 cells (Figure 8F). Next 

we tested whether MMP inhibition blocked SHEP incorporation into 
IMR32 cell clusters. On treatment with BB2516 or MMP2 inhibitor, 
the number of incorporated SHEP cells significantly decreased to 
22.3 ± 1.0% (p < 0.0001) and 9.7 ± 2.1% (p < 0.0001), respectively 
(Figure 8E). These results reveal that MMP activity promotes SHEP 
incorporation between IMR32 cells. We therefore propose that in 
the mixed SHEP/IMR32 MCS, MMP activity is required for SHEP 
cells to insert between IMR32 cells.

DISCUSSION
Our study revealed that S-type neuroblastoma cells can influence 
the invasion patterns of N-type neuroblastoma cells and vice versa. 
We showed that S-type cells switch N-type SH-SY-5Y cells into a 
predominantly single-cell invasion mode, whereas they induce inva-
sion of small cell clusters from otherwise noninvasive N-type IMR32 
spheroids. Concurrently, coculture with N-type cells reduces the ex-
tent of S-type invasion. We show that SHEP induction of IMR32 re-
quires MMP activity and that this facilitates SHEP insertion between 
IMR32 cells. Thus we demonstrate mutual effects on invasion be-
tween the two cell types.

Of interest, we found that SHEP cells induce invasion either by 
single cells or by small cell clusters. This is contrast with other stud-
ies, in which cooperative invasion leads to the induction of collective 

reduced the invasiveness of SHEP/IMR32 mixed MCS (Figure 7A), 
indicating that the invasion is MMP2 dependent. These results 
suggested that SHEP cells might use an MMP-dependent mode of 
invasion. However, when we analyzed the effect of MMP inhibi-
tion on the invasion of SHEP MCS alone, there was limited effect 
(Figure 7A), indicating that they invade in an MMP-independent 
manner. We then considered whether the SHEP cells might switch 
between MMP-independent amoeboid invasion to MMP-dependent 
invasion when cocultured with N-type cells. Our analyses revealed 
that cells in SHEP MCS have an elongated morphology (Figure 7B). 
Moreover, their invasion is Rac dependent but Rho kinase indepen-
dent, as demonstrated by MCS response to Rac (EHT1864) and Rho 
kinase (Y-27632) inhibitors (Figure 7B). Therefore SHEP invasion does 
not confirm to established characteristics of amoeboid invasion, 
which is characterized by rounded cell shape and Rho kinase depen-
dence (Sanz-Moreno et  al., 2008). Finally, we examined whether 
MMP inhibition similarly reduces SK-N-SH invasion. Indeed, we found 
that the pan-MMP inhibitor Marimastat/BB2516 causes a small but 
significant reduction in invasion (Figure 7C).

Our results revealed that MMPs are required for invasion in 
mixed SHEP/IMR32 MCS but not for invasion from SHEP MCS. In 
trying to reconcile these observations, we considered the fact that 
the distance that the SHEP cells invaded appeared reduced when 

FIGURE 2:  Mixed cultures exhibit different invasive phenotypes. (A) Bright-field images at 0 and 
48 h of individual spheroids composed of a single cell line (SHEP, SH-SY-5Y, and IMR-32) and 
mixed spheroids (SH-SY-5Y+SHEP, and IMR-32+SHEP) embedded in 3D collagen gels. Scale bar, 
200 μm. Data are representative of >22 spheroids over more than four individual experiments. 
(B) Confocal images (maximum projection) of individual (SHEP, SH-SY-5Y, and IMR-32) and mixed 
(SHEP + SH-SY-5Y; SHEP + IMR-32) spheroids 48 h after plating, stained with phalloidin (red) and 
Hoechst blue (blue). Zoomed-in regions indicated by white boxes. The zoomed regions 
represent single confocal slices in order to highlight the morphology of the invasive cells. Scale 
bars, 200 μm (top), and 50 μm (bottom). Representative spheroids were selected from more 
than nine spheroids over more than three individual experiments.
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S-type SHEP cells may induce IMR-32 differentiation. There are a 
number of potential mechanisms that may explain this. First, the 
SHEP cells may secrete a soluble factor that induces N-type differ-
entiation. However, conditioned media from SHEP cells failed to 
induce IMR-32 invasion (unpublished data). Alternatively, direct cell–
cell contact between the two cell subtypes may induce IMR32 dif-
ferentiation in the 3D environment. It is also possible that changes 
to the matrix environment brought about by invasive SHEP cells 
may change the matrix-derived signals received by the IMR-32 cells, 
which in turn may induce differentiation.

Our results suggested that coculture with IMR-32 cells switches 
S-type cells to MMP-mediated invasion. Other studies demon-
strated similar results to those in the present study, in which invasion 
of poorly invasive melanoma cells was induced by highly invasive 

strand invasion (Gaggioli et al., 2007; Carey et al., 2013; Cheung 
et al., 2013; Westcott et al., 2015) or an invasive file of cells (Chap-
man et al., 2014). This may reflect cell type–dependent behaviors, 
given the tendency for different tumor types to disseminate via sin-
gle-cell or collective-migration mechanisms (Friedl and Wolf, 2003), 
although our demonstration of collective strand invasion in the SK-
N-SH MCS suggests that this mode of invasion is available to neuro-
blastoma cells.

Our data demonstrate that when cocultured with SHEP cells, 
IMR-32 cells exhibit Rac-dependent invasion. Of importance, this 
effect is phenocopied by incubation with BrdU. This treatment was 
previously shown to induce neuroblastoma cells to differentiate into 
S-type phenotypes (Sugimoto et al., 1988). Therefore the IMR-32 
cell switch to Rac-dependent invasion suggests that coculture with 

FIGURE 3:  S-type cells induce invasion of N-type cells. (A, C) Representative confocal images (maximum projection) of 
cell tracker–labeled SHEP (red) plus (A) SH-SY-5Y (green) or (C) IMR32 (green) mixed spheroids at 0 and 48 h of 
incubation. Scale bar, 300 μm (main images), 50 μm (far right, zoomed images). (B, D) Quantification of spheroid invasion 
of each cell line within the mixed spheroid. SHEP, red; (B) SH-SY-5Y, green; (D) IMR32, green. Data are the average of 
>10 spheroids from three individual experiments. Error bars represent SEM. SHEP cells invade further than SH-SY-5Y 
cells: p < 0.0001, two-way analysis of variance (ANOVA). SHEP and IMR32 cells invade to the same distance: p = ns, 
nonsignificant, two-way ANOVA. (E) Shape factor of spheroids before embedding in collagen. Shape factor of 1.0 is 
equivalent to a perfect circle. ****p < 0.0001.
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melanoma cells (Alexander and Friedl, 2012). In common with our 
results, MMP inhibition blocked cooperative invasion of mixed inva-
sive and poorly invasive melanoma spheroids but had no effect on 
the invasive cells when cultured alone as spheroids. However, in 
contrast to our results, the coculture of the melanoma cell types in-
duced the invasive cells to switch from an amoeboid, MMP-inde-
pendent invasion to mesenchymal MMP-dependent invasion. We 
found no such transition in the SHEP cells. Instead, our data suggest 
that the MMPs are required for SHEP cells to insert between the 
IMR32 cells. Of note, when cultured as spheroids embedded in 3D 
collagen gels, the IMR32 cells exhibit tight cell–cell adhesions, indi-
cated by the striking cobblestone appearance of the actin. Indeed 
in 2D culture, N-type neuroblastoma cells are characterized by their 
propensity for increased intracellular adhesion (Ross et al., 2003). 
Thus we propose that the IMR-32 cells create a barrier for SHEP 
invasion and that MMPs are required for SHEP cells to pass through 
the tight cell–cell adhesions of the IMR32 cells. Of importance, 
MMP inhibition did not completely abrogate invasion. We interpret 
this result to mean that the SHEP cells on the edges of the spher-
oids, and thus not blocked by an IMR32 barrier, were free to invade 
the matrix. It is not possible to discern from our experiments whether 
the MMP activity is derived from the SHEP or IMR32 cells, and in 
future, it will be interesting to determine this.

Our results expand the known mechanisms of cooperative inva-
sion, revealing mutual effects on invasion between two neuroblas-

toma cell subtypes. An important question 
is whether this is unique to neuroblastoma 
cells or whether examination of cells of dif-
ferent tumor origins may reveal that this 

FIGURE 4:  Time-lapse imaging of mixed MCS. (A) Representative 
montage of time-lapse images of mixed SHEP/SH-SY-5Y MCS over a 
24-h time period. SHEP cells in red and SH-SY-5Y cells in green. 
(B) Mixed SHEP/IMR32 spheroids labeled and imaged as in A. 
Representative spheroids from nine individual spheroids over three 
independent experiments.

FIGURE 5:  SHEP induction of IMR-32 
invasion is Rac dependent. (A) Representative 
confocal images (maximum projection) of 
IMR-32/SHEP mixed spheroids after 48 h of 
incubation. Treatments with EHT 1864, 
Y-2732, and a combination. Cells were fixed 
and stained with phalloidin. Scale bar, 
500 μm. (B) Representative confocal images 
(maximum projection) of IMR-32/SHEP mixed 
spheroid invasion. Individual cell lines are 
labeled with alternative fluorescent 
CellTracker dyes, with each cell line displayed 
separately as black and white images (top, 
SHEP; bottom, IMR-32). Spheroids were 
treated with EHT 1864, Y-27632, and a 
combination and fixed after 48 h. Scale bar, 
500 μm. (C) Quantification of SHEP cell 
invasion in the mixed SHEP/IMR32 spheroids 
under the treatment conditions indicated. 
Data are the average of more than six 
individual spheroids from more than three 
individual experiments. Error bars represent 
SEM. Control vs. EHT1864, p = 0.0012; 
control vs. Y-27632, ns; control vs. 
combination, p < 0.0001; two-way ANOVA. 
(D) IMR32 invasion in the mixed SHEP/IMR32 
spheroids under the treatment conditions 
indicated. Data are the average of more than 
six individual spheroids from more than three 
individual experiments. Error bars represent 
SEM. Control vs. EHT1864, p < 0.0001; 
control vs. Y-27632, ns; control vs. 
combination, p = 0.0012; two-way ANOVA.
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mechanism exists in other tumor backgrounds. It is particularly inter-
esting that S-type and N-type cells have been identified in a per-
centage of metastatic neuroblastoma tumors in bone (Valent et al., 
1999, 2001). Potentially, the different invasive phenotypes induced 
by cooperative invasion of mixed cell subtypes may influence the 
route of dissemination and eventual metastasis. In the search for 
new approaches to treating invasive cancers, it is critical to under-
stand the role of each member of heterogeneous populations mak-
ing up the primary tumor in the eventual tumor dissemination. De-
fining these mechanisms will help to identify the correct cells for 
targeting and the relevant signaling pathways for new treatments.

MATERIALS AND METHODS
Cell lines and cell culture
Cultured neuroblastoma cell lines (SH-EP, SK-N-SH, IMR-32, SH-SY-
5Y) were kindly provided by Loretta Lau (Kids Research Institute, 
Sydney, Australia). Cell lines were maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS; vol/vol). SH-SY-5Y cells 
were maintained in MEM/F12 supplemented with 10% FBS (vol/vol) 
and 1% nonessential amino acids (vol/vol).

Three-dimensional multicellular spheroid invasion assay
To generate spheroids, cells were first seeded on 0.8% agarose–
coated 96-well plates in media and incubated at 37°C for 48 h. The 
nonadhesive surface of the agarose induces the cells to compact 
together to form a spheroid. After 48 h of compaction, spheroids 
were embedded in collagen gels, following published protocols 

(Lees et al., 2011; Zhong et al., 2014). Briefly, 
spheroids were resuspended in 1.7 mg/ml 
collagen solution (collagen type I, rat tail 
[354236; Corning, Sydney, Australia] and 
neutralizing buffer [phosphate-buffered sa-
line (PBS), 100 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid]) and al-
lowed to polymerize at 37°C for 1 h. After 
gel polymerization, complete medium with 
or without pharmacological agents was 

FIGURE 6:  BrdU treatment induces IMR32 invasion. Top, bright-field 
images of control and BrdU (10 μM)–treated IMR32 spheroids. 
Bottom, maximum projections of IMR32 spheroid (vehicle control) vs. 
IMR32 cells treated with BrdU to induce differentiation. Spheroid 
cultures stained to reveal actin (red) and nuclei (blue).

FIGURE 7:  MMPs mediate mixed IMR32/SHEP invasion. (A) Representative confocal images 
(maximum projection) of SHEP and IMR32/SHEP mixed spheroids after 48 h of incubation. 
Treatments with BB2516 (100 μM) and MMP2 inhibitor (50 μM). Spheroids were fixed and 
stained with phalloidin. Scale bars, 500 μm. Graphs show quantification of spheroid invasion of 
IMR32/SHEP mixed MCS and SHEP MCS under the indicated treatment conditions. Data are the 
average of more than six individual spheroids from more than three individual experiments. 

Error bars represent SEM. IMR32/SHEP 
mixed spheroids: control vs. BB2516, p = 
0.0001; control vs. MMP2 inhibitor, p = 
0.0016. SHEP spheroids: control vs. BB2516, 
ns; control vs. MMP2 inhibitor, p = 0.0093. 
Two-way ANOVA. (B) Representative 
confocal images (maximum projection) of 
SHEP spheroids embedded in collagen after 
48 h of incubation. Treatments with EHT 1864 
and Y-27632. Cells were fixed and stained 
with phalloidin (top) and then thresholded for 
cell shape and false colored (elongated, 
purple; round, green). Histograms show the 
percentage of individual elongated cells 
(bottom). Data are from more than seven 
spheroids, from at least three independent 
experiments. (C) Representative confocal 
images (maximum projection) of SK-N-SH 
spheroids treated with BB2156 (100 μM) as 
indicated. Graph shows quantification of 
SK-N-SH spheroid invasion. Data are from a 
minimum of 10 spheroids per condition. Error 
bars represent SEM. Control vs. BB2516, 
p = 0.0143; two-way ANOVA.
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with trypsin. The two alternatively labeled 
cells lines (SHEP plus SH-SY-5Y or IMR-32) 
were then mixed together (1:1 ratio), seeded 
onto agarose-coated 96-well plates in com-
plete medium, and incubated at 37°C for 
48 h. Resulting spheroids were then embed-
ded in collagen gels. After 1 h of gel polym-
erization, either medium or medium plus in-
hibitors was added, and cultures were 
incubated for a further 48 h. The pharmaco-
logical agents used were 10 μM Y-27632 
(Tocris, Bristol, United Kingdom), 25 μM 
EHT-1864 (Tocris), 100 μM BB2516 (Tocris), 
and 50 μM MMP2 inhibitor oleylhydroxamic 
acid (Calbiochem, San Diego, CA).

Immunofluorescence
For immunofluorescence of cells grown on 
coverslips, 0.5 × 105 to 1 × 105 cells were 
plated onto collagen (50 μg/ml)-coated 
glass coverslips and cultured for 24 h. Cells 
were fixed in 4% paraformaldehyde (PFA) 
and permeabilized in 0.2% Triton X-100 in 
PBS. After blocking in PBS containing 1% 
bovine serum albumin (BSA), cells were in-
cubated with CD44 antibody (Cell Signaling 
Technology, Boston, MA), Alexa Fluor 488–
conjugated secondary antibody (Invitro-
gen), tetramethylrhodamine isothiocyanate 
(TRITC)–phalloidin (Sigma-Aldrich, Sydney, 
Australia), and 4′,6-diamidino-2-phenylin-
dole (DAPI; Sigma-Aldrich) nuclear stain. 
Coverslips were mounted using Calbiochem 
Fluorsave reagent (Merck Millipore, Sydney, 
Australia). Fluorescence imaging was per-
formed on a Leica SP5II confocal micro-
scope with a 63× oil objective. Spheroids 
embedded in 3D collagen gels were fixed 
with 4% PFA and treated with 0.15 M gly-
cine in PBS to quench background fluores-
cence. Spheroids were then permeabilized 
in 0.2% Triton X-100 in PBS and blocked in 
PBS containing 1% BSA and 1% donkey se-
rum. Collagen-embedded spheroids were 
incubated with a combination of CD44 anti-
body, TRITC-phalloidin, and Hoescht blue 
nuclear stain and stored in PBS for imaging. 
Confocal z-stack imaging was performed on 
a Leica SP5 II confocal microscope with a 
10× air objective, and maximum projection 
and analyses were performed using Leica 
LAS and MetaMorph (version 7.7) software.

Incorporation assay
IMR32 cells were seeded at a density of 0.8 × 106 cells per glass 
coverslip and grown for 72 h. After 72 h, SHEP cells were seeded on 
top of the near-confluent IMR32 coverslips at a density of 0.2 × 106 
cells per coverslip. The SHEP cells were seeded in medium contain-
ing dimethyl sulfoxide (DMSO), BB2516 (100 μM), or MMP2 inhibi-
tor (50 μM). Coverslips were incubated for a further 24 h. Cells were 
then fixed in 4% PFA, blocked in 5% donkey serum/0.5% BSA, and 
permeabilized in 0.2% Triton X-100 in PBS. Cells were examined for 

added, and spheroids were incubated for 48 h. To facilitate compari-
son between cells lines, initial experiments were carried out to deter-
mine the numbers of each cell line required to provide similar-sized 
spheroids at the time of initial plating (unpublished data). Mixed 
spheroids were also generated from two different cell types. To allow 
differentiation between cell lines, individual cell lines were labeled 
with 10 μM CellTracker orange CMRA dye (Life Technologies, 
Melbourne, Australia) or 10 μM CellTracker green CMFDA dye (Life 
Technologies) in serum-free medium for 2 h before being detached 

FIGURE 8:  MMP mediates SHEP incorporation into IMR32 layers. (A) Representative confocal 
images of the indicated single and mixed spheroids. Right, graph showing the extent of 
spheroid invasion for each of the conditions. (B–D) Orthogonal projections of representative 
examples of top- (B), middle- (C), and bottom- (D) located SHEP cells. Projections of xy, yz, and 
xz are shown to reveal cell location through the z-stack. Cells were immunostained with 
phalloidin (green) and DAPI (blue) and counterstained with CD44 (red) to identify the SHEP cells. 
(E) Percentage of SHEP cells incorporated into the IMR32 layers. Data are pooled from two 
technical replicates (183–519 individual cells counted per replicate) from three individual 
biological experiments. ****p < 0.0001 compared with DMSO control; **p < 0.01 indicated by 
line. (F) Representative montage of time-lapse images of red-labeled SHEP cells incorporating 
into layers of IMR32 cells over a 24-h time period. Asterisks indicate the SHEP cell of interest.
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immunofluorescence following the foregoing protocol, with CD44 
labeled with an Alexa Fluor 594–conjugated antibody. Confocal z-
stack imaging and tile scanning were performed on a Leica SP5 II 
confocal microscope with a 63× oil objective. Orthogonal projec-
tions of stacks were made in MetaMorph software, each individual 
CD44-positive cell was counted, and stack location was determined 
as bottom, middle, or top. Middle cells represent cells that incorpo-
rated into the IMR32 cell layer, with bottom cells located below and 
top cells on or above the IMR32 cell layer.

Analysis and image preparation
Integrated morphometry analysis of cell morphology was carried 
out with MetaMorph software (version 7.7). Cell shape was quanti-
fied by calculating the shape factor (values of 1 indicating a perfect 
circle). Spheroid images were first filtered to remove the central 
spheroid core, thereby allow thresholding of individual migrating 
cell shape factor in an automated manner. Cells with a shape factor 
<0.75 were scored as elongated, and those with a shape factor 
between 0.75 and 1.0 were scored as round. Thresholded images 
were binarized and false-colored green (rounded cells) and purple 
(elongated cells). Concentric circle analysis was carried out with Im-
ageJ software. A series of concentric circles (16 circles, inner radius 
of 30, outer radius of 484) was overlaid on spheroid images, and 
the average pixel intensity along the perimeter of each circle was 
calculated. All spheroids were normalized to the average pixel in-
tensity of the inner circle. Densitometric analysis was achieved with 
ImageJ. Statistical analyses were performed in GraphPad Prism. 
Final images and grayscale adjustments were prepared in Adobe 
Photoshop.
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