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In vitro 3D cell culture systems utilizing multicellular tumor spheroids (MCTS) are widely
used in translational oncology, including for studying cell migration and in personalized
therapy. However, early stages of cellular migration from MCTS and cross-talk between
spheroids are overlooked, which was addressed in the current study. Here, we
investigated cell migration from MCTS derived from human non-small cell lung cancer
(NSCLC) cell line A549 cultured on different substrates, collagen gel or plastic, at different
time points. We found that migration starts at 4–16 h time points after the seeding and its
speed is substrate-dependent. We also demonstrated that co-culture of two NSCLC-
derived MCTS on collagen gel, but not on plastic, facilitates cell migration compared with
single MTCS. This finding should be considered when designing MCTS-based functional
assays for personalized therapeutic approach and drug screenings. Overall, our work
characterizes the in vitro 3D cell culture model resembling NSCLC cell migration from the
clusters of CTCs into surgical wound, and describes microscopy-based tools and
approaches for image data analysis with a potential for further automation. These tools
and approaches alsomight be used to predict patterns of CTCsmigration based on ex vivo
analysis of patient biopsy in a 3D culture system.
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INTRODUCTION

Lung cancer (LC) is the most common type of cancer, and non-small lung cancer (NSCLC) is the
most common type of LC, accounting for approximately 85% of LC cases (Aisner andMarshall, 2012;
Rivera et al., 2013). Surgical resection of the tumor is the therapy of choice for patients with early
stages of LC (Lang-Lazdunski, 2013; Uramoto and Tanaka, 2014). However, the secondary
metastatic tumor can arise as a result of the surgery and surgical stress (Tohme et al., 2017),
and dissemination of the cancer cells after tumor resection can result in metastasis and formation of
the secondary metastatic tumor (Grotzer et al., 2016). The metastatic cascade is a multistep process,
starting from the malignant transformation and growth of the primary tumor, local invasion of the
surrounding tissues by the cells, dissemination of the circulating tumor cells (CTCs) into the
circulatory system, and finally invasion and colonization of the secondary tissue by the disseminated
cells originating from the primary tumor (Eslami et al., 2020; Lozar et al., 2019). CTCs can travel in a
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bloodstream as a single cell or a cluster of the cells (also known
as “circulating tumor microemboli,” CTM), and the latter
appear to have higher metastatic potential (Micalizzi et al.,
2017) supposedly due to the changes in DNA methylation
promoting stemness (Gkountela et al., 2019). Epithelial-to-
mesenchymal transition (EMT) resulting in loss of epithelial
markers and gain of migratory mesenchymal-like phenotype
and enhanced invasiveness is one of the key contributors to the
metastatic cascade (Ribatti et al., 2020; Samatov et al., 2013).
However, while some cells within the cluster of CTCs undergo
EMT (Genna et al., 2020), it is still not a critical and ultimately
necessary event for CTCs engraftment and target tissue
invasion, and there are non-EMT-mediated mechanisms of
invasion described (Chen et al., 2017). In case of post-
surgical secondary tissue invasion by the CTCs, they do not
necessarily express EMT markers and do not need to acquire
mesenchymal phenotype to detach from the primary tumor. It
seems reasonable to suggest that risk of the post-operational
secondary metastatic tumor, at least partially, is associated with
the increased numbers of the CTCs clusters generated by the
surgical resection of the tumor tissue, which has been reported
for several types of cancer including LC (Duan et al., 2019;
Chudasama et al., 2017; Matsutani et al., 2017), although other
mechanisms, such as perioperative activation of the dormant
metastatic cell clusters in the host microenvironment, and
others also play a role. In either scenario, migration of the
cancer cells is a prerequisite of metastasis and is orchestrated by
the TME (Gay and Malanchi, 2017). Notably, in NSCLC there
was no association between CTCs and long-term survival of the
patients observed (Barr et al., 2020). While mechanisms of
“classical” metastasis cascade are well-studied (Dianat-
Moghadam et al., 2020), there is a gap of knowledge of the
mechanisms of post-surgical invasion of the secondary tissue by
the CTCs, as current knowledge about CTCs biology is very
limited (Mathias et al., 2020). The mechanisms of the post-
surgical CTCs wound implantation and local migration into the
secondary tissue (often not involving entry into the
bloodstream) potentially leading to the metastasis within the
surgical scars are undoubtedly different compared to “classical”
metastasis, because of the alteration in the composition and
structure of the surgically damaged target tissue (for example,
disrupted basal membrane), the influence of the post-surgical
inflammatory milieu, as well as specific phenotypic
characteristics of the post-surgical CTCs clusters (for
example, difference in the level of expression of EMT
markers by CTCs, stromal cell composition within the CTCs,
and others). As damaged tissue might be more permissive for
CTCs invasion, preventing early postoperative spread of the
CTCs is of particular importance (Alieva et al., 2018), especially
during the therapeutic window between the surgery and
subsequent chemo- or radiotherapy. This strongly advocates
for perioperative therapeutic options targeting CTCs (Mitchell
et al., 2014) and tumor cell migration, thus in vitro cell models
mimicking migration of the cancer cells from the CTCs clusters
into ECMwould be a valuable tool in translational oncology and
clinic, allowing for personalized therapeutic approach and drug
screening.

Hitherto, many cell-based models simulating attachment,
migration and tissue-invasion of the cancer cells exist
(Simeone et al., 2019; Rodrigues et al., 2020; Ko et al., 2021).
The most physiologically and clinically relevant models are 3D
cell culture models resembling architecture of the cluster of CTCs
and incorporating some elements of the tumor micro-
environment (Kunjithapatham et al., 2014; Caleb and Yong,
2020). For example, several systems for CTCs culture,
including 3D monoculture of CTCs on a gel, have been
established for patient-derived LC cells (Zhang et al., 2014).

Multicellular Tumor Spheroids (MCTS), resembling clusters
of cancer cells, is one of the most commonly used 3D cell culture
models in cancer cell migration research, valuable tool in
personalized medicine when based on patient-derived cells
(Fong et al., 2017), and a system instrumental in anti-
metastatic drug screening (Edmondson et al., 2014; Vinci
et al., 2013), although it should be noted that cancer cell
migration is “a requisite, but does not necessarily predict
metastasis” (Popper, 2020). There are several important points
which need to be addressed while modeling cell migration from
CTCs clusters. The process of tumor cell migration is profoundly
influenced by the tissue microenvironment (TME), including
extracellular matrix (ECM), stromal cells, and other
components of TME (Winkler et al., 2020), thus in vitro
systems which recapitulate tumor cell migration and tissue
invasion should incorporate ECM and assess its role in cellular
behavior. Moreover, most of the conventional in vitro models of
cancer cell migration are monolayer 2D cultures which are less
physiologically relevant than 3D cultures (Jensen and Teng,
2020). Many of in vitro 3D culture models (including those
based on of non-small cell lung cancer cell line which was
used in our study) assess migration of the cells only at the
later time points, 24–48 h after cell seeding, while initial stages
of cell outgrowth and migration are overlooked (Miyazaki et al.,
2019; Kumari et al., 2020). Finally, an automation of the analysis
of the cellular behavior in such model systems would bring
several advantages in the clinic and in translational research,
decreasing cost and time of the test.

To address all of this, we applied microscopy-based analytical
tools which have the potential to be automated to characterize
models of early stages of cell migration from CTCs clusters
utilizing non small cell lung cancer.

MATERIALS AND METHODS

Cell Culture and Spheroid Formation
Human NSCLC cell line A549 was cultured in DMEM/F12
medium containing 1% Penicillin Streptomycin (Thermo
Fisher Scientific), 1% Insulin-Transferrin (Thermo Fisher
Scientific), and supplemented with 10% Fetal Serum Albumin.
Cells were cultured at 37°C in a humidified atmosphere
containing 5% CO2. MCTS were generated as described
previously (Ilhan-Ayisigi et al., 2020), with slight
modifications. The MicroTissues® 3D Petri Dish® micro-mold
spheroids, size L, 5 × 7 array (Sigma-Aldrich) was used to
generate MCTS. Each MCTS consisted of approximately 200
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cells; the radius of the MCTS was 135 ± 10 μm. For MCTSs
cultivation on ECM-mimicking substrate neutralized collagen I
gel with final concentration 10 μm/ml was used with the final
thickness of prepared gel 0.94, 1.6, and 3.2 mm using a slightly
modified protocol from Kuczek et al. (Kuczek et al., 2019).

Resazurin Metabolic Activity Assay
The metabolic activity of the cells was measured using resazurin-
based assay, following standard protocol as described previously
(Ivanov et al., 2014). The excitation/emission of the samples was
measured at 550/585 nm, correspondingly, using a Plate Reader
CLARIOstar.

Microscopy and Image Analysis
Multiple images of the cells were acquired using Zeiss inverted
microscope (Axiovert 200M). Images were analyzed in ImageJ
image processing and analysis program (https://imagej.nih.gov/ij/).
Average radius of migration and contact area of migrating cells
were calculated as follows. The counting was carried out from the
center of the spheroid. For each spheroid, five measurements of the
radius of cell migration from the spheroid body were performed
and then averaged. The area of the spheroid was determined
manually as the visible border of the outer cells of the migrating
front. For each time point at least three spheroids were analyzed.
The average speed of cell expansion/migration rate was calculated
as angular coefficient of linear approximation of the curve
representing dependence of the radius on time. The linear
approximation coefficients were determined by the least squares
method with the determination coefficient R2.

For optical density analysis of the image eight radii were drawn
from the center of each spheroid, next the average intensity of the
gray color was calculated over a segment equal to half the width of
the corresponding zone S0, S1, S2 and half the width of the S2
zone in the background, thus data from 33 points were obtained
for each of eight spheroids for every time point. Average values
were calculated for each zone with error bars representing
standard deviation values (SD). By average deviation we mean
the average linear deviation, which is the average of absolute
values of data point deviations from the average. The following
time points were selected for analysis: 2, 4, 6, 8, 12, 16, 17, 24, and
36 or 48 h from the moment the spheroids landed on the matrix.

Cell viability was assessed by staining with 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA, Fd)
(Invitrogen) using the vendor recommended protocol.

xCELLigence Real-Time Cell Analysis
MCTS were settled in pre-warmed E-plates and incubated in
xCELLigence RTCA system (Agilent) at 37°C in a humidified
atmosphere in presence of 5% CO2 for 20 h. Quantified changes
in the size of the spheroid and the area of themigrating outgrowth
cells over the time course were analyzed with an integrated
software package (error bars represent SD), at least two runs
with no less than six repeats were performed for each experiment.

Statistical Analysis
Statistical analysis was performed in Microsoft Office Excel
software using built-in functions (Student’s t-test, linear

approximation). Data are presented as mean ± Standard
Deviation (SD). Comparison between MCTSs cultured under
different conditions was performed using Student’s t-test with
GraphPad Prism 8 (United States). p-values lower than 0.05 were
considered significant.

RESULTS AND DISCUSSION

The NSCLC adenocarcinomas are very prone to metastasis,
including post-surgical metastasis induced and facilitated by
the tumor resection and dissemination of the CTCs clusters.
In our study we used NSCLC adenocarcinoma cell line A549 to
establish and characterize 3D multicellular spheroid model of cell
migration from the CTCs cluster (engraftment of CTCs and
migration of the cells from CTCs into the new niche).
Previous studies utilizing 2D culture of this cell line and
focusing on metastasis-like migration have demonstrated that
it can be pharmacologically inhibited (Kang et al., 2020; Liu et al.,
2013). However, it remains unclear whether these data will be
reproduced in the 3D culture systems, which are more
physiologically and clinically relevant. Therefore, 3D culture
models of NSCLC metastasis-like migration, as well as tools
and approaches to analyze them are needed, which was
addressed in the current study.

Cell migration from the MCTS is an early event, and the
patterns of cell migration from MCTS on plastic and on
collagen gel are different.

One of the possible models of metastasis is a transformation of
MTCS into the cellular monolayer (Kunjithapatham et al., 2014),
or migration of the cells from the MTCS. It is a well-known fact
that the ECM affects cancer cells migration and tissue invasion,
thus in our model we assessed the difference in cell migration
from MCTS cultured on different substrates. Here, we
characterized several stages of the cell migration from the
MCTS on plastic or collagen substrate, starting from 2 h time
point (Figure 1; Supplementary Figure S1). The microscopy and
imaging analysis demonstrated that migration of the cells from
MCTS starts as early as 6 h (Figure 1A2,6). This suggests that
therapy targeting post-operative metastasis should be applied as
soon as possible after the tissue resection. Also, in personalized
medicine this time frame should be used while assessing in ex vivo
models the response of the patient’s tumor cells to the anti-
metastatic chemotherapy and their patterns of migration.

We also found a difference between the mean radius covered
by the cells migrating from the MCTS on plastic and collagen gel,
which was observed as early as at a time point of 12 h and started
disappearing after 16 h (Figure 1B).

This allows us to speculate that after the first 16 h of culturing
the difference between the seeding matrices (collagen gel or
plastic) is eliminated because cells seeded on plastic produce
and secrete enough of ECM molecules. This may also explain the
fact that during the first hours of culturing cells from plastic-
seeded MCTS migrate much slower than those from collagen-
seeded MCTS, since they have yet to secrete ECM molecules
facilitating migration. Since collagen gel is biologically active
ECM, cells from collagen-seeded MCTS do not have to secret
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growth factors and ECM components to migrate, therefore there
is no initial period of slow cell expansion in case of collagen-
seeded MCTS.

We also analyzed the process of cell migration from the MCTS
using the xCELLigence real-time cell analysis (RTCA) method,
determining the area of the cellular contact with the substrate and
change of this area over the time.

The RTCAmethod takes into account the unevenmigration of
cells from the body of theMCTS in different directions and allows
a more accurate assessment of the migration process. In Figure 2.

We demonstrate that during the first 10 h expansion speed of
single MCTS seeded on plastic (shown in black) is lower than
mean expansion speed during 20 h of experiment (dotted trend
line). Later the expansion speed increases and overtakes the trend
line that in turn leads to an s-shaped curve formation. These
results are in line with the data shown in (Figure 3C). Change
over the time in the area which is occupied by cells demonstrates
that during the first 4 h after the seeding of MCTS the rate of area
growth was relatively lower compared to those of later time points
(4–16 h), which means that active migration of cells from MCTS
starts at time point 4–16 h (Figures 3C,D). At the time interval of
16–24 h the expansion speed reaches its maximum and exceeds
the calculated mean values both in RTCA assay and when
measured by radius or area. The association between the

patterns of migration and metabolic activity of the cells was
also observed (Supplementary Figure S1A).

There are three distinct zones of cellular migration
from MCTS.

We further focused on using the mean area parameter, since it
can be rather easily automatically generated from the images
through the binarization algorithms and therefore is more
suitable for the analysis. Such analysis applied to the
microphotography data can be automated, as discussed below,
allowing for rapid high-throughput analysis of the big scale
experiments. Using this approach, we have identified three
distinct zones of cellular migration from MCTS (Figure 3),
most clearly distinguishable at late time points (12 h and
later), and utilized microscopy analysis to measure the optical
density of the cells in those zones and characterize the patterns of
their movement.

The first zone of cellular migration from MCTS, S0,
corresponds to the “body” of the MCTS. S1 is the “inner ring”
of the cells migrating from the MCTS; this zone is characterized
by a high cellular density. “Outer ring” S2 is a zone with normal
cellular density formed by the cells which are completely spread
over the substrate and seem to actively migrate and divide
(Figure 3; Figure 4B). Overall, we have identified three
distinct zones of the cell migration from MCTS which the

FIGURE 1 | Cell migration from the MCTS on plastic and collagen gel. (A) Representative images of MCTS cultured on plastic or collagen for 2, 6, 12, and 24 h
(1,2,3,4 and 5,6,7,8, respectively). Scale is 100 μM (B) The mean radius covered by the cells migrating from single MCTS on plastic or collagen gel. The curves represent
combined data from two independent experiments and three to nine technical replicates per time point. The data are presented as the mean ± SD.
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surface area-based analysis shows that the S0 plot decreases over
the time. This is due to the fact that after 12 h the cells begin to
migrate out of the MCTS body, thus while the total area covered
by the cells increases over the time, the share of S0 in the total area
decreases. The area of S1 did not change significantly over the
time course. This suggests that cells from this zone do not move
much or spread over the substrates, regardless of whether it is
collagen or plastic substrate. The share of this zone also decreases
over time. The highest rate of migration and increase in the zonal
area is characteristic of the cells of the outer ring, S2. The starting
point of the graph corresponding to the S2 zone (Figure 4B) is
24 h, because only starting from this time point the S2 becomes
distinguishable from the S1 zone. The changes in the size of the
zone surface area over the time for collagen-seededMCTS and for
plastic-seeded ones have a common pattern.

The body of literature demonstrates that cancer cell
metabolism affects migration and invasion of the tumor
(comprehensively reviewed in (Han et al., 2013)). Thus, we
expect to observe such a relationship between the metabolism
and migration in a physiologically relevant model of cancer cell
migration. In our study, the association between the patterns of
migration and metabolic activity of the cells was also observed
(Figure 4A).

The maximum metabolic activity of the cells was detected at
the time point of 24 h for both single and twin MCTS on any
substrate (Figure 4A). At the time point of 36 h after the seeding,
the metabolic activity of the cells, as measured by the intensity of
the fluorescence in the culture media, dropped. This coincides
with the decrease in the rate of the cellular migration, based on an
estimate of the covered surface area at the corresponding time

points (Figure 5). Our data demonstrates that in terms of
metabolic activity twin MCTS behave differently compared to
single ones (Figure 4A). At the time point of 12–24 h metabolic
activity in twin MCTS is two times higher compared to the single
ones, on both substrates. These doubled rates of metabolic activity
in twinMCTS could be explained simply by the double number of
cells in twin MCTS compared to single ones. Moreover, there was
no change in behavior of the cells as estimated by the
measurement of the mean radius and mean area values of the
MTCS at the same time points (Figures 5A–D). Yet, at the time
point of 24–36 h we could not detect any significant difference in
metabolic activity between single and twinMTCS, as measured by
the resazurin assay, although there still was about twofold
difference in total cell number between single and twin MTCS.
We suggest that the possibility of fast metabolic shifts during first
hours of migration and their connection to the increase in
expansion area should be further examined by methods that
are more sensitive then resazurin assay, which was beyond the
scope of the current study. Overall, we have identified three
distinct zones of the cell migration from MCTS which
dynamically change over the time course.

There is a possibility for the automation of the data analysis
in this model.

The automatic image quantification and analysis in 3D cell
culture models of cancer cell migration would be of obvious
advantage in translational oncology, therefore several approaches
allowing for it are currently being developed (comprehensively
reviewed in (Driscoll and Danuser, 2015)). Works focusing on the
automated models of cell migration segmentation also exist. For

FIGURE 2 | The active migration of cells from MCTS seeded on plastic
starts at time points 4–16 h. Representative image of the kinetic data for cell
migration from single MCTS seeded on plastic generated by xCELLigence
RTCA system. Dotted line represents a linear trend of the curve, dashed
line corresponds to the background signal from the empty well. Expansion
speed increases and overtakes the trend line at time point 3–4 h (indicated by
arrow).

FIGURE 3 | Three zones of cellular migration from MCTS.
Representative image of the MCTS on plastic at the time point 24 h with zonal
segmentation to S0, S1, and S2 areas characterized by different optical
density of cell layers.
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FIGURE 4 | Changes in metabolic activity and area share of single and twin MCTS in the first 36 h of culturing. (A) Resazurin assay was used to assess metabolic
activity of the cells. Increase of the fluorescence ratio relative to background values demonstrates an increase in metabolic activity. Data obtained from two experiments
with three to nine technical repeats (B) Time-dependent changes in migration zone area shares of the total area of the MCTS. Data obtained from three repeats and
presented as the mean ± SD. dynamically change over the time course.

FIGURE 5 | Cell migration from single MCTS and twin MCTS on plastic and collagen gel. (A) Average radius of cell migration from single MCTS and twin MCTS
planted on plastic substrate (B) Average radius of cell migration from single MCTS and twin MCTS planted on collagen gel. (C) Average area of cell migration from single
MCTS and twin MCTS planted on plastic substrate (D) Average area of cell migration from single MCTS and twin MCTS planted on collagen gel. The data are presented
as the mean ± SD. Linear trend (dotted line) represent mean expansion speed over 24 h with trend parameters shown in the graph. Corresponding data values are
shown in Supplementary Tables S1, 2, 4. expansion speed so drastically (5,385 c. u. vs 5,634 c. u. for single and twin MCTS, respectively (Figure 3, Supplementary
Table S4)), especially in the early stages.
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example, a semi-automated model of segmentation of
neuroblast migration was presented recently (Ducker et al.,
2020). This model, while being a powerful tool, has some
limitations, for example in order to estimate the area of
migration, the criteria was used when ROI “intersected at
least six cells deemed to have migrated from the spheroid,”
which may actually refer to the maximum radius of the
migration area rather than the area populated by the cells.
Thus, the question of how to reliably perform an automated
assessment of the area occupied by the cells migrating from
MCTS remains open. In our study, firstly we manually analyzed
bright-field images of MCTS in ImageJ. Since there was a
convincing similarity of the results obtained by calculating
expansion rates through mean radius or mean area
(Figure 5), we chose to use mean area parameter as a
characteristic for the rate of the cellular migration from the
MCTS body. As discussed earlier, we find the mean area
parameter to be more suitable for the analysis, since it can be
automatically generated from the images through the
binarization algorithms, which are commonly used for image
analysis (Bernsen, 1986). This in turn can be used for further
automation of the data analysis in the high-throughput
screening systems based on the MCTS models.

As we discussed previously, the patterns of the S0-S2
segmentation vary depending on the metabolic activity of the
cells and can be a biomarker of such activity. While analyzing
microphotographs by the level of optical density we found that it
is possible to distinguish the zones S0, S1 and S2 based on the
intensity of the gray color (optical density) in the corresponding
area—the optical density of the cells in zone S2 is significantly
different from the areas S0 and S1 (Figure 6). The optical
densities of the cells in S0 and S1 are statistically
indistinguishable, which can be explained by the high density
of cells in the S1 zone. Such image analysis can be automated.

The patterns of cell migration from the single MCTS and
from the two MCTS cultured in close proximity to each other
are different on collagen gel, but not on plastic.

It has been previously shown that the number of the CTCs
clusters circulating in the bloodstream significantly rises
following surgical resection of LC tumor (Duan et al., 2019),
increasing the chance of the two CTCs ending up attached to the
ECM in close proximity to each other. It is also known that cancer
cells can change ECM creating metastasis-permissive niche
(Zhuyan et al., 2020), and therefore its plausible to suggest
that cooperative modification of the ECM by several clusters
of the cancer cells located close to each other can facilitate their
migration. The existence of cancer-promoting cross-talk between
cancer cells, stromal cells and tumor microenvironment is well
known (Liu and Cao, 2016) and undoubtedly accepted, hence it
would not be surprising if communication between CTCs within
the target tissue also existed and resulted in enhanced
tumorigenesis and metastasis. Thus, we investigated whether
co-culture of MTCS in close proximity to each other can
affect migration of the cells from MCTS and, hence, metastasis.

We found that cell expansion speed (angular coefficient of
linear approximation of the curve) was higher on collagen gel in
case of “twin MCTS” (two MCTS cultured in close proximity to
each other) compared to single MCTS (4.686.2 c.u. for single vs
6,006.6 c.u. for twinMCTS (Figure 5; Supplementary Table S4)).
In case of MCTS seeded on plastic, twin cultivation did not
affect cell.

The average rate of change in the mean contact area of
spheroid cells seeded on plastic was 7,641 c.u. for single
MCTS and 7,149 c.u. for twins. For MCTS seeded on the
collagen gel, these values were 6,502.2 c.u. for single and
7,931.4 c.u. for twins, respectively, which is a noticeable
difference (Figure 5). The change of the radius of the area
covered by the cells over the time was somewhat similar in
case of single and twin MCTS cultured on plastic, but
different in case of MCTS cultured on collagen gel (Figures
5C,D). Thus, we found that the migration patterns of the
outgrowth cells from the single MCTS and twin MCTS on
the collagen gel were different, suggesting a cross-talk between
the MCTS either via the secretion of regulatory molecules or via

FIGURE 6 | Zones S0, S1, and S2 during 36 h of incubation of theMCTS on plastic are distinguishable by optical density allowing for automated image analysis. (A)
MCTS on plastic immediately after planting (1), after 12 h (2), 18 h (3), 24 h (4), 28 h (5), and 48 h (6) of culturing (B) Changes in the relative values of gray color in S0, S0,
and S1 and S2 zones of the cell inhabited area. Data obtained from eight technical repeats and presented as the mean ± SD. For corresponding values see
Supplementary Tables S1, 2, 4.
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the modification of the collagen matrix. At the same time, there
was no significant difference between the behavior of the cells
migrating from the single or twinMCTS on plastic. Therefore, the

differences in migration patterns are most likely linked to the
interaction of MCTS with the matrix and the characteristics of the
matrix. This was confirmed by results of RTCA analysis
demonstrating that on plastic the area occupied by cells does
not depend on the number of MCTS per well and always grows
according to the similar trend, even if the number of MCTS was
increased to 15 per well (Figure 7).

It should be noted that RTCA does not allow us to compare
absolute area values therefore we cannot speculate upon
significant differences in colonized area between single and
multiple plastic-seeded MCTS. Yet we can suggest that there is
no qualitative difference between the trends of migration from the
single or multiple MCTS on plastic.

To sum up, co-culture of twinMCTS compared with culture of
single MCTS facilitates cell migration on collagen gel, but not on
plastic. We hypothesize that this phenomena is caused by the
cross-talk between MCTS, and interaction of MCTS with the
ECM resulting in its subsequent modification creating a
migration-permissive microenvironment. At least in part, it
might be a mechanism similar to the pre-metastatic niche
priming by the primary tumor resulting in ECM alterations
(Paolillo and Schinelli, 2019).

FIGURE 7 | RTCA measurements of growth kinetics of the area
inhabited by the cells migrating from single and multiple MCTS on plastic.
Representative image of growth kinetics for single MCTS (gray curve) and
multiple MCTS (black curve) normalized by control (empty well). The data
are presented as the mean ± SD. Representative data from two of 12 repeats
in two runs.

FIGURE 8 | Cell migration fromMCTS on plastic and collagen in presence of carboplatin. (A)Changes in the area inhabited by cells after incubation with 100 μM
carboplatin for 24 and 48 h on plastic and collagen. Carboplatinwas added 15 h afterMTCSseeding. Data obtained from three technical repeatswith 10wells for each condition
and presented as the mean ± SD (B) Changes in diameter of MTCS incubated in presence of 100 μM carboplatin for 24 and 48 h on plastic and collagen. Data obtained from
three technical repeats and presented as the mean ± SD. Cell viability after incubation with 100uM carboplatin for 24 h followed by 48 h washout on plastic. (C) MTCS
incubated on plastic in presence of 100 μM carboplatin for 48 h (left) and in control (right). Staining with Fluorescein vital dye reveals live cells. (D) RTCA measurements of
growth kinetics of the area inhabited by the cells migrating from single MCTS incubated with carboplatin on plastic. Representative image of growth kinetics for control MCTS
(light gray) and MCTS incubated with 100 μM carboplatin added at 20 h for 48 h (dark gray) normalized by empty well. Representative data from two repeats in six runs.
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Effect of carboplatin treatment on MCTS in our system can
be assessed by RTCA, but not by image analysis.

Next, we assessed whether our system can be used to analyze
cell migration in presence of carboplatin—the pharmacological
agent commonly used for NSCLC therapy (Green et al., 1992;
Tian et al., 2020)—and, thus, potentially in presence of any other
pharmacological agent (Figure 8).

As expected, carboplatin inhibited growth of the area inhabited
by the cells cultured on plastic (it should be noted that RTCA
cannot be used to analyze behavior of the cells on ECM substrates
due to the technical limitations of assay) (Figure 8D). We obtained
slightly different results from the microscopy data; while in case of
MCTS cultured on plastic there was a clear effect of the carboplatin
after 48 h, as expected based on previously published data, the cells
cultured on collagen were not affected by the presence of collagen
in terms of change of diameter of MCTS (Figures 8A,B). It has
been previously reported that another platinum-based antitumor
compound, cisplatin, extensively binds collagen within the tumor
tissue (Chang et al., 2016), which might prevent it from going
inside the cell. We suggest that the same might happen in case of
carboplatin and find it one of the plausible explanations of the
observed effect. It is also consistent with previous works
demonstrating that presence of ECM modulates antimigratory
and apoptotic effects of some anticancer drugs (doxorubicin)
(Georgoulias et al., 2012). Additionally, we measured viability of
the cells after incubation with carboplatin, and found that even
thoughmost of the cells were dead as a result of the exposure to the
carboplatin (Figure 8C left panel), they were still attached to the
substrate and therefore often detected by the microscopy and
image analysis as indistinguishable from alive cells (we believe
that this might be circumvented by additional analysis of optical
density (mean gray value) of the image). This leads us to the
conclusion that cell death after short-time incubation with
compounds might be undetectable by this method on some
culturing substrates, and therefore our image analysis approach
can be used predominantly for assessment of the biological effect of
pharmacological or biological molecules inhibiting, facilitating, or
guiding cell migration (thus, resulting in significant increase or
decrease of the area colonized by cells, or changes in the pattern/
direction of migration). The latter is not only of pure academic
interest, but for example might be instrumental in translational
oncology for development of so-called “CTCs tumor traps”
(systems attracting and trapping CTCs in order to remove them
from the circulation) (Najberg et al., 2019). Our system can also be
used to search for potential therapeutic targets, as it allows
assessing the role of various biomolecules in stimulating cell
invasion and migration from the CTCs clusters into the ECM
and secondary tissue. As mentioned above, cancer cell migration
can be pharmacologically inhibited in 2D culture systems (Kang
et al., 2020; Liu et al., 2013), but it’s unclear whether these data will
be reproduced in the 3D culture systems. Here, we demonstrate
that even incorporating into the cell culture system elements of
ECM can dramatically affect cellular response to the treatment.
This should be taken into account when designing and interpreting
results of drug screening.

Given the heterogeneity of tumor tissue and the patient-
specific features of the cell migration, CTCs in different tissue

environments or from different patients might vary in their
response to the therapy and abilities to engraft and invade a
new niche. In personalized medicine the migratory potential of
the CTCs from a particular patient can be assessed in ex vivo cell
culture models, based on our system, allowing predicting
migration patterns of the metastasis-initiating cells and their
response to the treatment.

Overall, our work demonstrates that the patterns of cell
migration from MCTS are substrate-dependent, and such
migration is an early event starting as early as 4-6 h after
seeding of the MCTS. We describe microscopy-based tools
and approaches for analysis of the cell migration from MTCS,
able to distinguish several zones of cell migration from theMCTS,
which have a potential for further automation for image data
analysis using MCTS models. We demonstrate that this system
can be used for the characterization of the cellular response to
biologically active compounds. For the best of our knowledge, this
work is also the first to demonstrate that co-culture of two
NSCLC-derived MCTS on collagen gel facilitates cancer cell
migration compared to single MCTS.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

EP, IR, VA, and OM contributed to conception, design of the
study, and funding. ESh and ESk were responsible for design of
the experiments. ESh and ESk obtained (microscopy and RTCA
respectively) and analysed data. ESh was responsible for the
statistical analyses. DC and ESk wrote the manuscript. All
authors have been involved in discussing and interpreting
data, revising and proofreading of the manuscript.

FUNDING

This work was partially supported by the Russian Science
Foundation under grant No. 18-15-00391.

ACKNOWLEDGMENTS

The authors express their heartfelt gratitude to Nikita Burzak for
his kind assistance with image analysis.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.610407/
full#supplementary-material.

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 6104079

Shabalina et al. The Matrix-Dependent 3D Model

https://www.frontiersin.org/articles/10.3389/fmolb.2021.610407/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.610407/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


REFERENCES

Aisner, D. L., and Marshall, C. B. (2012). Molecular pathology of non-small cell
lung cancer. Am. J. Clin. Pathol. 138, 332–346. doi:10.1309/
AJCPFR12WJKCEEZZ

Alieva, M., Van Rheenen, J., and Broekman, M. L. D. (2018). Potential impact of
invasive surgical procedures on primary tumor growth and metastasis. Clin.
Exp. Metastasis 35 (4), 319–331. doi:10.1007/s10585-018-9896-8

Barr, J., Chudasama, D., Rice, A., Karteris, E., and Anikin, V. (2020). Lack of
association between Screencell-detected circulating tumour cells and long-term
survival of patients undergoing surgery for non-small cell lung cancer: a pilot
clinical study. Mol. Clin. Onc. 12 (3), 191–195. doi:10.3892/mco.2020.1981

Bernsen, J. (1986). Dynamic thresholding of grey-level images. Proc. 8th Int. Conf.
Pattern Recognition, 1251–1255.

Caleb, J., and Yong, T. (2020). Is it time to start transitioning from 2D to 3D cell
culture? Front. Mol. Biosci. 7, 33. doi:10.3389/fmolb.2020.00033

Chang, Q., Ornatsky, O. I., Siddiqui, I., Straus, R., Baranov, V. I., and Hedley, D.W.
(2016). Biodistribution of cisplatin revealed by imaging mass cytometry
identifies extensive collagen binding in tumor and normal tissues. Sci. Rep.
6 (6), 36641. doi:10.1038/srep36641

Chen, L., Bode, A. M., and Dong, Z. (2017). Circulating tumor cells: moving
biological insights into detection. Theranostics 7 (10), 2606–2619. doi:10.7150/
thno.18588

Chudasama, D., Burnside, N., Beeson, J., Karteris, E., Rice, A., and Anikin, V.
(2017). Perioperative detection of circulating tumour cells in patients with lung
cancer. Oncol. Lett. 14 (2), 1281–1286. doi:10.3892/ol.2017.6366

Dianat-Moghadam, H., Azizi, M., Eslami-S, Z., Cortés-Hernández, L. E.,
Heidarifard, M., Nouri, M., et al. (2020). The role of circulating tumor cells
in the metastatic cascade: biology, technical challenges, and clinical relevance.
Cancers 12 (4), 867. doi:10.3390/cancers12040867

Driscoll, M. K., and Danuser, G. (2015). Quantifying modes of 3D cell migration.
Trends Cell Biol. 25 (12), 749–759. doi:10.1016/j.tcb.2015.09.010

Duan, X., Zhu, Y., Cui, Y., Yang, Z., Zhou, S., Han, Y., et al. (2019). Circulating
tumor cells in the pulmonary vein increase significantly after lobectomy: a
prospective observational study. Thorac. Cancer 10, 163–169. doi:10.1111/
1759-7714.12925

Ducker, M., Millar, V., Ebner, D., and Szele, F. G. (2020). A semi-automated and
scalable 3D spheroid assay to study neuroblast migration. Stem Cel Rep. 15 (3),
789–802. doi:10.1016/j.stemcr.2020.07.012

Edmondson, R., Broglie, J. J., Adcock, A. F., and Yang, L. (2014). Three-
dimensional cell culture systems and their applications in drug discovery
and cell-based biosensors. Assay Drug Dev. Tech. 12 (4), 207–218. doi:10.
1089/adt.2014.573

Eslami, -S. Z., Cortés-Hernández, L. E., and Alix-Panabières, C. (2020). The
metastatic cascade as the basis for liquid biopsy development. Front. Oncol.
10, 1055. doi:10.3389/fonc.2020.01055

Fong, E. L. S., Toh, T. B., Yu, H., and Chow, E. K.-H. (2017). 3D culture as a
clinically relevant model for personalized medicine. SLAS Tech.: Translating
Life Sci. Innovation 22, 245–253. doi:10.1177/2472630317697251

Gay, L. J., and Malanchi, I. (2017). The sleeping ugly: tumour microenvironment’s
act to make or break the spell of dormancy. Biochim. Biophys. Acta—Rev.
Cancer 1868, 231–238. doi:10.1016/j.bbcan.2017.05.002

Genna, A., Vanwynsberghe, A. M., Villard, A. V., Pottier, C., Ancel, J., Polette, M., et al.
(2020). EMT-associated heterogeneity in circulating tumor cells: sticky friends on
the road to metastasis. Cancers 12 (6), 1632. doi:10.3390/cancers12061632

Gkountela, S., Castro-Giner, F., Szczerba, B. M., Vetter, M., Landin, J., Scherrer, R.,
et al. (2019). Circulating tumor cell clustering shapes DNA methylation to
enable metastasis seeding. Cell 176, 98–112. doi:10.1016/j.cell.2018.11.046

Green, M. R., Kreisman, H., Doll, D. C., Lyss, A. P., Clamon, G. H., Goutsou, M.,
et al. (1992). Carboplatin in non-small cell lung cancer: an update on the Cancer
and Leukemia Group B experience. Semin. Oncol. 19 (Suppl. 2), 44–49.

Grotzer, M. A., Neve, A., and Baumgartner, M. (2016). Dissecting brain tumor
growth and metastasis in vitro and ex vivo. J. Cancer Metastasis Treat. 2,
149–162. doi:10.20517/2394-4722.2016.02

Han, T., Kang, D., Ji, D., Wang, X., Zhan,W., Fu, M., et al. (2013). How does cancer
cell metabolism affect tumor migration and invasion? Cell Adhes. Migration 7
(5), 395–403. doi:10.4161/cam.26345

Ilhan-Ayisigi, E., Ulucan, F., Saygili, E., Saglam-Metiner, P., Gulce-Iz, S., and Yesil-
Celiktas, O. (2020). Nano-vesicular formulation of propolis and cytotoxic
effects in a 3D spheroid model of lung cancer. J. Sci. Food Agric. 100,
3525–3535. doi:10.1002/jsfa.10400

Ivanov, D. P., Parker, T. L., Walker, D. A., Alexander, C., Ashford, M. B., Gellert,
P. R., et al. (2014). Multiplexing spheroid volume, resazurin and acid
phosphatase viability assays for high-throughput screening of tumour
spheroids and stem cell neurospheres. PLoS One 9 (8), e103817. doi:10.
1371/journal.pone.0103817

Jensen, C., and Teng, Y. (2020). Is it time to start transitioning from 2D to 3D cell
culture? Front. Mol. Biosci. 7, 33. doi:10.3389/fmolb.2020.00033

Kang, H. R., Moon, J. Y., Ediriweera, M. K., Song, Y.W., Cho, M., Kasiviswanathan,
D., et al. (2020). Dietary flavonoid myricetin inhibits invasion and migration of
radioresistant lung cancer cells (A549-IR) by suppressing MMP-2 and MMP-9
expressions through inhibition of the FAK-ERK signaling pathway. Food Sci.
Nutr. 8, 2059–2067. doi:10.1002/fsn3.1495

Ko, J., Winslow, M. M., and Sage, J. (2021) Mechanisms of small cell lung cancer
metastasis. EMBO Mol. Med. 13 (1), e13122. doi:10.15252/emmm.202013122

Kuczek, D. E., Larsen, A. M. H., Thorseth, M. L., Carretta, M., Kalvisa, A., Siersbæk,
M. S., et al. (2019). Collagen density regulates the activity of tumor-infiltrating
T cells. J. Immunotherapy Cancer 7, 68. doi:10.1186/s40425-019-0556-6

Kumari, N., Bhargava, A., and Rath, S. N. (2020). T-type calcium channel
antagonist, TTA-A2 exhibits anti-cancer properties in 3D spheroids of
A549, a lung adenocarcinoma cell line. Life Sci. 260, 118291. doi:10.1016/j.
lfs.2020.118291

Kunjithapatham, R., Karthikeyan, S., Geschwind, J.-F., Kieserman, E., Lin, M., Fu,
D.-X., et al. (2014). Reversal of anchorage-independent multicellular spheroid
into a monolayer mimics a metastatic model. Sci. Rep. 4, 6816. doi:10.1038/
srep06816

Lang-Lazdunski, L. (2013). Surgery for nonsmall cell lung cancer. Eur. Respir. Rev.
22, 382–404. doi:10.1183/09059180.00003913

Liu, N., Li, Y., Su, S., Wang, N., Wang, H., and Li, J. (2013). Inhibition of cell
migration by ouabain in the A549 human lung cancer cell line.Oncol. Lett. 6 (2),
475–479. doi:10.3892/ol.2013.1406

Liu, Y., and Cao, X. (2016). Characteristics and significance of the pre-metastatic
niche. Cancer Cell 30 (5), 668–681. doi:10.1016/j.ccell.2016.09.011

Lozar, T., Gersak, K., Cemazar, M., Kuhar, C. G., and Jesenko, T. (2019). The
biology and clinical potential of circulating tumor cells. Radiol. Oncol. 53 (2),
131–147. doi:10.2478/raon-2019-0024

Mathias, T. J., Chang, K. T., Martin, S. S., and Vitolo, M. I. (2020). Gauging the
impact of cancer treatment modalities on circulating tumor cells (CTCs).
Cancers, 12, 743. doi:10.3390/cancers12030743

Matsutani, N., Sawabata, N., Yamaguchi, M., Woo, T., Kudo, Y., Kawase, A., et al.
(2017). Does lung cancer surgery cause circulating tumor cells?-A
multicenter, prospective study. J. Thorac. Dis. 9 (8), 2419–2426. doi:10.
21037/jtd.2017.07.33

Micalizzi, D. S., Maheswaran, S., and Haber, D. A. (2017). A conduit to metastasis:
circulating tumor cell biology. Genes Dev. 31 (18), 1827–1840. doi:10.1101/gad.
305805.117

Mitchell, M. J., Wayne, E., Rana, K., Schaffer, C. B., and King, M. R. (2014). TRAIL-
coated leukocytes that kill cancer cells in the circulation. Proc. Natl. Acad. Sci.
111 (3), 930–935. doi:10.1073/pnas.1316312111

Miyazaki, K., Oyanagi, J., Hoshino, D., Togo, S., Kumagai, H., and Miyagi, Y.
(2019). Cancer cell migration on elongate protrusions of fibroblasts in collagen
matrix. Sci. Rep. 9, 292. doi:10.1038/s41598-018-36646-z

Najberg, M., Haji Mansor, M., Boury, F., Alvarez-Lorenzo, C., and Garcion, E.
(2019). Reversing the tumor target: establishment of a tumor trap. Front.
Pharmacol. 10, 887. doi:10.3389/fphar.2019.00887

Paolillo, M., and Schinelli, S. (2019). Extracellular matrix alterations in metastatic
processes. Ijms 20 (19), 4947. doi:10.3390/ijms20194947

Popper, H. (2020). Primary tumor and metastasis-sectioning the different steps of
the metastatic cascade. Transl. Lung Cancer Res. 9 (5), 2277–2300. doi:10.
21037/tlcr-20-175

Ribatti, D., Tamma, R., and Annese, T. (2020). Epithelial-mesenchymal transition
in cancer: a historical overview. Translational Oncol. 13 (6), 100773. doi:10.
1016/j.tranon.2020.100773

Rivera, M. P., Mehta, A. C., andWahidi, M. M. (2013). Establishing the diagnosis of
lung cancer. Chest 143, e142S–e165S. doi:10.1378/chest.12-2353

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 61040710

Shabalina et al. The Matrix-Dependent 3D Model

https://doi.org/10.1309/AJCPFR12WJKCEEZZ
https://doi.org/10.1309/AJCPFR12WJKCEEZZ
https://doi.org/10.1007/s10585-018-9896-8
https://doi.org/10.3892/mco.2020.1981
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1038/srep36641
https://doi.org/10.7150/thno.18588
https://doi.org/10.7150/thno.18588
https://doi.org/10.3892/ol.2017.6366
https://doi.org/10.3390/cancers12040867
https://doi.org/10.1016/j.tcb.2015.09.010
https://doi.org/10.1111/1759-7714.12925
https://doi.org/10.1111/1759-7714.12925
https://doi.org/10.1016/j.stemcr.2020.07.012
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.3389/fonc.2020.01055
https://doi.org/10.1177/2472630317697251
https://doi.org/10.1016/j.bbcan.2017.05.002
https://doi.org/10.3390/cancers12061632
https://doi.org/10.1016/j.cell.2018.11.046
https://doi.org/10.20517/2394-4722.2016.02
https://doi.org/10.4161/cam.26345
https://doi.org/10.1002/jsfa.10400
https://doi.org/10.1371/journal.pone.0103817
https://doi.org/10.1371/journal.pone.0103817
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1002/fsn3.1495
https://doi.org/10.15252/emmm.202013122
https://doi.org/10.1186/s40425-019-0556-6
https://doi.org/10.1016/j.lfs.2020.118291
https://doi.org/10.1016/j.lfs.2020.118291
https://doi.org/10.1038/srep06816
https://doi.org/10.1038/srep06816
https://doi.org/10.1183/09059180.00003913
https://doi.org/10.3892/ol.2013.1406
https://doi.org/10.1016/j.ccell.2016.09.011
https://doi.org/10.2478/raon-2019-0024
https://doi.org/10.3390/cancers12030743
https://doi.org/10.21037/jtd.2017.07.33
https://doi.org/10.21037/jtd.2017.07.33
https://doi.org/10.1101/gad.305805.117
https://doi.org/10.1101/gad.305805.117
https://doi.org/10.1073/pnas.1316312111
https://doi.org/10.1038/s41598-018-36646-z
https://doi.org/10.3389/fphar.2019.00887
https://doi.org/10.3390/ijms20194947
https://doi.org/10.21037/tlcr-20-175
https://doi.org/10.21037/tlcr-20-175
https://doi.org/10.1016/j.tranon.2020.100773
https://doi.org/10.1016/j.tranon.2020.100773
https://doi.org/10.1378/chest.12-2353
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Rodrigues, J., Heinrich, M. A., Teixeira, L. M., and Prakash, J. (2020). 3D in vitro
model (R)evolution: unveiling tumor–stroma interactions. Trends Cancer 7,
249–264. doi:10.1016/j.trecan.2020.10.009

Said, G., Guilbert, M., Morjani, H., Garnotel, R., Jeannesson, P., and El Btaouri, H.
(2012). Extracellular matrix proteins modulate antimigratory and apoptotic effects
of doxorubicin. Chemother. Res. Pract., 2012, 268681. doi:10.1155/2012/268681

Samatov, T. R., Tonevitsky, A. G., and Schumacher, U. (2013). Epithelial-
mesenchymal transition: focus on metastatic cascade, alternative splicing,
non-coding RNAs and modulating compounds. Mol. Cancer 12, 107. doi:10.
1186/1476-4598-12-107

Simeone, P., Weerasinghe, H. N., Burrage, P. M., Burrage, K., and Nicolau, D. V.
(2019). Mathematical models of cancer cell plasticity. J. Oncol. 2019,
1687–8450. doi:10.1155/2019/2403483

Tian, W., Cao, C., Shu, L., and Wu, F. (2020). Anti-angiogenic therapy in the
treatment of non-small cell lung cancer. Ott 13, 12113–12129. doi:10.2147/
OTT.S276150

Tohme, S., Simmons, R. L., and Tsung, A. (2017). Surgery for cancer: a trigger for
metastases. Cancer Res. 77 (7), 1548–1552. doi:10.1158/0008-5472.CAN-16-1536

Uramoto,H., andTanaka, F. (2014). Recurrence after surgery in patients withNSCLC.
Transl. Lung Cancer Res. 3 (4), 242–249. doi:10.3978/j.issn.2218-6751.2013.12.05

Vinci, M., Box, C., Zimmermann, M., and Eccles, S. A. (2013). Tumor spheroid-
based migration assays for evaluation of therapeutic agents.Methods Mol. Biol.
986, 253–266. doi:10.1007/978-1-62703-311-4_16

Winkler, J., Abisoye-Ogunniyan, A., Metcalf, K. J., and Werb, Z. (2020). Concepts
of extracellular matrix remodelling in tumour progression and metastasis. Nat.
Commun. 11 (1), 5120. doi:10.1038/s41467-020-18794-x

Zhang, Z., Shiratsuchi, H., Lin, J., Chen, G., Reddy, R. M., Azizi, E., et al. (2014).
Expansion of CTCs from early stage lung cancer patients using a microfluidic
co-culture model. Oncotarget 5 (23), 12383–12397. doi:10.18632/oncotarget.
2592

Zhuyan, J., Chen, M., Zhu, T., Bao, X., Zhen, T., Xing, K., et al. (2020). Critical steps
to tumor metastasis: alterations of tumor microenvironment and extracellular
matrix in the formation of pre-metastatic and metastatic niche. Cell Biosci. 10,
89. doi:10.1186/s13578-020-00453-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Shabalina, Skorova, Chudakova, Anikin, Reshetov, Mynbaev and
Petersen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org March 2021 | Volume 8 | Article 61040711

Shabalina et al. The Matrix-Dependent 3D Model

https://doi.org/10.1016/j.trecan.2020.10.009
https://doi.org/10.1155/2012/268681
https://doi.org/10.1186/1476-4598-12-107
https://doi.org/10.1186/1476-4598-12-107
https://doi.org/10.1155/2019/2403483
https://doi.org/10.2147/OTT.S276150
https://doi.org/10.2147/OTT.S276150
https://doi.org/10.1158/0008-5472.CAN-16-1536
https://doi.org/10.3978/j.issn.2218-6751.2013.12.05
https://doi.org/10.1007/978-1-62703-311-4_16
https://doi.org/10.1038/s41467-020-18794-x
https://doi.org/10.18632/oncotarget.2592
https://doi.org/10.18632/oncotarget.2592
https://doi.org/10.1186/s13578-020-00453-9
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	The matrix-dependent 3D spheroid model of the migration of non-small cell lung cancer: a step towards a rapid automated scr ...
	Introduction
	Materials and Methods
	Cell Culture and Spheroid Formation
	Resazurin Metabolic Activity Assay
	Microscopy and Image Analysis
	xCELLigence Real-Time Cell Analysis
	Statistical Analysis

	Results and Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


