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The main cause of mortality among cancer patients is metastatic disease. Metastasis develops from cancer cells that
invade the stromal tissue and intravasate the circulatory or lymphatic systems to eventually form new tumors in other organs.
Blocking cancer cell invasion can potentially prevent or reduce the metastatic progression of cancers. Testing different chemical
compounds against cell invasion in three-dimensional cultures is a common laboratory technique. The efficacy of the treatments is
often evaluated from confocal microscopic images of the cells using image processing. However, the analysis approaches are often
subject to variations and inconsistencies due to user decisions that must be made while processing each image. To overcome this
limitation, we developed a fully automated method to quantify the invasion of cancer cells from a 3D tumor spheroid into the
surrounding extracellular matrix. We demonstrated that this method resolves cell invasion from spheroids of different shapes and
sizes and from cells that invade as a cluster or individually. We also showed that this approach can help quantify the dose-dependent
anti-invasive effects of a commonly used chemotherapy drug. Our automated method significantly reduces the time and increases the
consistency and accuracy of cancer cell invasion analysis in three-dimensional cultures.

breast cancer, image analysis, cancer invasion, automation, tumor model

ellular barriers, cancer cells invade the surrounding stromal

Metastasis is the leading cause of death among cancer patients tissue using various mechanisms. Invasion may occur by single

and accounts for over 90% of all mortalities." Cancer cells cells that assume a mesenchymal or amoeboid morphology.
disseminated away from the primary tumor may form local Cancer cells with a mesenchymal morphology proteolytically
metastases or eventually grow into new tumors in other organs. degrade the surrounding ECM and generate paths for invasion,
A key process to facilitate metastasis is the local migration and whereas cells with an ameboid morphology squeeze through
invasion of cancer cells into the surrounding tissue to access the confined spaces in the ECM without the need to remodel it.
blood or lymphatic vessels. Invading cancer cells often undergo Cancer cells also have the plasticity to transition between these
full or partial epithelial-to-mesenchymal transition (EMT) and two states.” In addition to single cell invasion, cancer cells may
acquire a spindle-shaped mesenchymal morphology for effective invade the surrounding ECM collectively as a sheet or a strand/
motility.” EMT of cancer cells may result from several factors cluster where cells maintain their mechanical coupling via cell—
including autocrine TGF-f and Wnt signaling, paracrine HGF cell adhesions.®

and TGF-/ signaling with stromal cells such as cancer-associated Due to the critical role of cell invasion in cancer metastasis,

fibroblasts, downregulation of epithelial junctional proteins such
as E-cadherin, and upregulation of mesenchymal markers
including N-cadherin, vimentin, or fibronectin.® Invasive breast
cancer cells may also gain a stem cell-like state and show
resistance to cytotoxic chemotherapies and targeted thera-
pies.*°

To migrate and invade through 3D environments, cancer cells
move through dense and complex extracellular matrix (ECM)
structures and undergo specific adaptations. Besides navigating
through diverse ECM environments and overcoming extrac-

therapeutic targeting of this process is expected to improve
outcomes for patients.” Understanding different molecular
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Figure 1. (a) Schematics of aqueous two-phase system technology to form collagen-embedded tumor spheroid cultures. (b) Phase and GFP
fluorescent microscope images of MDA-MB-231 and SUM159 TNBC spheroids. (c) Projected areas and (d) circularities of MDA-MB-231 and

SUMI1S9 spheroids. Scale bars are 200 ym.

mechanisms that facilitate cancer cell invasion is critical to
develop preventive strategies against metastatic disease
progression. Cell-based assays are often used to study the
effects of various treatments against migration and invasion of
cancer cells and identify the underlying inhibitory mechanisms
of effective compounds. The most basic assay uses a monolayer
(2D) culture of cancer cells containing a circular or scratched
acellular area into which cells migrate, mimicking wound
healing.'”"" The use of a transwell system also allows the
migration of cancer cells through a porous membrane toward a
chemotactic agent in the bottom well. However, these 2D assays
do not represent cell invasion in 3D environments. To achieve
physiological relevance, more complex models have been
developed, mainly using microfluidic devices or hydrogels.
‘While microfluidic models allow for greater complexities such as
compartmentalized tumor and vasculature to study processes
such as intravasation or extravasation,'” hydrogel-based models
often made in conventional microwell plates are compatible with
automated liquid handling to allow for high throughput drug
testing applications. -

Once an invasion assay is completed and the images of cells
are collected, in most cases, the user may apply manual or
semiautomated methods to the images to quantify cell invasion.
The primary methods of quantifying 3D cell invasion involve
measuring the distance of cell migration from a reference point,
counting the number of invading cells, mapping the directions of
cell invasion, and determining the invading area of cells.!#716
One of the main hurdles with all these manual and semi-
automated methods is that they are highly time-consuming to
perform and create a bottleneck for high throughput experi-
ments of drug testing against cell invasion, while automated
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methods are often extremely specific in the context that they
measure invasion.'” In addition, because in many methods, all or
part of the analysis is often performed by hand, there is
significant room for human errors. Differences in analysis
methods among researchers can also skew the results.

To address the low speed and inconsistency associated with
existing methods, we developed an algorithm to automate the
process of quantifying cancer cell invasion in a 3D hydrogel
ECM environment from confocal microscopy images. We
validated this new method by demonstrating its utility across
breast cancer cells with different invasion modalities and for
drug screening applications against cancer cell invasion.

MDA-MB-231 and SUM159 triple negative breast cancer (TNBC) cell
lines transfected to stably express a green fluorescent protein (GFP)
were kindly provided by Dr. Gary D. Luker (University of Michigan).
MDA-MB-231 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma). SUM159 cells were cultured in Ham’s F-
12 medium (Gibco). Media were supplemented with 10% fetal bovine
serum (Sigma), 1% glutamax (Sigma), and 1% antibiotic/antimycotic
(Life Technologies). The cells were plated in culture flasks and kept in
an incubator at 37 °C with 5% CO,. When the cells proliferated to a
80—90% confluence monolayer, they were rinsed with phosphate-
buffered saline (Sigma) and detached from the flask using 0.25% trypsin
(Life Technologies). The cell suspension was collected in a 15 mL
centrifuge tube and centrifuged down for S min at 174 rcf. After
aspirating the supernatant, the cell pellet was resuspended in the
respective complete culture medium. The cell suspension was used to
continue the culture.
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Spheroids of cancer cells were made using an aqueous two-phase system
(Figure 1a)."® The ATPS consisted of 3%(w/v) of 35 kDa polyethylene
glycol (PEG) and 6.4% (w/v) of 500 kDa dextran with culture media
used as the solvent."® Cells were first suspended in 12.8% (w/v) dextran
solution at 50% of the final desired volume. Then, 49% of the final
volume of media was added with 1% of 3.1 mg/mL human type I
collagen (Advanced Biomatrix). This resulted in a final density of 1.0 X
10* cells/0.3 pL. Using an Agilent Bravo 2 robotic liquid handler, 30 uL
of the 5% (w/v) PEG phase solution was added to the wells of a round-
bottom 384-well plate (Corning). Then, 0.3 uL of the cell suspension in
DEX phase solution was robotically aspirated and dispensed into each
well to form a DEX phase drop containing the cells. The DEX phase
drop settled to the bottom of the well and remained phase separated
from the immersion PEG phase. Cells remained confined to the DEX
phase drops and formed spheroids within 2—4 days of incubation.

Spheroids were imaged using an inverted fluorescence microscope
(Axio Observer Al, Zeiss) in the round-bottom 384-well plates. The
surface area of each spheroid was calculated from its fluorescent image
in FIJI (Image]). The circularity of each spheroid was calculated by
measuring the perimeter of each spheroid in FIJI and using circularity =
47 X area/ perimeterz‘

Spheroids were encapsulated in a collagen matrix. Human type I
collagen at 6 (mg/mL) (Lifecore Biomedical) was diluted down to 5.22
(mg/mL) and balanced to a pH of 7, following the manufacturer’s
protocols. The diluted collagen was loaded into a flat-bottom 96-well
plate (Thermo Fisher), which was kept on a cooling plate inside a cell
culture hood to prevent premature collagen gelation. The liquid handler
was programmed to aspirate each spheroid with 7 yL of medium and
then aspirate 23 uL of the collagen solution, bringing the final
concentration of collagen to 4 mg/mL. The liquid handler dispensed
the collagen solution and spheroid into a glass-bottom 384-well plate
(MatTek Life Sciences). The cultures were incubated for 90 min to
allow the collagen to gel and then supplemented with 30 4L of complete
growth media.

Paclitaxel was purchased from Selleckchem, dissolved in dimethyl
sulfoxide, aliquoted, and stored at —20 °C. The collagen-encapsulated
spheroids were treated with paclitaxel immediately after collagen
gelation at the following concentrations: 0 nM (negative control), 107,
1074 10% 10, 102 103 10% and 10° nM. Cancer cells were allowed to
invade from spheroids into the collagen matrix for 4 days for MDA-MB-
231 cells and for 6 days for SUM159 cells. In each case, the medium was
refreshed every other day. A nonlinear regression was used to construct
a dose—response curve for each cell line.

Invasion of cells in the 3D collagen matrix was imaged at 10X
magnification using a Nikon Al confocal microscope. A 488 nm laser
with a 500 nm-550 nm filter was used to capture the GFP* cancer cells.
A slice thickness of 20 ym was used with 10—40 slices per spheroid
depending on the spheroid size. The images were loaded into FIJI for
post-processing.

Statistical analysis was performed by using GraphPad Prism. R* values
were calculated based on a linear regression. A one-way ANOVA with a
posthoc Tukey’s test was used when comparing multiple groups. Dose—
response curves were generated using a nonlinear regression (curve fit)
with a variable slope. The dose—response curves were also used to
calculate the 50% inhibitory concentration (ICS0) of the drug and the
area under the curve (AUC) with each cell line. All error bars represent
the standard deviation for each sample. Statistical significance was

defined at p < 0.05.

‘We measured and compared the morphology of MDA-MB-231
and SUM159 spheroids with a 1.0 X 10* cell density from both
phase and GFP fluorescence images (Figure 1b). MDA-MB-231
spheroids had a mean area of 3.98 X 10° um?” and a circularity of
0.70 + 0.08, whereas SUM159 spheroids had a mean area of 1.80
X 10° um? and a circularity of 0.82 + 0.03 (Figure 1c,d). These
data indicate that SUM159 cells formed significantly more
compact and round spheroids than MDA-MB-231 cells did (p <
0.0001). We have previously shown that spheroids formed with
the aqueous two-phase system technology are about 30% more
round and compact compared to those from standard ultralow
attachment plates.”® This is because cells remain within a round
nanodrop of the aqueous DEX phase, which is immersed in a
bath of the aqueous PEG phase, for several days. Producing
more round spheroids reduces spatial heterogeneity of available
oxygen and hypoxia within the spheroid, and thus reduces
additional effects on cell invasion.”" This is especially important
for cell lines, such as MDA-MB-231 that do not tend to
aggregate well. We note that there are other software programs
that can provide measurements besides size and circularity.”>*’

MDA-MB-231 and SUM159 TNBC cells showed strikingly
different patterns of invasion in the collagen matrix. MDA-MB-
231 cells mainly invaded the ECM as single cells. Invading cells
dispersed relatively uniformly in collagen and showed both
elongated and round morphologies. In contrast, SUM159 cells
mainly invaded in clusters and protruded out of spheroids with
spikelike morphologies, although there were also a small number
of individually invading cells with both elongated and round
morphologies (Figure 2). These cell lines are Claudin-low and
Basal B-type breast cancer cells that identify as TNBC.**** Cells
from both lines have a mesenchymal-like appearance, consistent
with the elongated morphology of the majority of cells in the
invading front. The small number of invading cells with a round
morphology may represent an amoeboid-like motility through
confined spaces within the ECM.” Unlike mesenchymal cell

MDA-MB-231

SUM159

Figure 2. Phase and fluorescent confocal microscope images of the
collagen invasion of cells from MDA-MB-231 (day 4) and SUM159
(day 6) spheroids. Scale bars are 200 ym.
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MDA-MB-231
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Figure 3. (a) 3D reconstructed view of spheroids of MDA-MB-231 cells and SUM159 cells. (b,c) 3D z-max-intensity-projection view of spheroid with
points representing counts of invading cells. (d) 3D z-max-intensity-projection view of spheroids. (e) Spheroids after removing their cores. (f) Binary

threshold of invading cells. Scale bars are 200 pm.
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Figure 4. (a) Area of cell invasion from MDA-MB-231 spheroids is shown versus count of invading cells. (b,c) Area of invasion of MDA-MB-231
spheroids over 4 days and representative confocal images following maximum intensity z-projection and core removal and thresholding. Scale bars are

200 pm. #¥p < 0.01, #¥#¥p < 0.001, ***¥p < 0.0001.

invasion that requires integrin-mediated cell adhesion to the
ECM and its proteolytic degradation to generate paths for
invasion, amoeboid-like invasion is achieved by deformation of
cell nucleus and body and the development of bleblike
protrusions of the membrane to enable the cell to squeeze
through small pores within the ECM. Considering the
significant difference in how these cells invade the 3D ECM,
which is consistent with previous reports,”*” it is important to
develop a method to conveniently and accurately quantify the
different patterns of matrix invasion of cancer cells.

To quantify TNBC cell invasion from confocal microscope
images, we adjusted the image from a 3D stack to a single 2D
layer by using the maximum projection of the image stack
(Figure 3a). First, we manually counted the number of cells
invading from the core of spheroids into the collagen matrix
(Figure 3b,c). This standard approach provides a direct measure
of cell invasion and works well when cells, such as MDA-MB-231
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cells, migrate individually. However, it is subject to errors when
cells, such as SUM159 cells, invade collectively because it may
count adjacent cells in each cluster as one object. In addition, the
proximity of the invading clusters of cells makes it difficult to
clearly segregate and quantify them as separate entities. To avoid
this problem, we developed a simple method to measure the area
of both invading single cells and clusters of cells. This method
involved manually removing the core of the spheroid (Figure
3d,e) and applying thresholding based on pixel intensity to the
resulting image to determine which pixels in the image belonged
to invading cells (Figure 3f). This gave us the total pixel area of
the invading cells, both individual cells and clusters.

We used two sets of studies to validate this method as a direct
measure of cell invasion regardless of the mode of invasion. First,
we evaluated the correlation between the invading cell area and
the invading cell count from images of collagen-embedded
tumor spheroids. This analysis used a representative sample of

https://doi.org/10.1021/acsmeasuresciau.3c00064
ACS Meas. Sci. Au 2024, 4, 260—266


https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064?fig=fig4&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

. Threshold image at - Subtract core image
START threshold values 4 & Run minimum fiter Run fill holes Run erode 15 Run dialate 15 from original spheroid Save results
Convert to 8-bit 255 with a radius of 10 image

Figure S. Process of automated core removal is shown for a spheroid of MDA-MB-231 cells. (a) Maximum intensity z-projection image, (b) initial
image converted to an 8-bit image, (c,d) images after applying binary threshold, marking all pixels between values 4—255 inclusive, (e) image after
applying minimum filter with a radius of 10, (f) image after applying fill holes filter, (g) image after applying erode filter for 15 iterations, (h) image after
applying dilate filter for 1S iterations, and (i) final image after core is subtracted from the initial image. Scale bars are 200 ym.

MDA-MB-231
' 1*10"' nM

1*102nM 1*10-"' nM

1*10"nM 1*102nM 1*10°nM

1*109nM 80~

1*104nM

-7 1*109nM 80
. [} A

IC50 = 6.36x10° nM
AUC =0.27

Normalized Invasion
S
o
1

20
0
v 1 I I 1 1 I 1 1
g N S S S > > o
\Q \Q N '\Q \° '\Q '\Q J

IC50 = 3.01x10”" nM
AUC =0.31

Normalized Invasion
»H
o
1

20
3 A 0 T T T T T T T 1
S D v N N N g > > J
SISO I A B NI

Figure 6. Paclitaxel treatment effect against matrix invasion of (a) MDA-MB-231 and (b) SUM159 tumor spheroids. Representative confocal images
following core removal at different drug concentrations and respective dose—response curves are shown. Scale bars are 200 gm.

88 spheroids of MDA-MB-231 cells and led to a very strong
linear correlation (R* = 0.95) (Figure 4a). Next, we computed
the area of cell invasion from the same MDA-MB-231 spheroids
over four different time points (Figure 4b). As expected, there

were significant increases in the area of invasion over time
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(Figure 4c), consistent with the high motility of these cells
reported previously.”**”

Due to the time-consuming and user-dependent process of
manually removing the cores of spheroids for this analysis, we
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developed an automated process to eliminate the inconsistency
inherent to the manual process. Using FIJI, first, we converted
the maximum projected image to an 8-bit image to allow for
thresholding (Figure Sa,b). Next, we applied a threshold to mark
all pixels with values between 4 and 255 inclusive, which roughly
creates a binary mask of all the cells, i.e., objects of interest, in the
image (Figure Sc,d). Applying a minimum filter with a radius of
10 removed the mask from most of the invading cells (Figure
Se). Then, we used the “fill holes” transform to add any holes in
the core of the spheroid back to the mask followed by an erode
filter with 15 iterations to remove any of the remaining bits of
invading cells (Figure Sf,g). We applied a dilate filter to the mask
for 15 iterations to grow the core mask back to its original size
(Figure Sh). Finally, we subtracted the core mask from the
original maximum projected image to generate an image of only
the invading cells (Figure 5i). This automated process reduced
the processing time of each individual image from minutes to
seconds while consistently removing the core of spheroids prior
to quantifying the invading cell area. We note that the minimum
filter radius, the number of iterations during erosion and dilation
steps, and the initial threshold value may need optimization
adjustments depending on cell size, cell morphology, invasion
mode, and microscope setting during imaging. However, across
two cell lines that showed distinct invasion characteristics that
are typically observed in cancer invasion assays, the selected
values worked well.

Next, we performed a proof-of-concept study to demonstrate
the utility of this method in high throughput drug screening
against cancer cells in 3D cultures. We treated the collagen-
embedded MDA-MB-231 and SUMI159 spheroids with
paclitaxel dose-dependently in a concentration range of 0—10*
nM and used nontreated cultures as negative controls.
Treatments lasted 4 days for MDA-MB-231 cells and 6 days
for SUM159 cells due to the differences in the relative
invasiveness of these two cell lines. After capturing confocal
images of the cultures, we used the above-automated process to
quantify the invading cell area. For each TNBC cell line, we
normalized matrix invasion at different concentrations to the
respective negative control and generated a dose—response
graph (Figure 6). Paclitaxel had a 50% inhibitory concentration
of 6.36 X 107> nM against MDA-MB-231 cells. The largest
inhibitory effect happened with 10> nM paclitaxel, where the
normalized invading cell area reduced to 20.4%. Increasing the
drug concentration beyond 10" nM only marginally affected the
matrix invasion of MDA-MB-231 cells. With SUM159 cultures,
paclitaxel gave a 50% inhibitory concentration of 3.01 X 107"
nM and showed the largest inhibitory effect at 10* nM. More
increases in the drug concentration did not further reduce cell
invasion. These results indicate that paclitaxel reduces the
invasiveness of MDA-MB-231 cells at low nanomolar
concentrations more effectively than matrix invasion of
SUMIS9 cells. We also computed the normalized area under
the curve (AUC) that shows the overall effect of a treatment.
AUC ranges between 0 and 1, with O indicating a complete
inhibition and 1 indicating no inhibition of invasion.”® This
analysis gave AUC values of 0.27 for MDA-MB-231 and 0.31 for
SUM159 cells, indicating that over a wide concentration range,
paclitaxel generated a relatively stronger inhibitory effect against
MDA-MB-231 invasion.
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We developed an automated method to quantify the matrix
invasion of cancer cells from spheroid cultures. This technique
reliably resolved matrix invasion for cancer cell lines with
different invasion modalities as well as temporal changes in the
extent of cell invasion and anti-invasive effects of a chemo-
therapy drug. Compared with existing methods, the high
efficiency of this approach allows for significantly faster and
more consistent analysis of cancer cell invasion to enable greater
sample sizes and higher throughput of experiments such as
screening of chemical compounds without a significant increase
in costs or effort. This approach can also conveniently be
adapted in various research laboratories studying 3D cancer cell
invasion in more complex models of the tumor microenviron-
ment and for mechanistic studies of therapeutic discoveries
against cancer invasion.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00064.

“Remove Core” script prompts the user for an input folder
containing .png image files of invading cells from
spheroids and an output folder where the edited images
will be stored. “Size and Circularity” script iterates
through an input folder of .png files to measure the size
and circularity of spheroids in each image (ZIP).
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