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Abstract 

Metastasis is the leading cause of mortality in cancer patients. To migrate to distant sites, cancer 

cells would need to adapt their behaviour in response to different tissue environments. Thus, it 

is essential to study this process in models that can closely replicate the tumour 

microenvironment. Here, we evaluate the use of organotypic liver and brain slices to study 

cancer metastasis. Morphological and viability parameters of the slices were monitored daily 

over 3 days in culture to assess their stability as a realistic 3D tissue platform for in vitro 

metastatic assays. Using these slices, we evaluated the invasion of MDA-MB-231 breast cancer 

cells and of a subpopulation that was selected for increased motility. We show that the more 

aggressive invasion of the selected cells likely resulted not only from their lower stiffness, but 

also from their lower adhesion to the surrounding tissue. Different invasion patterns in the brain 

and liver slices were observed for both subpopulations. Cells migrated faster in the brain slices 

(with an amoeboid-like mode) compared to in the liver slices (where they migrated with 

mesenchymal or collective migration-like modes). Inhibition of the Ras/MAPK/ERK pathway 

increased cell stiffness and adhesion forces, which resulted in reduced invasiveness. These 

results illustrate the potential for organotypic tissue slices to more closely mimic in vivo 

conditions during cancer cell metastasis than most in vitro models.   

Keywords: Stiffness, cell mechanics, adhesion, migration, 3D microenvironment, metastasis  

Introduction 

The ability of tumour cells to metastasize has been estimated to be ultimately responsible for 

90% of cancer-related deaths [1-4]. During the metastatic process, cancer cells can change their 

migratory strategy in response to their interactions with variations in their environment. The 

“seed and soil theory” asserts that the pattern of metastasis is not random; each type of tumour 
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tends to metastasize to specific secondary sites [5]. For this reason, the faithful replication of 

the conditions present in the tumour microenvironment (TME) is crucial for mechanistic and 

translational studies [6-8]. The TME is a complex structure in which different cell types such 

as activated fibroblasts, immune cells, macrophages, adipocytes, epithelial cells, vascular and 

lymphatic endothelial cells and a large number of biomolecules are embedded within an 

extracellular matrix [9, 10]. 

 

Currently, animal models are the main approach used to study the TME. Although they are 

physiologically relevant, they do not readily allow real-time visualization and cellular-scale 

manipulation of phenomena such as tumour cell intravasation, or the interaction between 

cancer cells and organ-resident cells. Precision-cut tissue slices represent a potential alternative 

to study the metastatic cascade and to emulate the TME [11-13]. Slices contain all of the cell 

types present in the intact tissue while maintaining its 3D structure [7]. Moreover, mRNA 

expression patterns are similar to the original organ and many reproducible slices can be 

produced from a single organ sample [14].  

 

Since each tissue has its unique structure, migrating tumour cells would experience varying 

environments with different levels of physical confinement and interactions [15]. These 

confinements often exist in the form of micropores or tracks in a dense tissue [16, 17], allowing 

passage of cancer cells. The ability of cancer cells to migrate through these narrow spaces is 

linked with cell morphology [18], the physical force they can generate [19] and their 

mechanical properties [20]. Thus, knowledge of the mechanical properties of cancer cells and 

their interaction with the surrounding extracellular matrix would enable a more in-depth 

understanding of the metastatic process.   

 

Previously, to identify properties that facilitate migration through confined environments, we 

studied MDA-MB-231 human breast cancer cells selected (Selected) from the initial population 

(Parental) by three rounds of passage through 3 μm diameter microporous membranes [21]. 

We found that selected cells are characterized by higher invasiveness into 3-dimensional (3D) 

collagen matrices, reduced Young’s modulus, decreased F-actin anisotropy and lower focal 

adhesion density relative to Parental cells [21]. Transcriptomic analysis identified increased 

Ras/mitogen-activated protein kinase (MAPK) signalling output in Selected cells [21].  
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In this work, we established methods for using organotypic liver and brain slices as a stable, in 

vitro model and then studied the invasion of Parental and Selected cells into these tissues. To 

understand the effects of cell mechanical properties and cell-matrix interaction in this process, 

we used atomic force microscopy (AFM) to characterize cell mechanical properties and 

employed inhibition of the Ras/MAPK/ERK pathway to perturb the biomechanical properties 

of cells. These studies revealed the different migration behaviour of Parental and Selected cells 

as well as different migration models in the brain and liver slices, illustrating the potential of 

organotypic tissue slices for evaluating factors involved in cancer cell metastasis and 

therapeutic drugs. 

Materials and Methods 
 

Cell culture  

MDA-MB-231-luc-D3H2LN (denoted as Parental cells) were grown and treated as indicated 

in Rudzka et al. [21].  Independent MDA-MB-231 pore-selected (denoted as Selected cells) 

populations were established by three times repeated selection of cells migrating through 3 μm 

pore membranes (Corning, Thermo Fisher Scientific, 3420) in Transwell inserts as described 

previously [21]. For live cell staining, MDA-MB-231 cancer cells were incubated for 45 min 

at 37° C with CellTracker Green (CMFDA, Invitrogen, Scotland) or CellTracker Orange 

(CMRA, Invitrogen, Scotland). For experiments in the liver slices, 1 μM of CellTracker orange 

and 2 μM of CellTracker green were used to overcome the natural green autofluorescence of 

liver tissues. Both CellTrackers were used at 1 μM in the brain slices experiments. 

 

Force indentation by Atomic Force Microscopy (AFM) 

Mechanical properties of individual cells were measured using atomic force microscopy 

(AFM) with inhouse-prepared AFM colloidal probes (4.74 µm spherical silica bead cantilevers, 

with a typical spring constant of ∼0.02 N/m) as described previously [21, 22]. Cells were 

cultured overnight before force measurement and, during the experiment, cells were kept at 

37°C and in 1% HEPES buffered full medium to maintain pH levels. Briefly, 35 cells from 

each condition were indented at a grid of 5 points on the central part of the cell above the 

nucleus. The Young’s modulus was calculated by fitting the extension part of a force–distance 

curve with the Hertzian spherical model [23]. The retraction part of the force–distance curve 

was used to calculate the adhesion forces. The work of detachment was calculated by 



 4 

measuring the area between the x-axis and the force-indentation curve, whereas the maximum 

adhesion force was obtained by calculating the lower point of the retraction curve. 

 

Wound healing migration assay 

Cell migration was measured using the IncuCyte® S3 Live-Cell Analysis System (Essen 

BioScience) according to the manufacturer’s protocol and as previously described [24]. In 

brief, cells were plated as confluent monolayers onto 96-well ImageLockTM plates and a wound 

created using the IncuCyte® Woundmaker Tool. Cells were washed twice with media before 

the addition of Trametinib, U0126 or DMSO (control). Plates were left to equilibrate in the 

IncuCyte® machine for 30 minutes before data acquisition. Two brightfield (phase) images 

were taken per well every 2 hours for a total of 18 hours. Wound confluence was determined 

using the IncuCyte® S3 software. 

 

Animals 

All experiments were approved by the Animal Care and Use Committee at the University of 

Washington. For liver slice experiments: male athymic nude mouse (Taconic, Foxn1nu) aged 

4-15 weeks were sacrificed for liver extraction. Animals were. Animals were sacrificed by 

cervical dislocation after anaesthesia via injection of approximately 0.5 ml avertin per 20 g 

body weight. After extraction, livers were placed into ice-cold Belzer University of Wisconsin 

(UW) organ preservation solution (Fisher, USA) until use. For brain slice experiments: brains 

were kindly provided by Jane Sullivan (Department of Physiology of the University of 

Washington); P4 black mice were sacrificed through decapitation and their brains were 

surgically extracted. Brains were kept in ice-cold Gay’s solution (Sigma-Aldrich, USA) until 

use. 

 

Organotypic slices preparation 

Precision-cut tissue slices contain all cells of the tissue in their natural environment and have 

become attractive in vivo models for many applications. For different types of tissues, specific 

protocols for in vitro culture have been developed to maintain tissue viability. In this work, the 

protocols for culturing liver tissues were based on previous studies [25], which involve 

immersing slices in the media and with constant shaking to promote nutrient diffusion 

throughout the slices.  The condition for culturing brain tissue slices were adapted from the 
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previously reported methods [26], where brain slices were cultured with their top surface in 

contact with air to promote tissue thinning – essential for neural survival.   

 

For liver slice preparation: cylinder cores of liver tissues were made using a 4 mm byo-

puncher (The Miltex® Instruments, Germany). Liver cylinders were sliced using a Vibratome 

1000 mHz (Lafayette Instruments, USA) filled with ice-cold Krebs-Henseleit buffer (KHB) 

(Sigma-Aldrich, USA) pre-equilibrated with bubbling CO2 (95% oxygen and 5% CO2). Liver 

cylinders were embedded in cubes of 2% low melting agarose gel (ISCBioExpress, USA) to 

provide structure for slicing. Liver cylinders were chopped into slices of 250 mm thickness 

using a vibration frequency of 70 Hz, amplitude of 150 mm and speed of 0.2 mm/s. A 6-well 

plate was filled with 3.2 ml of culturing medium, William’s Medium (with L-glutamine, 

Invitrogen, Scotland) supplemented with 25 mM glucose (Sigma-Aldrich, USA), 30 nM insulin 

(ITS + premix, Zen-Bio, Inc., USA), 1 nM EGF (Preprotech) 5% Pen Strep (Sigma-Aldrich, 

USA), 100 nM glucagon (Sigma-Aldrich, USA), pre-incubated for 30 min at 37° C and 95% 

oxygen and 5% CO2. Two slices per well were cultured placed on a cell culture insert (Millicel 

Cell Culture Insert, 30 mm, 0.4 μm pore size) and gently shaken with rotation speed of 90 

cycles per minute on an orbital shaker placed into the incubator. Liver culture medium was 

changed after 3 hours to restore ATP content and to remove cell debris. Liver slices were 

cultured for 3 days and medium changed each 24 hours.  

 

For brain slice preparation: Postnatal day 4 C57BL/6 mice were sacrificed by decapitation 

and their brains were extracted. The whole brains were sliced using a 5100mz Vibratome 

(Lafayette Instruments, USA) filled with ice-cold Gey’s solution (Sigma-Aldrich, USA) pre-

equilibrated with bubbling CO2 (95% oxygen and 5% CO2). Slices of 250 μm thickness were 

obtained using a vibration frequency of 55 Hz, amplitude of 50 mm and speed of 0.15 mm/s. 

A 6-well plate was filled with 1.3 ml of culturing medium pre-incubated for 30 min at 37° C 

and 95% oxygen and 5% CO2.  Culture medium was 50% of MEM Media (Thermo Fisher 

Scientific, USA) with 1% HEPES (Sigma-Aldrich, USA), 25% of Heat-Inactivated Horse-

Serum (Thermo Fisher Scientific, USA), 25% of Hank’s Solution (Thermo Fisher Scientific, 

USA) 2 mM of NaHCO3 (Cat.), 6.5 mg/ml of Glucose (Sigma-Aldrich, USA) and 2 mM of 

Glutamax (Invitrogen), Four slices per well were cultured placed on a cell culture insert 

(Millicel Cell Culture Insert, 30 mm, 0.4 μm pore size) and incubated at 37° C and 5% CO2. 

Brain slices were cultured for 2 days.  
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For each time point slices were fixed in a solution of 4% paraformaldehyde for 24 hours and 

then cryoprotected for 48 hours with a solution of 30% sucrose/PBS, refreshed each 24 hours. 

Slices were perpendicularly cryosectioned in slices of 14 μm of thickness, then stained with 

H&E, immunostained with peroxidase for tissue viability analysis, or directly mounted on 

cover slips with Fluoromount with DAPI (Southern Biotech) for cell migration analysis. A 

sketch of the experimental procedure is shown in Fig. 1. 

 

MDA-MB-231 cell seeding onto organotypic tissue slices 

MDA-MB-231 cancer cells were pre-treated with CellTracker dyes and then incubated at 37° 

C with 0.25% trypsin (Sigma-Aldrich, USA) for 3 minutes to promote detachment from the 

surface. For liver slices: cells were seeded on liver slices 3 hours after slicing. 106 cells were 

suspended in 1 mL of liver culturing medium and added in each well containing 2 liver slices. 

Liver slices were cultured without shaking for 5 hours after seeding to allow cell attachment, 

and then were maintained in media with gentle shaking (~ 90 cycles/min) to promote mass 

transport.  For brain slices: cells were seeded on brain slices just after slicing. 4 × 105 MDA-

MB-231 cells were suspended in 100 μL of brain culturing medium, then 25 μL of media 

containing the MDA-MB-231 cells was added on top of each brain slice. Excess media was 

removed 5 hours after cell seeding. 

 

Immunostaining and image analysis  

Tissues were prepared for peroxidase staining with 0.6% hydrogen peroxide in methanol for 

30 minutes. Antigen retrieval was performed for 30 minutes inside a steamer with 0.01 M 

sodium citrate, 0.05% Tween 20 (Sigma-Aldrich, USA), pH 6. Afterwards, tissues were 

incubated in block (Tris-NaCl-blocking buffer, Perkin Elmer, with 0.1% Triton X-100), for at 

least 30 minutes, then overnight at 4° C in primary antibody diluted in block. The primary 

antibodies and their concentrations were as follows: rabbit anti-CD31 (1/60, AbCAM 

ab28364), rabbit anti-active caspase 3 (Asp175) (1/600, Cell Signaling, Antibody #9661), 

rabbit anti-CD45 (1/1000, AbCAM, ab10558), goat anti-Albumin (1/1000 AbCAM). After 

primary antibody treatment, tissues were incubated with anti-rabbit or anti-goat peroxidase 

polymers (ImPRESS, Vector Labs MP7401 and MP7405) for 30 minutes, then with DAB 

solution (Vector Labs) and lightly counterstained with haematoxylin. Images were acquired 

with a Nikon TiE inverted microscope, 20× objective lens and NIS Elements software. Slices 

from at least 2 different animals were analysed. For tissue viability analysis, a custom routine 
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on the open source image analysis programs Fiji-ImageJ and CellProfiler [27] was created to 

measure the percentage of tissue stained in each tissue slice from the different antibodies. A 

single threshold was determined and used for all analysis using a particular antibody. For cell 

migration analysis, Fiji-ImageJ was used to measure cell migration distance into the tissue, cell 

attachment, and the percentage of cells migrated/ total number of cancer cells.  

 

LDH leakage  

LDH leakage of liver slices to the media was used as a marker of cell damage. Every 24 hours, 

culture medium was collected and stored at 4° C. Analysis of LDH leakage was performed 

using Cyto Tox-ONE Homogeneous integrity assay kit (Promega, Madison, USA) according 

to the manufacturer’s instructions. 50 μL of medium was mixed with 50 μL of the reagent in a 

96-well plate. The reaction was stopped after 10 mins by adding the stopping reagent to the 

mixture. Fluorescence images were obtained with excitation of 560 nm and emission of 590 

nm. A positive control was made by homogenizing one slice, then the sample was centrifuged 

at 1500 rpm for 10 min and the supernatant collected.  

 

Statistical Analysis  

All statistical analysis was performed using Graphpad Prism 6. The data sets were compared 

using the one-way ANOVA statistical test and Student's t-test when comparing two groups. 

Following the ANOVA test, a Fisher’s LSD test was performed to compare the mean of one 

group with the mean of another group. A significant statistical difference was verified for P < 

0.05. 

 

Results and Discussion 

 

Characterization of cell stiffness and adhesion  

The importance of the biomechanical properties of cancer cells in metastasis has long been 

recognised [28]. Highly metastatic cells have been observed to be softer and more deformable 

than less metastatic ones [20]. We used AFM-nanoindentation (Fig. 2-A) to characterise the 

mechanical propertied of cells [22] and the tip-cell surface interaction [29].The stiffness of the 

invasive Selected cells (0.70 0.24 kPa) was not only significantly lower  (p<0.05) than that of 

Parental cells (1.100.47 kPa), but also had  a much narrower distribution (Fig. 2-B). This 

phenomenon agrees well with previously studies [20]. The non-specific cell-probe adhesion 
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was determined from the retraction curve after the probe was in short contact with cell surface 

(~0.1 second), which represents the overall adhesion of a cell when in contact with a surface. 

Although Selected cells may have a marginally larger contact area with the probe due to their 

lower stiffness, our results showed about a two-fold reduction of the maximum adhesion forces 

and the work of detachment for the more aggressive Selected cells (Figure 2-C). These results 

are consistent with previous studies that identified a link between a reduction of cell adhesion 

force and an increase in cancer metastatic ability [30, 31].  

 

We have previously shown that the invasiveness of Selected cells is associated with increased 

Ras/MAPK/ERK signal output, and the treatment with MEK inhibitors (Trametinib and 

U0126) can increase the pFAK focal adhesion density and reduce their invasion [9]. Here, we 

found that both treatments on Selected cells resulted in two-fold increases in cell stiffness and 

a substantially broadened distribution of stiffness (Fig. 3-A). Since increased cell stiffness 

indicates a less deformed membrane and thus slightly reduced cell-probe contact area, this 

could lead to reduced adhesion. However, we observed a ~ two-fold increase of adhesion forces 

and up to four-fold increase in the work of detachment (Fig. 3-B).   Taken together, these results 

suggested that the treatments led to increased cell stiffness and substantially increased adhesion 

force density. These changes could significantly affect cell migration on 2D and 3D 

microenvironments, as detailed below.  

 

2D migration of MDA-MB-231 cells  

To identify if there is a link between cell migration and non-specific cell adhesion, we tested 

the 2D migration of MDA-MB-231 sub-populations using a scratch wound-healing assay. 

Images taken every 6 hours indicated that Selected cells migrated faster than Parental cells 

(Fig. 4-A&B). Quantification of the wound confluency after 18 hours confirmed this 

observation (Fig. 4-C), with ~50% confluency observed for Parental cells and ~ 75% for 

Selected cells. To relate the differences in cell adhesion forces between Selected and Parental 

cells and the role of Ras/MAPK/ERK signalling to cell migration speeds, selected cells were 

treated with MEK inhibitors Trametinib and U0126 and assayed in the scratch-wound healing 

assay. A reduction of Selected cell migration speed after drug treatment was observed (Fig. 5-

A&B). The ~75% confluency of the wound area for Selected cells was significantly reduced 

to ~50% after treatment with either inhibitor (Fig. 5-C). To investigate whether this reduction 

could be associated with the reduced cell number caused by the inhibitor, cell proliferation 
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assays were conducted for 18 hours with and without U0126 at the same concentration (10 

M). No significant differences in cell growth rate were found (Fig. S1), indicating the reduced 

wound healing speed was mainly due to slowed cell migration. Taken together, these suggest 

the effect of the MEK inhibitors in increasing cell adhesion forces was associated with a 

reduction of cell migration speed.  

 

Establishing liver slices for in vitro assays  

The behaviour of cancer cells during metastasis is influenced by the microenvironment into 

which they are invading [32]. Compared with the 2D-wound healing migration method, 

precisely cut tissue slices offer unique advantages for studying cancer cell invasion in an in 

vivo-like environment. However, this approach faces many profound challenges due to the 

complexity of the TME and its preservation in culture. Each tissue has its specific structure and 

phenotypic function therefore, reliable methods to maintain and characterise their function in 

vitro are essential.  

 

It has been shown that it is challenging to keep liver slices healthy in culture for a prolonged 

period [33-37]. To evaluate the stability of the liver slices in vitro, we tested several properties 

of the slices over three days of culture. The viability of slices was assessed with a Lactate 

Dehydrogenase (LDH) leakage assay (Fig. S2). The LDH enzyme acts in cellular respiration 

to catalyse the interconversion of pyruvate to lactate, and can be found inside cells of almost 

all body tissues [38]. When the cellular membrane is damaged, LDH is released from the 

cytoplasm; thus the calculation of its concentration in culture media indicates tissue health. We 

observed an initial peak of ~10% in LDH leakage (as compared to fully lysed control) over the 

first 24 h, and subsequent stabilization between 4% and 2% over the next 2 days. The elevated 

LDH leakage during the first day of incubation is probably a result of peripheral cell damage 

during the slicing process.  

 

Histomorphology of the liver slices were carried out to reveal the changes of the slice structure 

(Fig. 6-A). A well preserved, normal liver architecture was observed after the slicing procedure 

(day 0), and partial remodelling occurred over the following days. Observations include an 

increase in cell density, indicated by a 100% increase in nuclear density (Fig. 6-B). Over time, 

the liver slices decrease their diameter and increase their thickness, from 250 μm to an average 

~ 350 μm at day 3 (Supplementary Fig. 6-C). However, this increase in slice thickness was not 
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followed by the formation of extensive necrotic areas. Immunostaining for apoptosis with anti-

cleaved Caspase 3 antibody showed a peak in cell death during the first day of culture (10% of 

total area) (Fig. 6-D), followed by a stabilization over the successive 3 days. We observed a 

substantial reduction of the structures attributable to liver vascularity (highlighted with arrows 

indicating anti-CD31 staining in Fig. 6-A over the 3 days of culture, which were not due to a 

reduction in endothelial cell numbers as indicated by the CD31 immunostaining (Fig. 6-E). 

These observations indicate that there is tissue remodelling during the 3 days of culture due to 

cell migration and reorganisation through the slice. CD45 immunostaining (Fig. 6-F) also 

indicates an increase of immune cell density into the liver slices between day 0 and day 1 of 

culture.  

 

Hepatocyte function was evaluated by albumin expression. Hepatocytes in freshly cut slices 

showed high albumin expression, with patches of different concentrations that indicate the 

intrinsic heterogeneity of the liver tissue. From day 2, albumin expression in the slices 

persisted, but decreased overall by ~50% (Fig. 6-G), including the formation of areas without 

detectable albumin expression. These results show that there is intensive tissue remodelling 

just after sectioning in the first day of culture, followed by stabilization over the following 

days. As precise cut liver slices were able to maintain the tumour microenvironment in a 

relatively stable state for a 3-day duration, we chose that time period for the cancer cell invasion 

experiments.   

 

3D cell migration into organotypic liver slices  

To visualize Parental and Selected cells within the liver slices simultaneously, cells were 

labelled with CellTracker green or orange dyes. We found no statistical difference due to 

CellTracker dye type on the behaviour of the Parental or Selected cell subgroups while 

migrating into the liver tissue (Supplementary Fig. S3). The CellTracker green or orange 

labelled) Parental cells and Selected cells were mixed together, then added to liver slices. 

Fluorescence images (example in Fig. 7-A) showed that a substantial number of cells remained 

at the surface of the liver slices, but many cells have also migrated into the slice and adopted 

an elongated, fibroblast-like shape (Fig. 7-A, indicated with arrows). 

 

To further analyse the adhesion of MDA-MB-231 cells on the liver surface, we counted the 

adhered cells on each subsection of the liver slices at day 0. No significant differences were 
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found between Parental and Selected cells on the surface at day 0 (data not shown), although 

~15% more Selected cells were observed inside the liver slices at day 3 (not significant, data 

not shown). However, when we looked at the extent of migration, we found that after 3 days, 

Selected cells migrated up to 150 μm beneath the surface, while Parental cells only reached 

maximum distances of 100 μm (Fig. 7-B). Therefore, Selected cells, originally selected for 

increased migration in an artificial transmembrane assay, and also appeared to be more invasive 

in this more physiologically-relevant 3D microenvironment with liver tissue. 

 

We next examined the effect of MEK inhibitors on migration in liver slices. Above we showed 

that treatment with MEK inhibitors (Trametinib and U0126) increased cell stiffness and the 

overall cell adhesion of Selected cells. We predicted that both effects would increase barriers 

when cells migrate in 3D environments and hence reduce their invasiveness. To evaluate this 

hypothesis, Selected cells were pre-treated with MEK inhibitors for 24 hours along with a 

control group containing the same concentration of DMSO. While we found only a negligible 

difference in the number of cells attached to the slice surface (data not shown), this is plausible 

since the gentle post-seeding culture method enhanced stable cell attachment. We observed a 

reduced percentage of cells invading into the tissue after drug treatment (Fig. 8-A&B). This 

reduction, although not significant, suggests decreased invasiveness of Selected cells. 

Importantly, for the cells that did invade into the tissue, those treated with either MEK inhibitor 

reached a 50% reduced migration distance in day 1 compare to the 100 μm from the control 

group (p<0.005 for Trametinib and p<0.001 for U0126) (Fig. 8-C&D). Furthermore, after 3 

days, cells treated with either inhibitor did not migrate more than 50 μm beneath the surface 

whilst the control groups reached distance of 150 μm. These phenomena proved that the 

treatment of MEK inhibitors on MDA-MB-231 cells, which modified cell stiffness and 

adhesion, resulted in reduced invasiveness in the context of liver-like microenvironments. 

 

Establishing organotypic brain slices for in vitro assays 

Each human organ has different functions, mechanical properties, vascularity and composition 

of different cell types [39]. Therefore, tumour cells that migrate into different organs must 

encounter drastically different environments. Brain tissues are very soft, and studies of brain 

metastasis using brain slices are limited [40, 41].  
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To establish a brain slice culture system, we prepared early postnatal brain slices as detailed in 

the experimental section and H&E stained sections for histomorphology study. A well-

preserved, normal brain architecture after the slicing procedure (day 0) and a partial 

remodelling over the following days were observed (Fig. 9-A). However, Caspase 3 staining 

showed a small average increase in cell death to ~ 5% on day 1, similar on day 2 (Fig. 9-B). 

The nuclear density increased from day 1 to day 2, that could reflect cell proliferation in the 

slices (Fig. 9-C). Unlike for the liver tissue, brain tissue slices flattened out on the membrane 

showed a 2/3 thinning between day 1 and day 2 (Fig. 9-D), which is a macroscopic sign of 

healthy brain slice [26], and likely contributes to the increase in cell density. This suggests this 

platform was able to maintain the tissue microenvironment relatively intact in vitro for two 

days. 

 

MDA-MB-231 cells migration into brain organotypic slices  

We studied the invasion of Parental and Selected cells into the brain slices in the similar manner 

as with the liver slices, but with a modified culture procedure (see experimental section). At 

day 1, there were no cells left on the seeding surface; and the majority of cells were found 

within the brain slice with a rounded shape (Fig. 10-A). The average migration distance of 

Selected cells (~130 μm) was significantly larger than that of Parental cells (~100 μm), with 

cells from both sub-populations reaching 200 μm (Fig. 10-B). However Selected cells showed 

two-fold higher invasiveness than Parental cells, as indicated from the distribution of migration 

distances (Fig. 10-C). Histogram analysis of individual cell migration showed that 60% of 

Parental cells migrated between ~ 50 μm and ~ 150 μm, whereas ~ 53% of Selected cells 

migrated between ~ 130 μm and ~ 170 μm. These results indicate higher invasiveness of 

Selected cells. By day 2, it was found that some cells migrated through and out of the brain 

slice, due to their fast migration rate and the slice thinning effect (data not shown). This 

suggests that further optimisation of the brain slice models would be needed in order to study 

cell behaviour for longer periods of time. 

 

Comparison of 3D cell migration into different types of tissues 

The migration of cancer cells is dependent on their environment [42], which was apparent when 

comparing the MDA MB231 cells migrating into the liver or brain slices. Firstly, for both 

Parental and Selected cells, a substantially higher percentage of cells could adhere to the 

surface of the liver slices than to the brain slices. This difference indicates that the adhesion of 
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MDA MB231 cells to the brain tissue environment is weaker. Secondly, by day 1, 100% of 

attached cells (both Parental and Selected cells) had migrated into the brain tissue, compared 

to 20% of Parental and 40% of Selected cells into the liver tissue. In addition, both Parental 

and Selected cells migrated faster in the brain slices. The most aggressive Selected cells 

reached a maximum distance of 200 μm in the brain tissue, compared to only 100 μm in the 

liver tissue. These differences likely result from the combined effects of cell stiffness, tissue 

stiffness, and undefined, specific cell-tissue interactions. 

 

Based on high resolution images of cell morphology in the liver and brain tissue slices (Fig. 

11), we hypothesize possible migration strategies of the MDA-MB-231 cells (both Parental 

and Selected) into different tissue environments.  For cell migration into the brain tissue, all 

the MDA-MB-231 cells are rounded inside the tissue and migrate quickly. They also have low 

adhesion to the surrounding extracellular matrix. These are characteristics for the amoeboid 

mode migration, consistent with the cellular morphology that we observed for MDA-MB-231 

cells migrating into the brain [43-45] (Fig. 12, top row). For MDA-MB-231 cell migration into 

the liver tissue, they seem to adopt mesenchymal or collective migration modes, showing a 

characteristic elongated, fibroblast-like shape with defined cell polarity as well as slow 

migration speed [43, 45] (Fig.11, middle row). These modes are adopted when cytoskeletal 

protrusions and adhesion capability are strongly developed. As shown in the images of the liver 

slices, elongated individual cells were found in many places in the middle and edge of the liver 

slices (Fig. 11, middle and bottom rows). This situation appears to be a typical collective 

migration, where cell-cell adhesion and multicellular coordination during cancer migration are 

required [46, 47]. Collective cancer invasion often consists of one or more leader cells with 

mesenchymal characteristics that form the tip of the strands degrading the ECM and generating 

forward traction [46-48]. This pattern can be clearly seen in the representative images of 3D 

cell migration into the liver tissue (Fig. 11, arrows in the bottom image).  Observations from 

the images seemed to indicate higher migration distances into the liver tissue if the cells adopt 

a collective migration mode. Moreover, images indicated that the Parental cells that had 

migrated to further distances were involved in collective migration, likely promoted by 

invasive Selected cells. Further studies with separated Parental and Selected population (i.e. 

without mixing) could further explore the invasive capabilities of these subsets. 
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Conclusions 

In this work, we investigated the use of organotypic liver and brain slices for the study of cancer 

cell metastasis. With optimised culture conditions, both types of tissue slices can maintain their 

viability and structure for several days, enough to provide a stable, relatively realistic in vitro 

model. Evaluation of invasion of breast cancer MDA-MB-231 cells using both tissue models 

illustrated that cell mechanical properties and adhesion to the tissue likely play determinant 

roles in cellular invasion into the 3D tissue. Selected cells migrated deeper and faster that 

Parental cells into both brain and liver tissues. Inhibition of Ras/MAPK/ERK signalling with 

MEK inhibitors for Selected cells resulted in increased cell stiffness and adhesion forces, and 

in a concurrent reduction in both 2D and 3D invasion. Furthermore, both Parental and Selected 

cells displayed substantially faster and more migration into the brain tissue relative to into the 

liver tissue. These differences in cell behaviour during cancer migration, seen in the two 

different tissue models, indicate the potential of organotypic tissue slices for mechanistic 

cancer studies. 
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Figure Captions: 

 

Figure 1. Experimental work flow. A) Workflow for the liver slices culture. Cylinders were extracted from 

mouse livers. Subsequently, slices of 250 μm thickness were sectioned from each liver cylinder. Cells were added 

on the slices that were after cultured for 3 days under constant shaking. For each time point slices were fixed, 

cryoprotected and cryosliced for further analysis B) Workflow of the brain slices culture. Whole brains were 

sectioned in slices of 250 μm of thickness. Cells were added on the brain slices surface and then cultured for 2 

days. For each time point slices were fixed, cryoprotected and cryosliced for further analysis. C) Slices are 

orthogonally sectioned; the slices on the coverslips are relative to the x-axis and z-axis. D) The image is rotated 

to calculate cells invasion into the tissue. We assume a linear migration; therefore the migration distance is 

calculated as the perpendicular distance between the cell and the top of the slice. Images produced using Servier 

Medical art (https://smart.servier.com/). 

 
Figure 2. Characterisation of cell stiffness and adhesion.  A) AFM force-indentation curve. The approach 

curve, indicated in red, was used to calculate the Young’s modulus of cells. The lower point of the retraction curve 

(indicated by the yellow dot) indicates the maximum adhesion force between cell and indenter. The area formed 

between the x-axis and the retraction curve (displayed in green) identifies the unbinding energy. B) Comparison 

of Young’s modulus values for Parental and Selected cells. Histograms show the distribution of Young’s modulus. 

A reduction of cell stiffness in Selected cells is indicated by a higher frequency for low values of Young’s 

modulus, with the highest peak and mean value less than 1 kPa (indicated by the orange line). C) Graph of Parental 

and Selected adhesion force, with a reduction of cell adhesion forces in Selected cells (**** p< 0.0001 by 

Student’s t test). Ave +/- SD. For the histograms, we performed a non-linear regression and then a Gaussian fitting. 

N=35 Parental cells and N=35 Selected cells for N=3 independent experiments.               

Figure 3. The effect of MEK inhibitors on cell stiffness and adhesion. A) Comparison of Young’s modulus 

values for Selected cells treated with MEK-inhibitors (1 μM for Trametinib and 10 μM for U0126) against a 

control group treated with the same volume of DMSO. Data show an increase of stiffness in cells treated with 

MEK-inhibitors, as indicated by a higher frequency for high values of Young’s modulus, with the average value 

(indicated by the yellow line) of ~ 1.9 kPa after treatment with Trametinib and ~ 2.7 after treatment with U0126. 

B) Graph of Parental and Selected adhesion forces. Graphs indicate a comparison between Selected cells treated 

with MEK-inhibitors against a control group treated with the same concentration of DMSO. Ave +/- SD. **** p< 

0.0001 (Student’s t test). For the histogram, we performed a non-linear regression and then a Gaussian fitting. N= 

35 cells for N=2 independent experiments.  

Figure 4. 2D migration assay. A) Images of wound-healing assay of Parental and Selected cells at 0 h, 6h, 12h 

and 18h. Yellow represents the wound gap, and the purples areas identify where the cells have migrated from the 

baseline grey areas. B) Evolution of the wound confluency over time. C) Graph of the confluency over the initial 

wound area after 18h for Parental and Selected. Ave +/- SD. *p< 0.05 (Student’s t test), scale bar 450 μm. N=3 

independent experiments. 

Figure 5. Quantitative migration assay over 18 hours. A) Images of wound-healing assay of Selected cells 

treated with Trametinib and U0126 MEK inhibitors. Yellow shows the wound gap and the purples areas identify 

where the cells have migrated from the baseline grey areas. B) Evolution of the wound confluency over time. C) 

Graph of the confluency over the initial wound area after 18h for Selected cells and for Selected cells treated with 

Trametinib or U0126. Ave +/- SD. **p< 0.01 (One-way ANOVA and Fisher’s LSD multiple comparisons test), 

scale bar 450 μm. N=3 independent experiments.               

Figure 6. Characterisation of liver slice. A) Images demonstrating the evolution of morphology and viability 

parameters of liver slices from day 0 to day 3. Immunostaining with antibodies against cleaved-caspase 3 (CC3) 

as a marker of cell apoptotic cell death, CD31 as a marker of endothelial cells, CD45 as a marker of immune cells, 

and albumin as a marker of albumin synthesis and hepatocyte health. Arrows indicate areas of interest. B) Nuclear 

density of liver slices. Nuclei were counted from H&E images. the number of nuclei was divided for the tissue 

surface. C) Liver slices thickness over three days in culture, with initial thickness of ~250 μm at day 0. Each dot 

represents a liver slice, each given as an average of 10 measurement along all the slice length. Results from 3 

independent experiments. *** p< 0.001 (Student’s t-test).  D) Cell death in the tissue (CC3), given as percent of 

total tissue area. E) Identification of endothelial cells using CD31 antibody, given as percent of total tissue area. 

F) Immune cell density in the liver slices, given as the number of immune cells divided by the tissue surface. G) 

Albumin expression of liver slices from day 0 to day 3, given as percent of total tissue area. Albumin expression 

is a marker of hepatocyte health. Each dot corresponds to a liver slice. Data combined from 2 independent 
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experiments. *p<0.05, **p< 0.01, ***p<0.001 (one-way Anova test and Fisher’s LSD test for multiple 

comparisons). Ave +/- SD. Scale bar of 100 μm. 

Figure 7. Cell migration in liver organotypic slices. A) Fluorescence image of a liver slice with Parental and 

Selected cell migration at day 3. Cells were stained with green (Parental) and orange (Selected) CellTracker dyes. 

The colour of the tissue results from the natural autofluorescence of the liver tissue, with stronger green and 

weaker orange contributions. The direction of the arrows indicates that cells migrated from the top surface to the 

interior of the slice. B) The distances to the surface measured for Parental and Selected cells within the slice. N= 

2 independent slices with data combined from 3 independent experiments. **p< 0.01, ***p<0.001 ****p< 0.0001 

(One-way ANOVA and Fisher’s LSD multiple comparisons test).   

Figure 8. Effect of MEK inhibitors on cell migration. A, B) Selected cell invasion into liver slice after treatment 

with MEK inhibitors, as a percentage of the total cells at that time point. Each value is the average of all the 

sections for each slice. Then the values from the two slices cultured from each experiment were averaged. Ave +/ 

SD. C, D) Distances migrated by Selected cells into the slice after MEK inhibitors treatment. N= 2 independent 

experiments. 2 independent slices were analysed for each experiment ***p<0.001 ****p< 0.0001 (one-way 

ANOVA and Fisher’s LSD test for multiple comparisons). 

Figure 9. Characterisation of brain slices cultured in vitro. (A) Morphology and viability of brain slices from 

day 0 to day 2. Hematoxylin and eosin (H&E) histology and immunostaining for cleaved-caspase 3 (apoptotic 

cell death) are shown. Arrows indicate areas of interest. B) Cell death versus culture time. Cell death is indicated 

by CC3 antibody, which is a marker of cell apoptosis. CC3% is calculated by dividing the brown areas by the total 

tissue surface area from the CC3 staining images. C) Nuclear density of the liver slices. Nuclei were counted from 

H&E images; the number of nuclei was divided by the tissue surface area. D) The thickness of the brain slices 

measured over two days of culture and compared with the initial thickness of 250 μm at day 0. Each dot represents 

a brain slice and is an average result of 10 measurements along all the length of the slice. Ave +/- SD. Results are 

combined from 3 independent experiments. NS p>=0.05 (Student’s t-test), **p< 0.01, ***p<0.001 ****p< 0.0001 

(One-way ANOVA and Fisher’s LSD multiple comparisons test).             

Figure 10. Cell migration into brain organotypic slices. A) Fluorescence image of a brain slice with Parental 

and Selected cell migration at day 1. Cells were stained with green (Parental) and orange (Selected) CellTracker 

dyes. Top surface is indicated. B)  Distances migrated by Parental and Selected cells from the top surface into the 

brain slices. C) Distribution of distances migrated by Parental and Selected cells on day 1. Data suggested higher 

invasiveness of Selected cells into brain tissue. N=3 independent slices with results combined from 3 independent 

experiments. *p<0.05, ****p<0.0001 (one-way Anova test and Fisher’s LSD test for multiple comparisons). For 

the histogram, we performed a non-linear regression and then a Gaussian fitting. 

Figure 11. Schematic of the different migration strategies used in brain and liver tissue by both Parental 

(green) and Selected (red) cells. The top right insets (solid frame) are a close up view of the area within the 

dotted frames.  All the slices were cultured for 3 days. The top surface is on the top of the image.  Right drawings 

were made using Servier Medical Art.   
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