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Abstract

During the epithelial-to-mesenchymal transition, the intracellular cytoskeleton undergoes severe
reorganization which allows epithelial cells to transition into a motile mesenchymal phenotype.
Among the different cytoskeletal elements, the intermediate filaments keratin (in epithelial cells)
and vimentin (in mesenchymal cells) have been demonstrated to be useful and reliable histological
markers. In this study, we assess the potential invasiveness of six human breast carcinoma cell lines
and two mouse fibroblasts cells lines through single cell migration assays in confinement. We find
that the keratin and vimentin networks behave mechanically the same when cells crawl through
narrow channels and that vimentin protein expression does not strongly correlate to single cells
invasiveness. Instead, we find that what determines successful migration through confining spaces
is the ability of cells to mechanically switch from a substrate-dependent stress fibers based
contractility to a substrate-independent cortical contractility, which is not linked to their tumor
phenotype.

Abbreviations used in this paper

CK- cytokeratin

ECM- extracellular matrix

EGF- epithelial growth factor

EMT- epithelial to mesenchymal transition
IF- intermediate filaments

ME- microfilament

MT- microtubule

OS- optical stretcher

WT- wild type

1. Introduction

Breast carcinoma is the most common invasive neoplasia diagnosed in women worldwide, with the majority
of deaths being a consequence of invasion of the surrounding tissue and metastasis (Wullkopf et al 2018).
Metastasis originated from carcinomas are the product of a developmental process based on a complex
succession of biological occurrences, whereby epithelial cells in primary tumors infiltrate the local
extra-cellular matrix (ECM) and stroma layers, intravasate into the blood vessels, arrest at distant organs
when surviving the transport through the vasculature, penetrate the parenchyma of the new site tissues and
resume proliferating, hence, generating new neoplastic masses. At a molecular level, primary tumors with
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invasive properties are characterized by a loss of epithelial characteristics, combined with a gain in
mesenchymal ones, a process that closely resembles the epithelial-to-mesenchymal transition (EMT)
occurring in embryonic development (Kalluri and Weinberg 2009, Ribatti et al 2020). This leads to
reduction of intracellular adhesion, often caused by a loss of E-cadherin, and changes in cellular plasticity
resulting from morphological and phenotypical conversions (Chiang and Massagué 2008, Ilina ef al 2020,
Lange and Fabry 2013, Mierke 2015).

During cancer related EMT, epithelial cells detach and reorganize by switching to a mesenchymal
progenitor-cell phenotype, causing an up-regulation of the mesenchymal markers such as N-cadherin and
vimentin. The expression of N-cadherin, in particular, leads to the rearrangement of the cytoskeleton and to
the detachment of the cells from the epithelial cluster, thus increasing their motility and allowing them to
migrate as single cells. The genetic instability of tumor cells facilitates mutation and gene translocation
events, resulting in the activation of some genes and oncogenes that lead to the expression of the malignant
phenotype (Ribatti et al 2020).

Vimentin protein expression is traditionally associated with high tumor risk and chemoresistance. This
has been supported by the fact that vimentin is the major cytoskeletal component of, and is consistently
expressed and conserved in, mesenchymal cells (Danielsson et al 2018, Kokkinos et al 2007, Mendez et al
2010, Raymond and Leong 1989). The argument that vimentin expression mainly occurs in those cell types
displaying invasive phenotypes reinforces the hypothesis that vimentin is related to high invasive abilities.
Vimentin filaments assemble into a flexible fibrous matrix that surrounds the nucleus and attaches to the
endoplasmatic reticulum and mitochondria, and extends within the cell interior up to the membrane,
allowing the cell to respond to mechanical stresses (Gardel ef al 2008, Hu et al 2019, Patteson et al 2019).
Vimentin is expressed together with CKs in many normal and neoplastic endocrine cell types (Hendrix et al
1997, Polioudaki et al 2015). As it is known for being involved in tumor initiation and development,
including cancer related EMT, vimentin has gained clinical significance as tumor marker, and antibodies
targeting vimentin are also employed as markers in histopathological diagnosis, in order to distinguish
epithelial and mesenchymal tumors, such as malignant melanomas and lymphomas (Danielsson et al 2018).

CKs belong to the largest group of IFs, and show a remarkable degree of molecular diversity. Twenty
distinct CK isotypes, with molecular weights ranging from 40 to 68 kDa, have been so far identified in
human epithelia, with CK1-CK8 being type II basic epithelial proteins, and CK9-CK20 being type I acidic
epithelial proteins. In cells, type I keratins pair with type II keratins to form heterodimers that interact with
each in other to form flexible and stable filaments. Keratin filaments constitute a fibrous dynamic network
that extends from the nucleus to the plasma membrane, and enables cells to resist mechanical stress, thus
providing strength and elasticity (Moll et al 2008). As pairs of basic and acidic CKs are expressed in
different ways in epithelial human cells at distinct stages of differentiation and development, CKs are useful
for pathologists to identify epithelial (cytokeratin positive) cells versus non-epithelial (usually cytokeratin
negative) tumors. CKs are expressed among different breast cancer cell lines and are down-regulated during
metastatic invasion and progression, and such regulation of keratin in epithelial tumor cells is viewed as one
of the key mechanisms behind EMT (Karantza 2011, Seltmann et al 2013, Shao et al 2012).

Importantly, the ability to co-express both keratin and vimentin IFs in cells was shown to confer
migratory ability to single cells in cancers such as malignant breast carcinoma (Domagala et al 1990,
Hendrix et al 1997, Raymond and Leong 1989, Thompson et al 1992), whereas inducing vimentin
expression in vimentin negative epithelial cells was shown to affect cell-cell adhesions by disrupting
keratin-desmosome interactions (Mendez et al 2010).

The question that we attempt to address in this study is whether a difference can be drawn between the
expression of specific protein markers (identifying the EMT status of a cell) and the real contribution of
such proteins to the EMT process. This study examines the significance of vimentin and keratin protein
expression in six breast carcinoma cell lines during migration through a constricting rigid environment, in
order to refine the characterization of their EMT status and compare how the expression of specific IFs
relates to the standard assumptions of the EMT model. Two fibroblast cell lines derived from mouse embryo
are also included in our model, as mechanically they well represent an advanced EMT stage. We simulate
the process cancer cells undergo during migration through the extracellular matrix (ECM) and
extravasation, with migration assays performed on chips equipped with three dimensional rigid
micro-constrictions (for more details, see Ficorella et al 2019 and Sala et al 2021). We initially focus on the
response of the IF cytoskeleton to the compressive stress applied by the narrowing micro-constrictions, and
we observe to what extent does the IF cytoskeleton contribute to individual cancer cell migration into
narrow spaces. We find that there is no noticeable difference in the behavior of the keratin and vimentin
networks during migration through our micro-constrictions, and that vimentin IF expression does not
always correlate with the invasive behavior exhibited by the different cell lines in the micro-channel assay.
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Since EMT is also characterized by an increase in cellular contractility (Kraning-Rush et al 2012, Mierke
et al 2008), these findings prompted us to investigate the role of contractility in confined migration. Cellular
contractility has been object of intense study since it is known to be a key mechanism not only in cell
motility and tissue formation, but also in invasion. Contractility can be fostered by two distinct cell
mechanisms: actin stress fibers, which generate force dipoles when cells navigate through the ECM (Gardel
et al 2010, Mierke et al 2008), and the acto-myosin cell cortex, which gives rise to isotropic contractions
(Chugh and Paluch 2018, Gyger et al 2014, Murrell et al 2015, Salbreux et al 2012). In a previous study, we
observed in details how the actin cytoskeleton is impacted under conditions of strong confinement, and
found that activation of actin stress fibers contractility was a requirement for depolymerization of the actin
cytoskeleton and successful migration through the micro-funnels (Ficorella et al 2019). Here, we focus on
the second type of contractility, and show how the acto-myosin cortex is a major component for
invasiveness through the narrow spatial confinement. We propose the idea that the ability to easily switch
between distinct contractility mechanisms is what primarily allows individual cells to navigate through
interstitial spaces and survive large deformation stresses.

2. Methods and materials

2.1. Cell culture
The human breast cancer cell lines used in this study were purchased by ATCC. MCF-10A cells
(non-tumorigenic epithelial) were cultured in 1:1 mixture of Dulbecco’s Modified Eagle’s Medium
(DMEM) and Ham’s F12 medium (Biochrom, with L-Glutamine) supplemented with 5% Horse Serum
(HS), 20 ng ml~! epidermal growth factor (EGF), 10 g ml~! Insulin (Sigma-Aldrich), 100 ng ml ™!
Cholera Toxin (Sigma-Aldrich), 500 ng ml~! Hydrocortisone (Sigma-Aldrich), and 1% 10000 U/ml
penicillin/streptomycin (Biochrom). The EGF-free MCF-10A cells were cultured under the same conditions,
except for the lack of EGF in the medium. MCEF-7 cells (cancerous epithelial, derived from
adenocarcinoma) were cultured in Eagle’s minimal essential medium (Sigma Aldrich) supplemented with
10% fetal calf serum, 10 g ml! Insulin (Sigma-Aldrich), 100 mg ml~! sodium pyruvate 100 mM (100X)
(Life Technologies), 1% non-essential amino acids (100X) (Life Technologies), and 1% 10000 U/ml
penicillin/streptomycin (Biochrom). MDA-MB-231 (mesenchymal, highly aggressive and derived from
adenocarcinoma) and MDA-MB-436 cells (mesenchymal, derived from metastatic site) were cultured in
DMEM (Biochrom, with 4500 mg 17! glucose, L-glutamine, without sodium pyruvate) supplemented with
10% fetal calf serum FCS (Biochrom) and 1% 10 000 U/ml penicillin/streptomycin (Biochrom).
MDA-MB-468 cells (mesenchymal, derived from pleural effusion of adenocarcinoma) were cultured in
RPMI 1640 medium (Capricorn Scientific) supplemented with 10% fetal calf serum FCS (Biochrom), and
1% 10000 U/ml penicillin/streptomycin (Biochrom).

3T3 NIH Swiss mouse fibroblasts, derived from mouse embryos, and the vimentin-negative mouse
fibroblasts, derived from vimentin free mouse embryos, were kindly provided by the Magin Lab (Division
of Cell & Developmental Biology, Institute of Biology at the University of Leipzig) and cultured in DMEM
supplemented with 10% FCS and 1 mM sodium pyruvate. The cells were cultured at least twice per week at
80% confluence or less (care was taken to not allow the cells to become confluent).

2.2. Cell immunostaining

Commercially available monoclonal and polyclonal antibodies were selected for the detection of keratin and
vimentin IF in paraffin-embedded and methanol-fixed human breast cancer cell lines. The tested primary
antibodies were the following: anti-pan cytokeratin AB_780038 (rabbit, polyclonal, targeting CK4, CK5,
CK6 and to a minor extent CK8, CK14 and CK16), anti-cytokeratin 8/18 AB_10986863 (mouse, cocktail),
and anti-vimentin AB_2216267 (chicken, polyclonal). As secondary antibodies, the donkey anti-rabbit IgG
(H + L) highly cross-adsorbed AB_2216267 (Alexa Fluor 488), the goat anti-mouse IgG (H + L) highly
cross-adsorbed AB_2534088 (Alexa Fluor 488), and the goat anti-chicken IgY (H + L) cross-adsorbed
AB_2535756 (Alexa Fluor 633) were used. Hoechst-34580 was also used to label the nuclei. The tumor cells
observed in this study were fixed in methanol for keratin and vimentin immunostaining. The primary
antibodies were incubated on the cells for one hour at room temperature. The optimal dilution for each
primary and secondary antibody allows a strong specific protein labeling with minimal non-specific
background labeling, and was determined after several trials.

2.3. Experimental procedure of migration assays and cell imaging

The migration assays were performed on chips containing polymeric narrowing micro-constrictions with a
final width ranging between 3 to 7 ym, and a top-bottom distance of 10 pm. The final cross-sectional area
of the funnel was significantly smaller than the cell cross sectional area (supplemental figure 2
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(https://stacks.iop.org/NJP/23/083028/mmedia)). Cells were seeded on the culture chamber of the
micro-constriction chips at a density of 10° cells ml~'. The density was assessed with an EVE cell counter. A
mixture of medium and chemoattractant (1 ul ml~!) was pipetted into the collecting chamber in order to
allow directional cell migration toward the row of micro-constrictions. EGF was most commonly used as
chemoattractant, although glucose and sodium pyruvate were equally successful. For the phase contrast
long term observations, the chips were placed in a 12-well plate with plastic bottom (CELLSTAR, Greiner
Bio-One). More details about the chip fabrication procedure can be found in Sala et al (Sala et al 2021). In
particular, we highlight that the specific design of these chips enables high-quality and high-magnification
imaging of the migrating cells, while allowing an exquisite control on the shape and size of the
micro-constrictions. The cells were observed for four days, the medium was refilled every 12 h. Time-lapse
phase contrast recordings were acquired with 10X EC Plan-Neofluar M27 objective (NA 0.25, air) using a
Zeiss Axio Observer Z1 and selecting a 300 s interval between acquisitions. The microscope was equipped
with an on-stage incubation chamber which maintained the temperature at 37 °C and CO, concentration at
5%. The Zeiss Axio Observer Z1, equipped with a Yokogawa CSU-X1A5000 spinning disk confocal
scanning unit was also used to acquire fluorescence images of the intermediate filaments and nuclei upon
cell fixation, with a 100X Plan-Apochromat M27 objective (NA 1.4, oil). Images were acquired with a
Hamamatsu Orca Flash 4.0 camera. Gamma values were corrected to obtain high contrast images.

2.4. Western blots

CK5, CK6a/CK6b, CK8, as well as vimentin were targeted. The antibodies employed were kindly donated by
the Magin Lab (Division of Cell & Developmental Biology, Institute of Biology at the University of Leipzig)
and have been extensively validated by previous independent western blot assays. The primary antibodies
were the following: anti-vimentin (rabbit, 1:8000), anti-CK5 L55 (rabbit, 1:2500), anti-CK6a/CK6b L27
(rabbit, 1:10 000), anti-CK8 L13 (mouse monoclonal, 1:1000), and anti-CK19 L276 Troma III (rat, 1:50).
The typical amount of lysate loaded per pocket on the SDS-page gel ranged between 8 and 12 pl for the
epithelial cell lysates, or between 12 and 15 pl for the mesenchymal cell lysates. After electrophoresis, the
proteins in the polyacrylamide gel were immediately transferred on a nitrocellulose membrane via semi-dry
blotting. Overnight incubation with Coomassie R250 on a separate gel was performed beforehand as
control, to confirm that the protein load in the gel upon electrophoresis was indeed correct. Following the
blotting, the membrane was stained with Ponceaus, to ascertain the quality of the protein transfer in each
lane, and later incubated with the selected antibodies.

2.5. Optical stretcher measurements and quantification of contractility

The optical stretcher (OS) is a laser-based optical trap, which is used for contact-free trapping and
deforming (stretching) micrometer-sized soft matter particles, such as biological cells in suspension. The
viscoelastic properties of individual cells in suspended state are examined in their ground state, without any
adhesion effects due to the contact with other cells or with the measurement device itself (Guck et al 2001,
2005, Gyger et al 2014). The cells to be examined are located in a flow channel and pumped with a
microfluidic pump (Fluigent). They are successively captured and held between two opposing divergent
laser beams (Fibolux Fibotec, with A = 1064 nm) of Gaussian profile with a trap power of Py, = 100 mW.
The laser power was then increased to Pyyeich = 800 mW for 5 s, inducing an optical stress of o =~ 0.8 Pa.
This steady increase in laser power caused the force acting on the cell surface to increase and the cell to be
deformed along the laser axis. After 5 s, the laser power was turned back to the initial 100 mW. The
deformation of the cell is measured by video microscopy (Guck et al 2005). In general, the magnitude of the
deformation is a function of time, due to the viscoelastic properties of the cells. By analyzing the major and
minor axis of the cell in the trapping and stretching phase, conclusions can be drawn about the
deformation. It is also possible to make statements about the size distribution of the measured cells.
Attention was paid to measure as many cells as possible (about at least 1000 cells), in order to obtain an
accurate broad distribution of the deformation of each cell line. No drugs or dyes were added. The median
values of the contractility were determined upon completion of the OS measurements through a
mathematical model based on the active Kelvin—Voigt model.

3. Results

Molecular classification does not necessarily correlate to the ability of cells to actively migrate through
confining spaces.

The device used to test the potential invasiveness of the six breast carcinoma cell lines was designed to
include two millimeter-sized reservoirs, separated by a ‘migration region’ containing many aligned
funnel-shaped micro-constrictions. These were built by using an SU-8 3025 resin, an epoxy-based negative
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Table 1. Migration assay results.

Molecular Invasiveness in Actin stress fibers
Cell type classification microconstrictions formation
MCEF-10A (EGF-free) Ba Only leading cells No
MCF-10A Ba Passed through Yes
MCEF-7 LA No No
MDA-MB-468 TNA Passed through Yes
MDA-MB-436 TNA No No
MDA-MB-231 TNB Passed through Yes
MF Vim —/— Fibroblasts Passed through Yes
MF Vim +/+ Fibroblasts Passed through Yes

photoresist used in photo lithography. One of the reservoirs was dedicated to cell growth (culture chamber).
The second reservoir, filled with cell medium and with a chemoattractant to stimulate directional
migration, collected the cells that successfully migrated through the constrictions in the migration region.
Each reservoir can contain 35 ul of medium, which ensures the experiments to be carried out up to 12 h
before complete evaporation. The micro-constrictions have a minimum aperture ranging between 5 to

10 pum. The distance between the top and the bottom layer (constriction height) is 10 ym. This allowed cells
and their nuclei to be compressed in all three spatial dimensions. Forcing cell migration in the narrowing
3D glass-like constrictions offered the advantage of observing how physical confinement alters cellular
behavior and morphology, without the involvement of ECM proteases and other regulatory enzymes and
growth factors.

In Ficorella et al (2019), we showed that fundamentally different cell types can display the same invasive
potential in spatial confinement. Both the highly aggressive mesenchymal MDA-MB-231 and the normal
epithelial MCF-10A cells had exhibited speed and directionality of motion upon stimulation with the
chemoattractant, and had successfully achieved migration through the narrow constrictions. High
resolution immunofluorescent imaging had revealed that when moving in the culture chamber and entering
the micro-funnels, motile cells displayed aligned actin stress fibers and a cortical actin shell in proximity of
the membrane. We showed how squeezing through the micro-funnel aperture necessitates actin fiber
depolymerization, cortical cytoskeleton disruption and deformation of cell membrane. The MDA-MB-231
cells assumed a motility mode that strongly resembled blebbing while squeezing through the micro-funnels.
In the strongly adherent and polarized MCE-10A cells, the actin remodeling occurred by following the same
pattern as the mesenchymal cells, except for the formation of actin rich lamellipodial protrusion at the cell
leading edge during the squeezing phase, necessary to generate sufficient force for translocation of the cell
body through the constriction opening. We also showed that the metastatic mesenchymal MDA-MB-436
cells did not exhibited migratory behavior and showed no formation of directional actin bundles as in the
case of the MDA-MB-231 and the MCF-10A cells (supplemental figure 1). This ultimately revealed how
critical actin stress fibers formation is for the actin cytoskeleton depolymerization and successful migration
in rigid confinement (Ficorella et al 2019).

In this study, we introduced more cell lines with the intention of drawing more general conclusions
about the migration behavior of single breast carcinoma cells in our microstructures. The following cell
lines were selected: MCF-10A cells grown in medium not supplemented with epithelial growth factor (EGF)
(20 g171), the cancerous epithelial MCF-7, and the cancerous mesenchymal MDA-MB-468. The
vimentin-positive and the vimentin-negative 3T3 NIH Swiss mouse fibroblast cells have also been included
as a prototype for mesenchymal cells at an advanced EMT stage.

The EGF-free MCF-10A cells have shown noticeable differences when compared to the original
MCEF-10A cells, both in size and motility behavior (supplemental figures 2(a) and (b)). EGF and EGF
receptor are well-known for playing a crucial role in wound healing by stimulating proliferation of epithelial
cells and fibroblasts for dermal and epidermal regeneration (Bodnar 2013, Wong and Guillaud 2004). After
three months of EGF-free culture, the MCF-10A cells showed a rounder morphology, smaller size, while
growing at a slower proliferation rate and in compact clusters. In the microchips, they grew in a compact
monolayer with little to no presence of lamellipodial protrusions, but only the leading cells in the
monolayer were successfully pushed through the funnels. The slow but successful migration of the leading
cells was followed by the arrest of the monolayer advancement and cell proliferation (supplemental
figure 3). On the other hand, the epithelial cancerous MCE-7 cell line was not responsive to any of the
employed chemoattractants, and showed no motile behavior (supplemental figure 3). Similar to the
MDA-MB-436 cell line, the MDA-MB-468 was extracted from pleural effusion of mammary gland and
other breast tissues. However, contrary to the MDA-MB-436 cells, they successfully navigated through the
micro-constrictions with a seemingly bleb-like motility mode, maintaining a roundish, ameboid
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Figure 1. Cytokeratin and vimentin expression in breast cancer cell lines. (a) Methanol cell fixation was performed on the
selected epithelial and mesenchymal cells to visualize keratin and vimentin filament distribution, with polyclonal and

monoclonal antibodies respectively. Keratin filaments are shown in green, vimentin filaments in violet. The nuclei (blue) were
stained with Hoechst-34580. The CK8/18 cocktail successfully stained the keratin filament in all cell types. The pan-cytokeratin
antibody did not provide a fluorescent signal for the MDA-MB-436. While the keratin IFs appear to be densely and
homogeneously distributed within the two MCF-10A cell types and the mesenchymal cells, in the epithelial MCF-7 cells they are
mainly concentrated at the boundaries of the tight cell clusters. Immunostaining has confirmed the absence of vimentin
expression in the MCF-7 and MDA-MB-468 cell lines. Scale bar is 20 #m for all panels. (b) Anti-keratin 5, 6(a &b), 8, and
anti-vimentin western blots for the epithelial cells are shown. In spite of the low intensity signal for the CK5 blot, two bands can
be observed at an approximate molecular weight of 60 kDa for the MCF-10A cell types. In accordance to their molecular
classification, the MCF-7 cells turned negative for the basal CK5/6, and positive for the luminal CK8. While the wild type
MCF-10A cells were positive for all three keratin types, the EGF-free cells resulted positive for CK5/6, but not for CK8. The
mesenchymal lines were positive to CK5 and CK8, but only the MDA-MB-468 were positive to CK6.
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morphology, strongly resembling the MDA-MB-231 cells (supplemental video 1). Finally, both the
vimentin-positive and the vimentin-negative 3T3 mouse fibroblasts equally achieved migration through the
micro-constrictions (data shown in supplemental videos 2 and 3).

Table 1 offers a summary of the migration results, with the cells listed in order of aggressiveness on the
EMT scale and classified into basal (Ba), luminal A (LA), triple negative A (TNA), and triple negative B
(TNB) subtypes, according to available literature.

Intermediate filament expression determines the EMT status of mammalian cells, but not their ability
to navigate through confinement.

After observing the heterogeneous migratory response of our cell lines in the micro-constriction chips,
we decided to investigate the IF expression for each cell type and see whether or not it correlates to their
ability to navigate through the constrictions. PanCK, CK8/18, and vimentin antibodies were used for
immunofluorescence labeling in order to visualize the IF expression in our six breast cancer cell lines
(figure 1(a)). As expected, all cell lines showed positive staining for CK8/18. The mesenchymal
MDA-MB-231 and both the epithelial MCEF-10A cell types constitutively co-express vimentin and keratin.
Dual immunofluorescence labeling revealed remarkably dense keratin and vimentin networks, particularly
in the MCF-10A cell line. The vimentin filament network in the EGF-free MCF-10A cells appears visibly
less dense than in the original MCF-10A cells, suggesting that a downregulation of vimentin has occurred.
Vimentin was not detected in the cancerous epithelial MCF-7 cells, nor in the cancerous mesenchymal
MDA-MB-468 cells. Interestingly, while the CK8/18 antibody cocktail worked for all cell types, the anti-pan
cytokeratin antibody targeting CK5 and CKG6 failed to detect filaments in the mesenchymal MDA-MB-436
cells, suggesting that this cell type may be characterized by a less heterogeneous keratin protein expression.
Importantly for this specific cell type, the inability of displaying an invasive migratory behavior despite their
being a triple negative, vimentin-positive, mesenchymal line, could be correlated to the expression of
luminal keratins such as CK8 and CK18 and a lack of expression of basal keratin such as CK5 and CK6. To
validate this assumption and ascertain more accurately the IF content in our cell lines, we performed
western blots, specifically targeting vimentin and a group of keratins commonly expressed in
adenocarcinomas (and partly in the immunofluorescence assays), namely CK5, CK6a/CK6b, and CK8
(figure 1(b)).

The expression of high molecular weight CK5 (and its type I acidic partner CK14) in breast tissue
defines the carcinoma as basal-like, and is associated with poor prognosis and poor survival chances
(Karantza 2011, Shao et al 2012). CK5 was detected, as expected, in all triple negative mesenchymal cell
lines and in both basal MCEF-10A cell types, but not in the luminal MCF-7. Presence of CK5 was confirmed
in the MDA-MB-436 cells, where the pan cytokeratin solution containing anti-CK5 antibodies failed to
show any filamentous structure. It is important to notice that the immunostaining assays were performed
for multiple cell lines at the same time. However, the fact that the CK5 blot provides such a clear result
likely suggests that during the pan cytokeratin immunostaining in the MDA-MB-436 cells not enough
primary antibody bounded to the protein of interest, which caused the secondary antibody to fail to detect
CKS5 filaments.

CKé6a and CK6b isoforms are present in stratified epithelial and their overexpression is associated to
abnormal differentiation and enhanced cell proliferation rate during wound healing, as well as in diseases,
such as actinic keratosis, psoriasis, and cancer. When used as epithelial marker, CK6 is often used together
with CK5. CK5/6 expression entails a basal-like molecular phenotype, which is associated to poor prognosis
and in the breast it can be used to distinguish between ductal hyperplasia (CK5/6-positive) and solid
papillary carcinoma (CK5/6-negative) (Moriya et al 2009). Interestingly, CK6a/6b was detected in both
MCEF-10A types and in the cancerous MDA-MB-468 cells, but not in the invasive MDA-MB-231 cells.

The simple epithelial keratins CK8 is expressed in most adenocarcinomas. The pair CK8/18 is known to
ensure a flexible intracellular scaffolding that can resist external forces, thus maintaining cellular integrity,
as well as mitochondrial structures. Importantly, besides its role of structural support, CK8 is also known to
modulate intracellular signaling, thus affecting pathologies such as liver disease (Ku et al 2010) and
carcinogenesis, through a number of signaling pathways involved in cell growth, motility and apoptosis
(Weng et al 2012). As downregulation of CK18 in metastatic breast cancer has been recognized by gene
profiling, this cytokeratin is widely used as a reliable epithelial marker in diagnostic histopathology
(Karantza 2011). Here, the luminal marker CK8 was easily detected in the MCF-10A and in the MCE-7
cells, as well as in the mesenchymal cell lines. The weak bands that are visible on the MDA-MB-436 and
MDA-MB-231 lanes may signify that this specific cytokeratin is also expressed in these cell lines, perhaps to
a minor extent. The EGF-free MCF-10A cells show no expression of CK8. Because the MCF-10A cell line
possesses the ability to express both basal and luminal markers, despite being characterized by a basal-like
phenotype (Qu et al 2015), the downregulation of CK8 expression in the EGF-free type may indicate a
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Figure 2. IF single cell migration through narrow microconstrictions. (a) Phase contrast image of the funnel + channel
constriction. Scale bar is 40 ym. (b) MCF-10A cells after squeezing through the narrow channel. (b.1) The vimentin and keratin
networks, as well as the cell nuclei, temporarily retain an elongated configuration due to the squeezing process through the
narrow channel. (b.2) MCF-10A cell after migration through the channel. Here we can see that the dense vimentin and keratin
networks have reacquired the typical configuration, homogeneously spreading from the nucleus to the membrane. Scale bar is
20 pm for all panels.

progressive loss of luminal features when these cells are not exposed to EGF expression, and therefore a
consolidation of their basal origin.

3.1. Intermediate filaments in living cells organize in bundles when undergoing compression
To gain some insight on the response of keratin and vimentin networks in living cells to compressive stress,
we closely observed their re-arrangement after migration through the micro-funnels. For this purpose, we
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Figure 3. Optical deformability curves of mammalian carcinoma cell lines and mouse fibroblast cell lines. (a.1) Relative mean
deformation of the epithelial EGF-free MCF-10A cells (in green), MCF-10A (in blue) and MCF-7 (in red) cells is plotted. T =
0-1 s indicates the trapping stage, where the laser power is used only to trap and stabilize single cells, without stretching them.
During the stretching stage t = 1-6 s the laser power increases stepwise up to 800 mW (orange rectangle). The epithelial cell type
MCF-10A and MCF-10A w/o EGF show an increasing contractile behavior, during stretch, whereas the MCF-7 deformation
curve shows a drastically reduced contractility. (a.2) Relative mean deformation of the mesenchymal MDA-MB-468 (in green),
MDA-MB-436 (in blue), and MDA-MB-231 (in red) cells. Overall, the mesenchymal cells are much less contractile than the
epithelial cells when optical stress is applied. The MDA-MB-436 cell line complies to a passive viscoelastic response without
active contraction, while the other two deformation curves show mesenchymal cells with a contractile behavior. The light colored
bands superimposing on the OS deformation curves denote the 95% confidence interval. (b.1) Vimentin and keratin fluorescent
stain of the WT 3T3 mouse fibroblasts and the vimentin-negative mouse fibroblasts. (b.2) Relative deformation of the mouse
fibroblasts cell lines. The 3T3 Vim —/— (in green) show a high active contractility, whereas the

Vim +/+ (in blue) tend to have a contractile behavior, which is less active than that of the Vim —/—. (c) Box plot of the
contractile stress for each cell line (listed in order of aggressiveness on the EMT scale) upon optical stretching. Asterisks indicate
the level of significance of the two-sided Kolmogorov—Smirnov test with the values p < 0.05 (significant), p < 0.01 (very
significant), p < 0.001 (very significant) for one, two and three asterisks, respectively.

chose the epithelial MCF-10A cells, as they are characterized by the densest IF network among the cell lines
selected for this study. Cells were seeded in the chip’s culture chamber and let migrate through the
constrictions upon chemoattractant stimulation. In this case, the micro-funnel was followed by a 40 yum
long channel with parallel walls, which prolonged the compressive stress applied on the cells (figure 2(a)).
Methanol cell fixation and immunostaining was performed after multiple cells reached the collecting
chamber, approximately four days after seeding. By the fourth day, the culture chamber had reached
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Table2. Summary of results.

Molecular Invasiveness in  Actin stress fibers Vimentin CK8 CK5 CKé6a/6b Active

Cell type classification microconstrictions  formation expression expression expression expression contractility
MCF-10A (EGF-free) Ba No No Reduced No Yes Yes Reduced
MCEF-10A Ba Yes Yes Yes Yes Yes Yes Yes
MCE-7 LA No No No Yes No No No
MDA-MB-468 TNA Yes Yes No Yes Yes Yes Yes
MDA-MB-436 TNA No No Yes Yes Yes No No
MDA-MB-231 TNB Yes Yes Yes Yes Yes No Yes

MF Vim —/— Fibroblasts Yes Yes No No No No Yes

MEF Vim +/+ Fibroblasts Yes Yes Yes No No No Yes

approximately 70% confluence which caused some cells to form cell—cell contacts with their neighbors and
migrate collectively toward the micro-constriction row, while other cells where migrating individually.
Although the presence of the constrictions constitutes a temporary rupture of this confluent state, cells
retained some cell—cell adhesive junctions when reaching the culture chamber (figure 2(b.1)). What we
could conclude by observing the cells that have migrated through the narrow channels, is that the filaments
arranged into tight bundles while squeezing through, supposedly because of a mere geometric effect
imposed by the shape of the constrictions, and temporarily retained a bundled configuration oriented along
the direction of migration once they entered the collecting chamber (figure 2(b.1)). In a previous study we
observed how migration through the micro-constriction had induced profound alterations in the actin
cytoskeleton scaffold, and how cells were unable to rebuild actin stress fibers in the 48 h after squeezing
through (Ficorella et al 2019). Here, the IFs appear to regain their original configuration relatively fast
(within the first 24 h after crossing the constrictions), extending homogeneously from the nucleus to the
cells membrane (figure 2(b.2)).

3.2. Cortical contractility bestows invasive aptitude to individually migrating cancer cells

Since vimentin positive mesenchymal cells (MDA-MB-436 and EGF-free MCF-10A) did not display invasive
behavior in the microchips, while some vimentin negative cells (MDA-MB-468 and 3T3 NIH Swiss mouse
fibroblasts) did, vimentin protein expression does not seem to strongly correlate to the invasive behavior
displayed by single cells when migrating through high physical confinement. We then asked whether on a
mechanical level a factor exists that can determine which cells can actively navigate through highly
compressive spaces, and that at the same time is independent of their tumor phenotype and IF protein
expression. A parameter that needs to be considered is the ability of individual cells to deform their shape
when squeezing through the constrictions. Cell shape is mainly determined by a stable network of actin
filaments, myosin motors and a number of other actin-binding proteins, known as cell cortex. Because the
cortex is attached to the cell membrane, its contractions and relaxation play a crucial role in determining
cell shape. While fibers-driven contractile forces may originate from polymerization processes such as actin
treadmilling (Blanchoin et al 2014, Mogilner and Oster 2003, Pellegrin and Mellor 2007, Ridley et al 2003),
contractile forces that are independent of focal adhesions can be caused by depolymerization and myosin
motors activity (Blanchoin et al 2014, Gyger et al 2014). As we know that actin bundles depolymerization
occurs within cells crawling through the micro-constrictions, we asked whether contractility of the actin
cortical layer could be the missing element that would explain why certain cell lines, rather than others,
show invasive behavior in our setup.

To test this hypothesis, we performed OS measurements for each cell line. The microfluidic OS setup
allows to obtain an insight on cell contractility that is independent on focal adhesion and other
substrate-dependent force generating mechanisms. Cells in suspension are characterized by a spherical
morphology and a cortical layer underlying the plasma membrane, with no actin stress fibers within the cell
body. The thickness of the actin cortex is the major contributor to the resistance against a deforming stress
(Gyger et al 2014). Stretching cells in suspended state generates an active contractile reaction of the
actomyosin network that can be quantified through an extended mathematical model built on the
Kelvin—Voigt model for viscoelastic materials that includes a linear contractile force. Strictly related to the
concept of contractility, is that of optical deformability. Optical deformability is defined as the compliance
after a given time ¢, and depends on the viscoelastic nature of cells. The optical deformability curves were
obtained by stretching cells at a laser power of 800 mW for t = 5 s. The passive viscoelastic reaction of the
cytoplasm does not contribute to the contractility, and is therefore not taken into account. Surprisingly, the
results revealed that the cell lines that showed substrate-independent contractile behavior, based on the
actomyosin cortex and not stress fibers (arched deformability curves), are the same cell lines that
successfully achieved migration through the micro-constrictions, whereas those that showed no active
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response to the stretching (straight deformability curve) correspond to the ones that failed to exhibit motile
behavior in the micro-constriction chip. Particularly, increasing active contractility of the MCF-10A and
MCEF-10A w/o EGF cells can be clearly observed from the deformation curve in figure 3(a.1). Quantitative
analysis revealed that the median value of the contractility is 0.1287 Pa s~ and 0.0826 Pa s~ for the
MCEF-10A cells and the EGF-free MCF-10A cells respectively (contractility values are given in figure 3(c)).
The MCE-7 cell line, on the other hand, showed no active contractile behavior, which indicates a viscous
passive response to the pulling stress exerted by the lasers. Accordingly, the contractility value for the
MCE-7 cells is a very low 0.000011 Pa s '. The MDA-MB-468 and MDA-MB-231 deformability curves
show a contractile behavior, which is however noticeably less pronounced than the that of the epithelial cells
(MCEF-10A and MCEF-10A w/o EGF) (figure 3(a.2)). Such reduction in optical deformability suggests a
lower structural resistance of the actin cortex, which is consistent with the ability of mesenchymal cells to
navigate through the ECM and intravasate into the lymphatic and circulatory system to reach distant tissues
and organs. The contractility values are 0.0174 Pa s~ and 0.0032 Pa s™! for MDA-MB-468 and
MDA-MB-231 respectively. Similar to the MCEF-7 cells, the metastatic mesenchymal MDA-MB-436 cells
display passive viscoelastic behavior, with contractility of 0.0013 Pas™'.

Finally, we obtained deformability curves of the WT mouse fibroblasts, as well as the vimentin knocked
out cells. As mentioned previously, both these cell types exhibited high motility in the micro-chips upon
stimulation with sodium pyruvate added to the medium in the collecting chamber, and easily squeezed
through the micro-constrictions. They are the only keratin-free cell lines utilized in this study, as confirmed
by immunofluorescent labeling (figure 3(b.1)). Both OS curves show a deformable behavior, as in the case
of the motile breast cancer cell lines. It is interesting to notice that the vimentin knocked out cells display a
more pronounced contractile behavior, with a value of 0.0866 Pa s~!, when compared to the
vimentin-positive fibroblasts, whose contractility is 0.0025 Pa s~ (figure 3(b.2)).

Table 2 offers a comprehensive summary of all results.

4. Discussion

Although up-regulation of vimentin expression in keratin positive human breast tumor cells seems to
strongly correlate with increased motile behavior in 2D in vitro migration, it is yet unclear whether
vimentin up-regulation alone confers cells the ability to migrate through sub-nuclear sized pores. Similarly,
although cytokeratin expression is considered a reliable prognostic marker in tissue histology, it is not
known to what extent specific cytokeratin expression affects single cell invasiveness, or whether its role is
limited to resist external stresses for the preservation of cellular integrity. Our micro-constriction assay
presents a very special case of cancer cell migration in a dense environment, and although it involves a more
complex situation than motility assays on a 2D cover slide, it is yet not a conclusive test to predict cancer
cell aggressiveness in vivo. However, it decisively allowed us to gain a better understanding of the response
of both the actin and IF cytoskeleton to mechanical constraints.

The choice to select clinically well-characterized, and yet very diverse, cell lines was motivated by the
desire to observe how cell lines arrayed along the whole phase space of the EMT spectrum (from normal
epithelial and stationary to mesenchymal and highly invasive) would behave in our micro-constriction
setup, and whether recurring, comparable migratory patterns could emerge.

Our analysis of the IF content in the eight cell lines shows that vimentin expression alone may not be a
boost to single cell motility and invasion. Our findings show that the vimentin negative cell lines
(MDA-MB-468 and mutant 3T3 mouse fibroblasts) were able to squeeze through the narrow channels,
whereas vimentin positive mesenchymal cells (MDA-MB-436) were not able to do so. This contradicts the
idea that vimentin expression is restricted to cell lines exhibiting high migratory abilities and that the lack
of vimentin expression constitutes an impediment to cell motility.

Contrary to what happens during microfilament (MF) and microtubule (MT) de-polymerization, the
vimentin network does not completely disassemble into its monomeric units. Rather, its remodeling
appears to occur via constant cyclic splitting and re-annealing of small clusters (Danielsson et al 2018).
Similarly, depolymerization of keratin bundles normally occurs because of dramatic events, such as
infections or use of drugs (Zhu et al 2013). Labeling the IFs upon migration of MCF-10A cells through the
narrow channels have revealed some interesting differences between the general behavior of the
keratin/vimentin networks and that of the actin filament network. Our experiments suggest that no
depolymerization of IFs occurs when cells crawl through the rigid constrictions, in spite of their narrow
cross-sectional area. Some cells exhibited an elongated shape with bundled keratin and vimentin structures,
whereas others showed a rounder shape and the typical homogeneous distribution of the IF cytoskeleton.
This not only suggests that IFs can easily arrange themselves in a bundled configuration as the cells deform
themselves into a morphology dictated by the shape of the constriction; it also indicates that they can regain
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their spread-out configuration from the nucleus to the plasma membrane within a relatively short time after
undergoing compression (within 24 h).

While rheological studies have shown that semiflexible biopolymer networks such as vimentin soften
under compression (Oosten ef al 2016) and strain stiffen under shear stress (Janmey et al 2007), in vitro
assays on semiflexible biopolymer do not appear to be conclusive when dealing with living animal cells. An
objection to the idea of semiflexible biopolymer network compression softening in live cells was provided
by Gandikota et al, whose atomic force microscope experiments on mouse embryonic fibroblasts have
shown that cells do experience compression stiffening when undergoing uniaxial compression (Gandikota
etal 2019). In our assay, vimentin and keratin filaments appear to behave in the same fashion when cells
undergo compression inside the micro-constrictions. The similarity in their behavior can be easily
accounted for by the fact that both vimentin and keratin share very similar polymeric properties, such as
mechanical stiffness determined by the persistence length, that has been consistently found to lie in a range
between a few hundred nm and a few um by various experimental techniques (Block et al 2015). We also
find no indication that compression stiffening, if it occurred, plays any role in preventing the motile cell
lines to invade through the narrow constrictions.

Since there seems to be no obvious mechanical reason for malignant motile cells to favor the expression
of vimentin over keratin, or vice versa, on a single cell level when navigating through sub-nuclear-sized
pores, it is legit to assume that cell invasiveness in our assay cannot be deducible by mere IF protein
expression. Aside from providing a resilient and semi-flexible scaffold to the cells, keratin IFs may not have
as much of a role in single cell motility, as they do in collective cell behavior, given their contribution to
strong epithelial cell-cell adhesion complexes through their bond to desmosome intracellular junctions.
Similarly, the fact that vimentin expression is linked to increased cell motility may be beneficial to discern
between neoplastic and healthy epithelial cells, but it may also not necessarily relate to the ability of an
individual cell to invade its surroundings. Overall, the two types of IFs seem limited to a role of structural
support to individual cells navigating through the micro-constrictions, while they may earn their role as
cancer markers when considered at a multi-cellular level.

We then shifted our attention to another parameter that is known to play a role in cell motility, namely
cell contractility. Because actin stress fibers contractility ceases to play a role when single cells enter the
constrictions and start squeezing through the narrow aperture (Ficorella et al 2019), we focused our
attention on acto-myosin driven contractility of the cell cortex. Activity of the actomyosin network allows
cells to deform their shape and squeeze through narrow pores by contracting themselves without adhesion
to the local ECM. From the OS deformability curves we obtained for each cell lines, we found that cells that
can actively migrate through the narrowing constrictions, also have the ability to actively contract, to
different degrees, their actin cortex when undergoing laser stretching forces. This suggests not only that cells
can easily switch between different contractility mechanisms during invasion, depending on the nature of
their micro-environment; but also that, from a mechanical perspective, invasive ability is also bestowed to
cells through contractility, since cells that can generate more force and actively contract when subject to
external stresses will have an advantage in situations of high confinement.

The EGF-free MCEF-10A cells displayed contractile behavior but lower optical deformability (higher
stiffness) than the original MCF-10A cells, which may account for the reduced motility and arrest of motion
of the monolayer after reaching the micro-constriction row. Growing the MCF-10A cells in EGF-free
medium appear to have caused important alterations in the expression of their cytoplasmic protein.
Immunofluorescence revealed downregulation of vimentin and likely downregulation of keratin proteins,
whereas western blots confirmed absence of luminal CK8. However, we cannot conclude that the reduced
migratory ability of the EGF-free cells is the consequence of vimentin downregulation alone. It is legit to
assume that the real cause is the interplay of numerous factors that emerged from non-exposure to EGEF,
ranging from protein expression alterations at the molecular level, to increased mechanical stiffness and
other unknown molecular changes.

The mesenchymal cell lines that showed invasive ability in the micro-chip (MDA-MB-468 and
MDA-MB-231), also showed cortical contractility, which was however noticeably less pronounced than that
of the epithelial MCF-10A cells. This is in line with the general idea that epithelial cells are by nature more
contractile, with respect to substrate-independent cortical contractility, than mesenchymal cells, which
mostly display a stress fiber based substrate-dependent contractility. This also agrees with the fact that
reduced resistance to deformation of the actin cortex is required for migration of mesenchymal cells
through dense tissues.

Opverall, our findings suggest that a cell’s invasive ability is not entirely predictable from its tumor
phenotype and EMT status. A well-distinct type of contractility that is substrate independent and driven by
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the cortical actomyosin machinery, not by stress fibers, could be an important factor to distinguish invasive
single carcinoma cells from non-invasive cells, independently of their tumor phenotype.
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