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Squeezing through the microcirculation: survival adaptations
of circulating tumour cells to seed metastasis

Julia Perea Paizal '3, Sam H. Au'® and Chris Bakal (%3

During metastasis, tumour cells navigating the vascular circulatory system—circulating tumour cells (CTCs)—encounter capillary
beds, where they start the process of extravasation. Biomechanical constriction forces exerted by the microcirculation compromise
the survival of tumour cells within capillaries, but a proportion of CTCs manage to successfully extravasate and colonise distant
sites. Despite the profound importance of this step in the progression of metastatic cancers, the factors about this deadly minority
of cells remain elusive. Growing evidence suggests that mechanical forces exerted by the capillaries might induce adaptive
mechanisms in CTCs, enhancing their survival and metastatic potency. Advances in microfluidics have enabled a better
understanding of the cell-survival capabilities adopted in capillary-mimicking constrictions. In this review, we will highlight
adaptations developed by CTCs to endure mechanical constraints in the microvasculature and outline how these mechanical forces
might trigger dynamic changes towards a more invasive phenotype. A better understanding of the dynamic mechanisms adopted
by CTCs within the microcirculation that ultimately lead to metastasis could open up novel therapeutic avenues.
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BACKGROUND
Metastasis accounts for the majority of cancer-associated
deaths, yet it is a highly inefficient process. In animal models,
primary tumours shed an estimated 4x10° cells/gram of tumour
tissue per day,’ but, of this number, fewer than 0.01% manage
to successfully extravasate to seed metastases.? Once cancer
cells have detached from the primary tumour and entered the
bloodstream, they travel as single cells or cell clusters—known
as circulating tumour cells (CTCs)—until they undergo arrest in
the capillary beds that serve to supply nutrients to, and carry
waste away from, the next organ in the circulatory system. CTC
arrest can occur as a result of the reduced diameter of the
capillary lumen dimensions, although other factors can also
influence cell arrest (see below). In the capillary bed, biomecha-
nical forces—predominantly constriction—have been shown to
severely deform the cell cytoplasm and nucleus.>™ Although
forces exerted on CTCs can result in cell death, capillary
constrictions have been estimated to reduce the viability of
CTCs entering narrow vessels by as much as 90%.° Kienast et al.
tracked the fate of arrested CTCs in brain capillaries over months
using real-time intravital imaging, and discovered that the arrest
of CTCs in capillaries is a fundamental step in metastatic
progression.> However, how constriction forces that are
encountered upon arrest can influence the fates of the
remaining cells, and how they might even promote extravasa-
tion, has not been fully explored.

Evidence from the past 5 years suggests that CTCs might
possess diverse adaptive mechanisms that function in response
to constrictive migration to enhance their survival, and also

eventually increase their metastatic potency within the micro-
circulation. One such adaptive mechanism includes the dynamic
regulation of cellular stiffness and contractility, which enables
the immediate squeezing through narrow constrictions and
facilitates extravasation.” Extensive cell deformation can also
activate mechanosensitive pathways that might change cell fate
over the longer term, such as by engaging cell pro-survival
mechanisms® or by inducing epithelial-to-mesenchymal transi-
tion (EMT), both of which lead to a more invasive phenotype.®'°
Strikingly, some of these adaptations share close analogies with
other cell types that typically transit through narrow spaces. For
instance, neural crest cells are able to undergo complete or
partial EMT during embryonic development to promote migra-
tion through micron-size pores,'"'? while immune cells can
dynamically deform their nuclei'® or become activated by
mechanical deformation, which has been reported to promote
migration in narrow capillaries.'*

Because there are limited studies focusing on the micro-
circulation, we will discuss the mechanisms adopted by cancer
cells migrating through constricted environments, such as pores
with similar dimensions to capillaries. However, while extrapola-
tion of the results of cancer cell migration in constricted
microenvironments, such as during tissue invasion, can be
useful to understand some of these mechanisms, key differences
between migration in these environments and capillaries do not
always make such comparisons possible. For instance, while
migration of cancer cells in the tumour stroma is thought to be
directed by chemoattractant gradients,’® the migration of
cancer cells in capillaries is controlled by fluid forces.'®'”

"Department of Bioengineering, Imperial College London, London SW7 2AZ, UK; *Division of Cancer Biology, Chester Beatty Laboratories, Institute of Cancer Research, 237
Fulham Road, London SW6 6JB, UK and 3Cancer Research UK Convergence Science Centre, Roderic Hill Building, Imperial College London, London SW7 2BB, UK
Correspondence: Julia Perea Paizal (j.perea-paizal19@imperial.ac.uk) or Chris Bakal (chris.bakal@icr.ac.uk)

Received: 9 June 2020 Revised: 2 November 2020 Accepted: 3 November 2020

Published online: 1 December 2020

© The Author(s) 2020

Published by Springer Nature on behalf of Cancer Research UK


http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-01176-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-01176-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-01176-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-020-01176-x&domain=pdf
http://orcid.org/0000-0003-1939-2270
http://orcid.org/0000-0003-1939-2270
http://orcid.org/0000-0003-1939-2270
http://orcid.org/0000-0003-1939-2270
http://orcid.org/0000-0003-1939-2270
http://orcid.org/0000-0002-0413-6744
http://orcid.org/0000-0002-0413-6744
http://orcid.org/0000-0002-0413-6744
http://orcid.org/0000-0002-0413-6744
http://orcid.org/0000-0002-0413-6744
mailto:j.pereazal19@imperial.ac.uk
mailto:chris.bakal@icr.ac.uk

Consequently, the migration of cancer cells through micron-
sized pores or capillary constrictions that mimic the extracellular
matrix (ECM) can take hours,'®'® whereas, when physiological
blood flow rates are applied to comparable constrictions, cancer
cells are able to overcome them within milliseconds or
seconds,”?%?! showing that capillary transit occurs at a faster
rate than migration through 3D microenvironments. These
substantial differences in the rates of migration between the
tumour microenvironment and capillaries might affect the
dynamics of acquired adaptations.

Understanding the behaviour of CTCs in capillaries and how
these cells develop adaptation strategies to take on a more
invasive phenotype can improve our understanding of meta-
static evolution, as the microcirculation is where CTCs usually
engage with the endothelium to initiate extravasation'S—
having arrested in the microvasculature, the CTCs extravasate
through the thin and permeable vessel walls into the surround-
ing stroma. In this review, we will describe in vivo and in vitro
studies that focus on the effects of biomechanical forces
experienced by CTCs in capillary beds during metastasis, and
outline how CTCs might adapt to increase their metastatic
potential in response to these forces. When encountering a
capillary constriction, the cytoplasm is the first cell component
that deforms, followed by the nucleus,?” due to their different
stiffnesses (Fig. 1). We will therefore focus on the deformation
experienced by both components and the changes that take
place upon encountering and transiting a capillary. As CTC
dissemination in the circulation might be an early event in
tumour progression,?® the development of therapeutics target-
ing the survival adaptative mechanisms adopted by CTCs in the
microvasculature could drastically reduce the potential of CTCs
to seed metastasis in distant organs.

ARREST IN CAPILLARIES AND MECHANICAL DEFORMATION
The arrest of CTCs in capillary beds is a complex multifactor step
that is essential for metastatic progression. As proposed in
Paget’s “seed and soil” hypothesis,* a favourable microenviron-
ment might promote the engagement of CTCs with the
endothelium.'® Other factors, such as the adhesion potential
of CTCs,"” the local blood pressure of the organ, its blood flow
and the cell deformability, can also influence whether CTCs
become arrested.'®* Indeed, Follain et al.'® demonstrated
in vivo that low blood flow profiles can promote cell arrest
without the need for the cells to be physically occluded,
suggesting that active adhesion between CTCs and the
endothelium is required for a successful extravasation. Other
factors, such as the adhesion potential of CTCs'’ and the
mechanical constraints of the capillary,®'® may also determine
CTC arrest. For instance, CTCs can be far larger than the
diameter of the vessel and/or the architecture of the vessels
might be tortuous.® Capillary beds comprise numerous vessel
bifurcations, abrupt curvatures and sudden changes in diameter
that could facilitate the physical entrapment of CTCs.'®

CTC clusters, which are composed of cell aggregates, have been
reported to have a greater metastatic potential than singlets as
well as a shorter half-life in the circulation,®® allegedly because
they are more likely to undergo arrest owing to their size.
Although intense mechanical deformation has been observed in
CTC clusters when traversing microvessels,?” clusters also possess
a survival advantage when compared with singlets, probably due
to the cooperation between cells within the cluster, which not
only generates hybrid EMT phenotypes,®® but can also protect
cancer cells against fluid shear stress (FSS) and immune assault by
producing a coating shield.*’ An example of this cooperation can
be found in the crosstalk established between cancer cells and
neutrophils within the cluster, which has been shown to promote
CTC extravasation, >
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The immediate consequence of capillary forces: nuclear/cytoplasm
deformation

Once arrested, CTCs experience mechanical forces similar to those
of cells invading 3D tissue or hydrogel,*? the effects of which on
cell deformation, migration and cell fate, have been extensively
studied.'®'819333% | autscham et al.32 observed that the migration
velocity of cancer cell lines in confined 3D environments, which
can be taken as a measurement of cell invasiveness, was
influenced by different factors, including nuclear volume, cell
stiffness, cell contractility and adhesiveness. Interestingly, the
authors reported that it is the volume of the nucleus, and not the
cytoplasm, that limits the ability of cells to migrate through
constrictions,?? as the nucleus is 5-10 times stiffer than the rest of
the cell.® Indeed, in the same study, cell migration was negatively
affected by an increase of nuclear stiffness mediated by over-
expression of the intermediate filament protein lamin A. By
contrast, larger cytoplasmic volumes might actually facilitate
migration through narrow pores because they contain a higher
number of contractile structures that are capable of generating
traction and pulling the cell forward.>* In support of this idea,
increased adhesion between the cell and the channel—mediated,
for example, by coating with the channel with fibronectin and
collagen—promoted migration.3? Thus, studies of cancer cell
invasion suggest that CTC progression through microcapillaries
would be inhibited by larger and stiffer nuclei, whereas large
cytoplasmic volumes and increased cell-ECM adhesion might
facilitate capillary transit.

The viscoelastic properties of cells might also play a role in cell
deformation within capillaries, as increased viscoelasticity has
been proven to enhance cell migration and invasiveness
capacities.®® The results from the study of the mechanics of
leukocytes, which have a viscoelastic behaviour and demonstrate
force relaxation and hysteresis®” after applying pulling forces with
capillary-sized micropipettes, can be used to better understand
the viscoelastic properties of CTCs. Moreover, changes in
neutrophil rheology in response to mechanical stimuli have also
been reported.3® Similarly, the results of experiments with
microfluidic channels, in which plastic deformation was observed
after repeated cell capillary transit, have revealed the viscoelastic
properties of cancer cells.>*® These results suggest that the
viscoelastic relaxation time of CTCs, together with their cytoplas-
mic and nuclear viscosity, might influence the transit and arrest of
CTCs in capillaries.

Extensive in vivo studies have also revealed that CTCs transiting
microcapillaries might undergo a similar deformation to cells
invading 3D tissues. Shape changes in cancer cells transiting
capillaries were first observed by intravital imaging using tumour
cells expressing green fluorescent protein (GFP) injected in
immunocompetent rats.*® Using a similar technique, Mook
et al.*' observed that the arrest of colon cancer cells in the liver
was mainly determined by size restrictions between the cancer
cell and the capillary.*' Advances in the development of dual-
fluorescent cell lines enabled the imaging of CTC deformation in
capillaries with a higher level of detail. Fibrosarcoma cells
transiting through lung and brain microvessels showed extreme
elongations of the nucleus and cytoplasm.* Interestingly, different
nuclear and cytoplasmic elongation rates could be observed in
cancer cells traversing capillaries of the abdomen in mice
suggesting that deformability of the cytoplasm and nucleus is
regulated differently. Additionally, “clasmatosis”, or cytoplasmic
fragmentation, a phenomenon that has been confirmed to attract
specific populations of immune cells, thereby mediating the
efficiency of the metastatic cell seeding,*? could be observed in
cells transiting narrow capillaries.

Long-term effects of constrictions on cell fate
Sophisticated in vivo experiments,'®'”*? together with the
development of microfluidic platforms,®'92%2”43 have shown
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Circulating tumour cell (CTC) encountering a capillary constriction and the possible adaptations that may increase its metastatic

potential. When a CTC encounters a capillary bed, two situations can take place: it can get arrested and initiates extravasation, or the CTC can
transit through the capillary and escape from it, enabling its migration to a more distant capillary bed. During transit and/or arrest, CTCs
undergo intense cell deformation, which can induce changes in the mechanotransduction of signalling pathways, such as RhoA-ROCK and
YAP/TAZ,7>477%9 resulting in an increase of cell invasiveness and survival (see inset “Signalling changes”). Upon activation, YAP/TAZ gets
translocated to the nucleus, inducing changes in the transcription activity. The stretchlng of the cellular membrane favoured by the intense
deformation activates mechanosensors that may contribute to cancer progression.® Constriction forces in capillaries also provoke nuclear
deformation (see inset “Nuclear changes”), leading to chromatin rearrangement and gene regulation towards epithelial-to-mesenchymal
transition (EMT).”>'%7° Nuclear deformation can result in the production of nuclear blebs after nuclear lamin rupture, inducing an exchange of
nucleo-cytoplasmatic contents and thus, mislocalisation of nuclear repair factors.' Consequently, the repair of the nuclear envelope (NE)
may be delayed, resulting in an lncrease in DNA damage. This nuclear damage is one of the possible sources of chromosomal instability (CIN),
which has proven to drive metastasis.2® Shear forces experlenced by CTCs transiting and/or arrested in capillaries can produce cytoplasm
blebs, which upon attachment to the capillary wall, attract immune-interacting intermediates that promote extravasation®* (see inset
“Recruitment of immune populations”). In the event that CTCs manage to squeeze through the caplllary preventing arrest, morphological
changes are observed in the nucleus and the cytoplasm as a result of severe cell deformation.” Overall, capillary constriction forces may
induce long-term effects on cell fate that may contribute to the metastatic potency.

how capillary constriction might affect cell fate. Constricted
microchannels mimicking capillary constriction forces have
been reported to reduce cancer cell viability by 50% upon
exit’° Au et al. showed that clusters of CTCs can migrate
through narrow capillaries by reorganising into single-file
chains, which reduces their hydrodynamic resistance.?’” Inter-
estingly, after transiting microvascular constrictions, CTCs
remained viable and showed no difference in proliferation rates
when compared with the control group. However, these studies
did not evaluate whether the constrictions imposed by
capillaries could confer an advantage on cell migration and
metastatic potential. The next few sections will address in-depth
how cytoplasmic and nuclear deformation could induce
adaptations that drive metastasis.

CYTOPLASMIC DEFORMATION

While transiting capillary constrictions, the cytoplasm easily
deforms, activating different mechanosensors, such as cell-
surface channels and mechanotransduction signalling pathways
(e.g., involving signalling proteins such as the GTPase RhoA and/or
the transcriptional co-activators YAP/TAZ), depicted in Fig. 1. By
converting mechanical forces into chemical signals, these proteins
can mediate cell-fate decisions in CTCs, thereby enhancing
metastasis in response to the cell deformation experienced within
capillary beds. Below, we outline some of these mechanotrans-
duction pathways.

Mechanosensitive signalling pathways that can promote
metastasis

One of the main cellular signalling pathways responsible for
cytoskeletal regulation in all eukaryotic cells involves the Rho-
family GTPase RhoA. Upon activation, RhoA recruits and activates
numerous downstream effector proteins, such as Rho-associated
protein kinase (ROCK). In turn, ROCK activation stimulates the
activity of proteins, such as the myosin Il molecular motor, which
binds to actin in an ATP-dependent manner, resulting in
contraction of actomyosin networks and the upregulation of cell
contractility.**

Mechanical squeezing of cells in both microfluidic and animal
model capillaries, such as in mice and zebrafish, has been reported
to increase the activity of RhoA, resulting in the recruitment and
activation of ROCK.>** When CTCs became lodged in capillaries,
the subsequent activation of the RhoA-ROCK-myosin Il axis
upregulated contractility, causing CTCs to change from an
elongated to a spherical phenotype. This cellular rounding
facilitated the entrapment of CTCs and their subsequent extra-
vasation.”> Accordingly, treatment with the ROCK inhibitor fasudil
decreased the arrest of individual CTCs and the incidence of
tumour metastasis in mice. Moreover, treatment with the myosin Il
inhibitor blebbistatin over a short period of time (3-6 h) delayed
the formation of metastasis and the number of foci.*”®> Finally,
myosin Il has been reported to be necessary for CTCs to lodge in
mouse lung capillaries.”® Although in this study myosin |l
activation was induced by FSS and not by capillary forces, this



activation appeared exclusively in cancer cells and not in immune
cells, making it an attractive target for future therapeutics.*” Thus,
RhoA-ROCK-myosin Il activity appears to be essential for the
morphological adaptations that occur in CTCs during arrest and
that result in extravasation during metastasis.

RhoA activation can have immediate effects on the cytoskele-
ton, on cell-ECM adhesion and, therefore, on cell shape
determination, but by activating transcription factors such as
YAP/TAZ or SRF, RhoA can also regulate long-term changes in
cell fate. For example, Yes-associated protein 1 (YAP1) and its
paralogue TAZ are transcriptional co-activators that have pre-
viously been found to be regulated by cell density, shape and
mechanical stretching.* Lee et al. found that FSS in the lymphatic
vasculature (0.05 dyne cm™) promoted the translocation of YAP1/
TAZ to the nucleus, which modulated cell motility by activating
the ROCK-LIMK-YAP1 signalling axis.*’ In this study, YAP1
associated with the transcription factor TEAD to promote cancer
cell migration, suggesting that the ROCK-LIMK-YAP1 pathway
might promote cancer invasiveness and metastasis in the
lymphatic system.*” In another study, the same FSS were
demonstrated to increase cell division by elevating the protein
levels of TAZ and promoting its nuclear translocation.*® Overall,
these results suggest that the FSS experienced by CTCs during
their transit and/or arrest in capillaries might activate signalling
pathways—triggered by cell deformation—that could enhance
the metastatic potency of CTCs.

Nuclear translocation of YAP/TAZ can be directed by forces
applied directly to the nucleus®® or to the cytoplasm’ that might
be independent of RhoA activation. Elosegui-Artola et al. showed,
using atomic force microscopy (AFM), that force application to the
nucleus was sufficient to induce YAP nuclear translocation in the
absence of cytoskeletal regulation, due to the transient opening of
nuclear pores.”® On the other hand, another study combining
microfluidic platforms coupled with AFM revealed that the
elongated shape adopted by cells migrating through microfluidic
channels led to this translocation, resulting in a dynamic
regulation of cell stiffness towards a more compliant phenotype
that enhanced migration.” Although fluid flow was not included in
this study, these results provided direct evidence for a mechan-
oadaptative mechanism adopted by cancer cells during con-
stricted migration.

Mechanosensitive channels that can drive cancer progression
Mechanosensitive ion channels can be activated in response to
mechanical stimuli,*® such as FSS, produced by the frictional forces
exerted on CTCs when blood flow passes tangentially over the
surface of CTCs.

The cell-surface channel protein pannexin-1 (PANX1), the role of
which in metastatic progression has been previously reported,”'*?
provides an example of how a mechanosensitive channel can
regulate CTC survival in the microcirculation. Furlow et al.
demonstrated that metastatic breast cancer cells with a PANX1
channel-activating mutation gained a survival advantage due to
an increase in the release of ATP, which was modulated via PANX1
when the breast cancer cells became lodged in the microvascu-
lature® The likely mechanism is that the cellular deformation
induced by capillaries forces the stretching of the cellular
membrane, which, in turn, opens PANX1 channels. This results
in the release of extracellular ATP and subsequent activation of
cell-surface purinergic receptors such as P2Y, which are involved
in survival signalling during deformation-induced injury.>® Conse-
quently, P2Y receptor activation inhibited apoptosis induced by
mechanical stress, thereby contributing to metastatic efficiency.
Interestingly, therapeutic inhibition of PANX1 channels reduced
breast cancer metastasis by increasing cell death within the
microvasculature.®

Piezo1 and Piezo2 constitute the pore-forming subunits of
mechanosensitive ion channels that open in response to
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mechanical stimuli such as shear stress or membrane stretch-
ing.>* The activation of Piezo1 channels has proven to sensitise
cancer cells to the selective apoptosis inducer TRAIL*® in
colorectal, prostate and breast cancer cells under circulatory
FSS via caspase-dependent apoptosis.”’® However, Hope et al.
discovered that the Piezo1 agonist Yodal could trigger TRAIL-
mediated apoptosis in static conditions,>> suggesting that
triggering TRAIL-mediated apoptosis could be used to target
different cancer types. Further research into the relevant
mechanisms is required, though, as Yodal was also found to
induce TRAIL sensitisation in non-cancerous human endothelial
cells. On the other hand, functional activation of Piezo channels
has been reported in cancer cells, in contrast to non-malignant
cancer cells. For example, the malignant MCF-7 breast cancer
cell line displayed Piezo1 channels that were responsive to an
external negative pressure, whereas Piezol channels in the
benign MCF-10A mammary epithelial cell line did not respond
to external stimuli.®” In the same study, blocking the mechan-
osensitive ion channels decreased the motility of MCF-7 cells,
but not of the control MCF-10A cell line, suggesting that Piezo1
might play a possible role in tumorigenesis and/or metastasis.>”
Indeed, migration through confined spaces has been shown to
activate Piezo1 as a result of membrane stretching, causing an
increase in the intracellular Ca®>" concentration.”® The authors
showed that Piezo1 channels, together with myosin Il, promoted
the motility of malignant cells in confined spaces and
specifically facilitated efficient migration through narrow
channels.

Piezo2 channels, which are involved in sensing gentle touch
and proprioception, have been shown to be upregulated in the
breast cancer cell line MDA-MB-231-BrM2, a subpopulation of
MDA-MB-231 cells that specifically metastasises to the brain.>®
Knockdown of Piezo2 in MDA-MB-231-BrM2 cells resulted in an
impaired ability to cross constricted channels of 3 um, suggesting
that Piezo2 channels might also confer an advantage in migration
through confined spaces.>

Overall, these results suggest that mechanosensors can
transduce biomechanical forces imposed by constricted environ-
ments into chemical signals that might confer an advantage in
metastasis, either by promoting cell migration and extravasation
or by protecting CTCs from the extensive deformation and
associated apoptosis experienced in capillaries.

Cytoplasmatic blebbing

CTCs trapped within the microvasculature can undergo cytoplas-
mic fragmentation, probably as a result of the intense constriction
forces experienced upon arrest (Fig. 1). The shedding of blebbed
cytoplasmic particles does not compromise nuclear integrity, and
the tumour microparticles have been shown to attract subpopula-
tions of myeloid cells after attaching to the lung microvascu-
lature.*? Upon phagocytosis of these microparticles, myeloid cells
underwent phenotypic changes that increased their extravasation
rate, which promoted the development of metastases from the
surviving CTCs trapped within the capillaries.** Thus, the release of
cytoplasmatic blebs in capillaries, which has been reported to
depend not only on cell size but on the mechanical properties of
the cell,®® could be considered as an adaptation mechanism
adopted by CTCs within the microvasculature to favour metastasis.

NUCLEAR DEFORMATION

In response to capillary-induced constriction, nuclei experience
deformations that facilitate cell displacement. Nuclear deforma-
tion has been shown to be the main steric hindrance in cells
migrating in confined spaces.*®%®" Its regulation can therefore
ensure the successful transit through capillary beds, potentially
enabling them to travel to an optimal microenvironment where
they can get arrested and extravasate (Fig. 1).
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Nuclear displacement in constricted microenvironments
Displacement of the nucleus during migration is brought about by
actin retrograde flow, a process in which actin polymerisation
occurs from the leading edge of the cell backwards. The ability of
actin retrograde flow to move the nucleus away from the leading
edge of the cell is mediated through a linker of nucleoskeleton
and cytoskeleton (LINC) complexes, which are attached to the
nuclear envelope through actin filaments. Disabling LINC com-
plexes has been shown to induce a loss of cellular stiffness
comparable with that observed when disabling the nuclear
lamina.®?> Thus, the mechanical coupling between the nucleus
and the cytoskeleton through LINC, and consequently with the
ECM, mediates the nuclear deformation observed on cells
undergoing 3D migration.’® In cancer cells migrating in con-
stricted 3D microenvironments, the nucleus experiences a
pushing or pulling through actomyosin contractions, which
facilitates cell displacement.?*%* However, it is likely that a
different mechanism of nuclear displacement, which has not yet
been investigated in detail, will occur in CTCs transiting the
microvasculature.

Nuclear envelope: lamins

In eukaryotic cells, the nuclear envelope separates the cytoplasm
from the nucleus. This barrier, in charge of protecting the genome,
comprises three phospholipid bilayer membranes, nuclear mem-
brane proteins, nuclear pore complexes and the nuclear lamina.®®
The nuclear lamina is a structure composed of a dense network of
filaments, which provides support to the nucleus, and its main
components are lamin proteins.%® Lamin proteins can be grouped
as A type (lamins A and C) and B type (lamins B1 and B2),
depending on their biochemical function during mitosis.®” LMNA
encodes lamins A and C, which provide viscous stiffness to the
nucleus, whereas B-type lamins confer nuclear elasticity.

Dynamic regulation of the ratio of A- to B-type lamins is a
fundamental process during development, during which A lamins
have been shown to play an essential role in mechanosensitive
differentiation.?” During haematopoietic cell maturation, neutro-
phil maturation requires the downregulation of lamin A/C to
achieve a more elastic nucleus suited to migrate through small
pores.?? Although phosphorylation-mediated turnover of lamin A
is thought to be the primary means by which lamin-A levels and,
thus, nuclear stiffness, are kept low, cells can also use other
mechanisms. For example, dendritic cells use a mechanism based
on Arp2/3-mediated actin nucleation to temporarily disrupt the
nuclear lamina by weakening lamin A/C, which provides them
with sufficient nuclear deformability to pass through small-
diameter pores.>* Cells with low-lamin A/C expression levels, such
as neutrophils, do not depend on this Arp2/3 mechanism to
migrate through small pores.3*

Given the diversity of mechanisms that non-transformed cells
can use to modulate lamin levels, is not surprising that cancer cells
can alter their lamin levels to adapt to different microenviron-
ments. For instance, cancer cells migrating through small pores
(below 6 umz) show altered levels of lamins.'®33 As low levels of
lamins A and C have been reported to decrease cell
stiffness,'®3%3% and lower cell stiffness has been correlated with
more invasive phenotypes,®® it is tempting to speculate that the
regulation of CTC stiffness could be an adaptation mechanism of
cancer cells to successfully migrate through confined spaces.
Indeed, low levels of lamin A/C have been correlated with a worse
prognosis and the development of distant metastases in several
cancers, such as breast, gastric carcinoma, lymphomas, lung and
colon.®® Thus, it is likely that only those cancer subpopulations
with optimal lamin A/C expression might survive capillary bed
entrapment and extravasation. Concurrently, those subpopula-
tions that do not possess this advantage might dynamically
decrease their levels of lamin A/C towards a more flexible
phenotype when encountering a capillary constriction.

However, reducing lamin levels to decrease stiffness and
promote invasion is a double-edged sword for CTCs: although
low expression of lamin A/C might favour migration through
constricted environments, lamin A/C deficiency can also result in
reduced resistance to FSS in CTCs that are transiting the
vasculature, leaving the nucleus unprotected during migration
and reducing the viability of CTCs.® Harada et al. demonstrated
that in order to ensure cell survival during migration through small
pores, nuclear stiffness and DNA protection against mechanical
forces must be closely balanced, revealing a close interconnection
between 3D migration, DNA damage and cancer development.®*
Consequently, diverse studies have shown that the depletion of
lamins increases the rate of rupture of the nuclear envelope,?®’%”"
resulting in a disruption of cellular functions.”? Although transient
rupture of the nuclear envelope has been observed in cultured
cells during interphase,”®”"”* human cancer cells present altered
lamin A/C levels and are more likely to experience nuclear envel-
ope rupture than non-cancer cells.””

Rupture of the nuclear lamina has been shown to induce the
formation of nuclear blebs in cells migrating through constricted
environments. During bleb expansion, chromatin can squeeze
through the nuclear lamina opening into the bleb,””* or even
detach completely in fragments from the main nucleus.'®337072
Eventually, the nuclear envelope collapses and micronuclei are
released into the cytoplasm. Lamin A is responsible for restoring
nuclear membrane integrity, accumulating at the site of rupture
and leaving a “lamin scar” during hours.'”*® This nuclear envelope
instability due to external mechanical compression is most likely
to be a combination of the forces induced by intranuclear
pressure due to actin-based nuclear confinement and cytoskeletal
forces exerted on the nucleus, as treatment with blebbistatin and
cytochalasin has been shown to reduce nuclear envelope rupture
rates.”> Although nuclear envelope rupture has been reported
only in cells migrating through collagen matrices or confined
spaces resembling the ECM19, we expect compression capillary
forces to be able to induce a similar behaviour on CTCs in terms of
the formation of nuclear blebs and the release of cytosolic DNA.
The consequences of the rupture of the nuclear envelope and the
exchange of nuclear material with the cytoplasm require more
investigation to understand whether they might affect the
metastatic potency of CTCs. Further research involving micro-
fluidic platforms that mimic capillary constrictions, together with
more detailed in vivo studies tracking CTC arrest and extravasation
capabilities in relation to their stiffness (i.e., their LMNA expres-
sion), is required to elucidate the role that the regulation of cell
stiffness has on arrest and metastatic progression.

Nuclear repair factors

Nuclear envelope rupture, which can occur with and without bleb
formation, induces the exchange of nucleocytoplasmic contents'®
and the mislocalisation of DNA repair factors’® (Fig. 1). Currently, it
is not completely clear which complexes are required to repair
nuclear ruptures. Endosomal sorting complex required for
transport Ill (ESCRT 1m'33 and (non-phosphorylated) barrier-to-
autointegration factor (BAF)’® have both been shown to be
relevant for repairing nuclear envelope damage incurred after
cells encounter a constriction. Interestingly, ESCRT Ill normally
functions to prevent the occurrence of micronuclei with weak
envelopes, but its abnormal accumulation on micronuclei has
been seen to intensify DNA damage.”” Other repair factors, such
as BRCA1, KU80 or 53BP1, which normally diffuse freely into the
nucleus,'® are significantly depleted in the event of nuclear envel-
ope rupture as they leak into the cytoplasm and their re-entry into
the nucleus might take hours.”® This might explain the increased
levels of DNA damage observed in cells encountering
constrictions.”'®3  Additionally, in vitro experiments have
reported a delay in mitosis in cancer cells after undergoing
capillary constrictions, which can be partially reversed by the co-



overexpression of multiple DNA factors or antioxidant
inhibitors.'®”° DNA damage induced by migration through
constrictions that has been demonstrated to be independent of
the cell-cycle phase’® can also induce genomic instability.'®

Overall, the mislocalisation of repair factors observed in cells
transiting constrictions might promote an increase in DNA
damage in cells, which can result in chromosomal instability,
one of the hallmarks of cancer that contributes to metastasis.*
Further research is required to investigate how capillary constric-
tion forces induce DNA damage and the effects that these DNA
alterations might have on genome stability.

Gene expression regulation towards EMT

Nuclear actin plays a fundamental role in mechanosensing as it
provides a viscoelastic mesh inside the nucleus®' and is also
involved in the stabilisation of chromatin.®? External forces are
propagated through the actomyosin cytoskeleton to the nuclear
lamina, which is connected to the chromatin by chromatin-
binding proteins.®* Through this connection, cell-extrinsic forces
can alter chromatin organisation and mobility,®* affecting the
mechanical state of chromatin, modulating gene expression and,
ultimately, influencing cellular fate.'®838># Within seconds of
their application, external forces can deform the nucleus, inducing
chromatin stretching and an open chromatin state, thereby
facilitating transcription.®”” However, while undergoing narrow
constrictions, chromatin has been shown to suffer local compac-
tion.% Chromatin comprises an estimated 65% of the nuclear
volume,®® while mobile nucleoplasmic factors such as DNA repair
complexes make up the remainder. As local compaction increases
the density of chromatin, encountering or transiting narrow
constrictions is likely to induce the mislocalisation of mobile
nucleoplasmic factors, thereby delaying DNA repair.'®'® Thus, it
might be expected, upon transiting and escaping a capillary, or
otherwise becoming lodged, that nuclear deformation in CTCs
could induce changes in gene regulation by modifying chromatin
arrangement,”> inducing cell adaptations or even a more
proliferative phenotype that promotes invasiveness and metas-
tasis. For instance, migration through constricted environments
has been shown to induce changes in the phenotype of cancer
cells related to EMT. Levels of the transcription factor GATA,*
which drives EMT in cardiogenesis, doubled after successive
rounds of migration through micron-sized pores, resulting in a
more rapid movement through the pores.’® However, it should be
considered that the set-up of this experiment, in which cancer
cells were exposed to 17 rounds of migration, might not be
comparable with the physiological movement of CTCs through
capillaries. Cognart et al. reported that the transcription factor
Twist2, which has previously been associated with cancer
progression,”®®! was upregulated in the metastatic line MDA-
MB-231 after transiting capillary constrictions.” Additionally, E-
cadherin downregulation could be observed upon constriction
transit,” although the role of this protein in cancer progression is
currently under debate.”® These results suggest that capillary con-
striction forces might be able to induce genomic changes that can
promote EMT and cell invasiveness. The specific factors that
induce these changes, and their connection to nuclear deforma-
tion, need to be further investigated.

DISCUSSION AND CONCLUSIONS

Cancer cells breaking away from tumours as single cells or cell
clusters intravasate, which provides them with a vascular highway
around the body. On encountering capillary beds with narrow
lumens, CTCs can experience two different situations: a fraction of
these cells becomes lodged and manages to successfully
extravasate or, alternatively, they squeeze through and migrate
to a more distant capillary bed where extravasation might be
more convenient. Constriction forces exerted by capillary beds are
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likely to induce a multitude of effects in CTCs. Although they often
compromise cellular integrity, these forces might also confer
survival advantages on CTCs that could enhance their metastatic
potential. Compression forces might well lead to important fate
changes, such as EMT activation, but we do not fully understand
yet which factors can activate this regulation within the
microvasculature. Furthermore, phenotypes with increased meta-
static potential seem to be more resistant to DNA damage within
capillaries.? It remains to be determined which mechanisms confer
better DNA protection against capillary constrictions, and whether
the DNA damage that is induced might be directly connected to
an increase in genetic instability that could enhance the
metastatic potency. Thus, further research characterising cell
behaviour before and after capillary transit is required, including
dynamic cell studies assessing gene expression and EMT
activation towards more metastatic phenotypes.

As few studies have specifically focused on the role of
constriction forces in capillary vessels, we believe that future
research should combine microfluidic technology and organ-on-
chip systems to recapitulate the capillary microenvironment.
Microfluidic platforms, which can mimic capillary constriction
geometries while implementing physiological fluid flows, could
improve our ability to understand the diverse role of capillaries in
the metastatic cascade.

Furthermore, cellular heterogeneity should be taken into
consideration more in future investigation. Most in vitro studies
focusing on CTC transit or cell migration in constricted environ-
ments use cell lines that do not fully reflect or recapitulate the
heterogeneity found in CTCs,”® which can exist as single cells or
clusters in the circulation.®® As it is expected that tumour
heterogeneity and organotropism might affect the behaviour of
tumour cells and their possible adaptations within capillary
beds,”* we believe that high-throughput systems that enable
the study of large numbers of cells, combined with mRNA, cell
signalling and proteome quantification, will help to include and
characterise this heterogeneity, contributing to understanding
how CTCs with different phenotypes might react in constricted
microenvironments.

Overall, investigating how CTCs react to migration through
capillaries, and how the constriction forces experienced might
impact their survival and invasiveness, can help to understand the
role that the microcirculation plays in the metastatic cascade. This
knowledge can be used to target metastasis more efficiently by
designing therapeutics that inhibit the possible adaptation
mechanisms adopted by CTCs in the capillary bed. As CTCs are
expected to spend a matter of seconds freely diffusing into the
circulation, but hours to days arrested in capillary beds until
extravasation takes place, we believe that targeting possible
adaptations of CTCs within capillaries is a promising approach to
blocking metastatic progression.
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