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Abstract

Metastasis causes the majority of cancer-related deaths, however the efficacy of anti-metastatic
drugs is limited by the incomplete understanding of the biological mechanisms driving metastasis.
Focusing on the mechanics of metastasis, we propose that the ability of tumour cells to survive the
metastatic process is enhanced by mechanical stresses in the primary tumour microenvironment
that select for well adapted cells. In this Perspective, we suggest that biophysical adaptations
favourable for metastasis are retained via mechanical memory, such that the extent of memory is
influenced by both the magnitude and duration of the mechanical stress. Among the mechanical
cues present in the primary tumour microenvironment, we focus on high matrix stiffness to
illustrate how it alters tumour cell proliferation, survival, secretion of molecular factors, force
generation, deformability, migration, and invasion. We particularly center our discussion on
potential mechanisms of mechanical memory formation and retention via mechanotransduction
and persistent epigenetic changes. Indeed, we propose that the biophysical adaptations that are
induced by this process are retained throughout the metastatic process to improve tumour cell
extravasation, survival, and colonization in the distant organ. Deciphering mechanical memory
mechanisms will be key to discovering a new class of anti-metastatic drugs.

Introduction

Inhibiting metastasis is a longstanding and important clinical goal, and as such, the

genetic signatures responsible for disease progression have become the target of intense
investigation 1. However, therapies that specifically target the metastatic process have failed
to improve patient survival 1, as the mechanisms by which primary tumour cells induce

"Corresponding authors: Elena Cambria (ecambria@mit.edu), Roger D. Kamm (rdkamm@mit.edu).

Author contributions

E.C., M.F.C.,, M.ALF,, G.S.0, and S.E.S researched data for the article. All authors contributed substantially to discussion of the
content. E.C., M.F.C., M.A.F,, G.S.0, and S.E.S wrote the article. All authors. reviewed and/or edited the manuscript before
submission.

Competing interests

R.D.K. is a co-founder of AIM Biotech, a company that markets microfluidic technologies, and receives research support from
Amgen, Abbvie, Boehringer-Ingelheim, GSK, Novartis, Roche, Takeda, Eisai, EMD Serono, and Visterra. None of these activities are
related to the content of this article.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cambria et al.

Page 2

metastatic disease remain elusive. Focusing solely on genetic signatures ignores the fact
that metastasis is fundamentally a mechanical process 23 requiring specific biophysical
properties. Tumour cells endure similar mechanical stresses during the dissemination
process independently of the organ of origin. Yet, metastases originate from different
organs. This suggests that metastatic ability is acquired through a common underlying basis.
The development of solid tumours is often associated with aberrant extracellular matrix
(ECM) deposition and remodelling of the primary tumour microenvironment (TME), which
increases the mechanical stresses sensed by tumour cells 4. Linking mechanical changes
within the primary TME to metastatic outcomes at the secondary site could reveal new
pathways for therapeutic interventions.

In this Perspective, we propose a novel mechanism by which mechanical cues experienced
in the primary TME continue to drive cancer cells to metastasize even once they are
removed from the primary tumour, through cell mechanical memory. The term “mechanical
memory” was coined by Balestrini and colleagues when the phenomenon was first
discovered in fibroblasts in 2012 °. The concept of cell mechanical memory postulates
that cells change their phenotype in response to a certain physical microenvironment

and that this phenotype is maintained even after withdrawal of the original physical
stimulus and exposure to a new microenvironment. This phenomenon has also been
studied in mesenchymal stem cells (MSCs) 6-12 and epithelial cells 13, mostly with high
matrix stiffness as a physical stimulus Values of matrix stiffness will refer to the elastic
modulus throughout this manuscript, unless otherwise noted. Mechanical conditioning on
stiff substrates mimicking fibrosis (100 kPa) for 3 weeks activated fibroblasts towards

the myofibroblast phenotype even after a subsequent 2-week exposure to soft substrates
more similar to healthy tissue (5 kPa) °. Human MSCs that were initially cultured on stiff
tissue-culture plastic (~3 GPa) for a longer duration (5 and 10 days versus 1 day) and
subsequently on a 2 kPa hydrogel for 7 days preferentially expressed osteogenic markers
rather than adipogenic ones 6. Furthermore, culture of MSCs on stiff substrates (100 kPa)
for 3 weeks was shown to induce fibrogenesis and increased levels of microRNA-21,
which were retained over 2 weeks via mechanical memory 10. However, the investigation
of cell mechanical memory in the cancer field is currently at its infancy with very few
published studies. Given that primary tumour cells are primed by matrix stiffening and
adapt by enhancing proliferation 14-16, drug resistance 151718 secretion of factors 19~

23 force generation 2427, changes in mechanical properties 26-30, and migration 1631~

33, we hypothesize that these biophysical adaptations allow tumour cells to overcome
environmental barriers and survive the metastatic process. Traits that emerge during this
‘biophysical evolution’ are retained via mechanical memory, and thus play a major role in
determining the outcome in the later stages of metastasis, such as extravasation, dormancy;,
and colonization. We believe this hypothesis is novel and unifying. It attributes key
adaptations required for metastatic progression to matrix stiffening, a phenotype common
to solid tumours and a marker of worse prognosis 34. Furthermore, it is mechanistic,

as we propose that mechanical cues in the primary TME induce epigenetic changes of
variable persistence based on the magnitude and duration of the mechanical stress. Persistent
epigenetic changes, in turn, encode mechanical memory and thus retention of cellular
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biophysical adaptations at the distant site. This cascade of events, provides a mechanistic
explanation for different metastatic outcomes.

This Perspective focuses on matrix stiffness in the primary tumour and its ability to imprint
mechanical memory to influence metastasis at the distant site. However, matrix stiffness
should not be understood as the sole mechanical cue able to imprint mechanical memory, but
rather as an illustrative example as we do not discount that other mechanical cues present

in the primary TME may also imprint memory. Significant additional research is required to
validate the veracity of this proposition. However, if true, this hypothesis will redefine our
understanding of metastasis by establishing its mechanical basis.

Mechanical cues in the primary tumour

Matrix stiffness

Solid malignant tumours exhibit increased stiffness relative to healthy tissues or even benign
tumours, as noted in breast 34-37, pancreas 38, liver 39, and prostate 40 cancers. This
characteristic can be used as a diagnostic marker 36:3941 as well as a predictor of cancer
risk 374244 syrvival 4°, and recurrence 46, Different techniques can be used in clinics to
measure tumour stiffness relative to the stiffness of the surrounding tissue or a healthy
control tissue. Values of tumour stiffness vary widely based on measurement methods,
however, relative differences in stiffness between tumour tissue and normal tissue can be
observed irrespective of measurement technique. For example, in breast tissue, the mean
stiffness of malignant tumours was 153 kPa (compared to 40-64 kPa for benign lesions)
when measured at the macroscopic level with shear wave elastography 36. Nanoscale
mechanical profiling using atomic force microscopy (AFM) of frozen and thawed human
breast tissue sections yielded heterogenous stiffness distributions including values >5 kPa
(and up to 20 kPa in freshly measured samples #7) for malignant breast tumours, and

values <0.5 kPa for non-tumour tissue 34. These differences in stiffness values exist because
elastography measures stiffness at much higher frequencies and much larger length scales
than AFM, which in turn has a higher spatial resolution 4’. Elastography has the advantage
of being non-invasive and measuring the stiffness of tissues in their natural environment.
On the other hand, AFM of tissue biopsies, either measured freshly on the same day of the
surgery 47 or frozen and thawed to preserve the mechanical properties of the tissue 3448, has
a higher stiffness sensitivity, which makes it a better diagnostic tool 47. Importantly, tumour
stiffness varies between tissue types, based on the stiffness of the normal associated tissue,
and ranges from 1 kPa in the brain to 70 kPa in the bile ducts 4. It is also noteworthy that
the TME, like other tissues, exhibits complex mechanical behaviours such as viscoelasticity
(load relaxation over time) 42 and mechanical plasticity (irreversible deformation due to
load) °0, which were shown to influence tumour cell spreading and migration, respectively.

Changes in mechanical properties of the TME result from ECM remodelling by tumour
cells or activated stromal cells 31753, These stromal cells often secrete transforming growth
factor B (TGF-B), resulting in excessive deposition and cross-linking of ECM components
such as collagen, fibronectin, and hyaluronic acid ®4-58, Together, increased ECM deposition
and cross-linking result in elevated ECM stiffness that affects tumour cell phenotypes

4 Increased stiffness also activates fibroblasts and promotes alpha-smooth muscle actin
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(a-SMA) positive myofibroblast phenotypes. This generates a positive feedback loop where
increased myofibroblast activation stimulates ECM production, ECM crosslinking and
myofibroblast contractility, thus promoting further stiffening 5°. Myofibroblast-like cancer-
associated fibroblasts (CAFs) are often considered tumour-promoting 6061, but studies have
shown that they can be tumour-restraining 52:63 depending on fibroblast type and tissue
origin, exemplified by a study that found CAF-secreted hyaluronan was pro-tumorigenic,
while CAF-secreted collagen | was tumour-restraining 84. ECM composition and stiffness
can also impact immune cells. 85Collagen-rich stiff ECM impairs T cell infiltration 66

and reduces their cytotoxic activity 87. However, it is unclear whether high ECM stiffness
promotes M1 (pro-inflammatory, tumor-suppressing) or M2 (tumor-promoting) macrophage
polarization. Elevated stiffness was shown to support M1 phenotypes on two-dimensional
(2D) substrates 8, while M2 polarization was shown on 2D substrates 0 and in three-
dimensional (3D) collagen hydrogels 0. Interestingly, high matrix stiffness was associated
with the accumulation of M2 macrophages in mouse breast tumours 23. Additionally,
matrix stiffening reduces vascular growth and integrity /1, and alterations in endothelial cell
mechanosensing through the Rho pathway may contribute to the dysfunctional vasculature
present in the TME 72,

Solid and fluid stresses

Changes in ECM composition and stiffness, as well as tumour growth, result in physical
forces or pressures imposed on tumour cells through both cell—cell and cell-matrix
interactions 7374, These forces exerted by non-fluid tumour components are called solid
stresses. Rapid tumour cell proliferation strains the TME and the expanding stiffer tumour
pushes and displaces the surrounding normal tissue, which in turn constrains tumour
expansion 73. As a result, tumour cells in the tumour core experience predominantly
compressive stresses in all directions, while tumour cells at the tumour periphery experience
both tensile stresses in the circumferential direction and compressive stress in the radial
direction 3. At the cellular scale, tensile stresses are also created by contractile cells
which realign collagen fibres 7>~77_ and further increase ECM stiffness via strain-stiffening
78, Solid stresses in tumours range from <0.1 to 10 kPa as measured in excised and in

situ tumours by quantifying tissue displacement after disruption of the constraining tissue
structures 74,

Fluid stresses, or the physical forces exerted by fluid tumour components, stem from
growth-induced and surrounding tissue-induced solid stresses that cause the collapse or
impairment of blood and lymphatic vessels within and surrounding the tumour 7°. This
produces elevated interstitial fluid pressure (IFP) within the tumour 73:8081 |FP is uniform
in the core of the tumour, varying between 2 mmHg (0.3 kPa) and 29 mmHg (3.9 kPa)
82-85 and drops to normal values of about 0 mmHg (0 kPa) 8 at the tumour periphery or

in the surrounding normal tissue 8. This IFP gradient results in increased interstitial fluid
flow away from the tumour 8187 which applies fluid shear stress and pressure gradients
across the tumour cells in the periphery of the tumour 88, thus sustaining tumour cell
proliferation 89, and promoting migration and invasion 0. Additionally, some studies have
recently reported enhanced tumour cell migration due to exposure to high extracellular fluid
viscosity in vitro 91-93, These studies were based on the assumption that the interstitial fluid
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viscosity in the TME is high due to degradation of the ECM and expression of mucins by
epithelial cells 92-93. However, while it was shown that intratumor blood viscosity might be
higher than in normal tissues 9495, there is currently no empirical evidence that the viscosity
of the interstitial fluid is significantly elevated in the TME. Extracellular fluid viscosity,

like fluid and solid stresses, is challenging to measure in the TME. Future measurement
techniques will hopefully be able to provide reliable values for these mechanical cues so that
future studies can model them in a physiologically relevant manner to explore their effect on
tumour and stromal cell behaviour.

Cellular biophysical adaptations

Although we hypothesize that solid and fluid stresses can imprint mechanical memory onto
tumour cells, there is more evidence of matrix stiffness influencing tumour cell behaviours.
This section describes the biophysical adaptations tumour cells undergo in response to

high matrix stiffness in the primary TME (Fig. 1) and that can potentially be retained via
mechanical memory to promote metastasis.

Proliferation

Tumour cell proliferation is enhanced on stiffer 2D matrices compared to soft matrices.
Glioma cell lines (U373-MG, U87-MG, U251-MG, SNB19, C6) were shown to divide faster
and spread more on stiff 2D matrices (119 kPa) compared to the same cells grown on soft
matrices (0.08 and 0.8 kPa) 16. Similarly, the proliferation of hepatocellular carcinoma cell
lines (Huh7 and HepG2) was higher on hydrogels at 12 kPa (shear modulus) versus 1 kPa,
and this effect was regulated by integrin-p1 and focal adhesion kinase (FAK) 5. While the
relationship between stiffness and cell proliferation in 2D is clear, the influence of matrix
stiffness on tumour cells grown in 3D is more difficult to assess. In natural hydrogels, the
increased stiffness is often accomplished by an increase in hydrogel concentration, which

is inherently coupled to an increase in adhesion ligand density and a reduction in pore size
96, High adhesion ligand density can promote cell proliferation 27 while reduced pore size
can restrict it 9. Although mechanical and biochemical cues can be uncoupled in synthetic
hydrogels, a difference in pore size often persists between soft and stiff conditions. This was
the case in a study of breast tumour spheroid growth within stiff (~20 kPa) and soft (~2kPa)
3D polyethylene glycol-heparin hydrogels. Spheroids cultured in stiff hydrogels were
smaller, more compact and showed attenuated tumour cell proliferation, a higher fraction

of cells in the GO/G1 phase, and an increase in the expression of p21 compared to spheroids
cultured in soft hydrogels 99. While these effects were attributed mainly to the difference in
hydrogel stiffness, differences in pore size between the hydrogels could have also influenced
the findings. Moreover, tumour cell proliferation could also have been affected by radial
compressive stresses of up to 2 kPa generated by spheroid growth in stiff hydrogels but

not in soft ones 9. In a mouse model of mammary fat pad fibrosis, orthotopically injected
mammary tumour cells produced larger and more proliferative tumours compared to controls
14 While tissue stiffness was considerably increased in this model, other elements such

as altered fibroblast secretome could have also contributed to these findings 4. Therefore,
tumour cells can increase their proliferation in response to high matrix stiffness, however
other physical constraints within the TME can limit this.
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Survival and drug resistance

In addition to enhancing cell cycle programs and proliferation, high matrix stiffness also
promotes anti-apoptotic capabilities that contribute to increased tumour cell survival and
drug resistance 12:17:18.100 Hepatocellular carcinoma cell lines (Huh7 and HepG2) not
only display enhanced proliferation on stiff 2D synthetic gels (12 kPa, shear modulus)
compared to soft 2D gels (1 kPa) but also reduced apoptosis in response to cisplatin
treatment 15, Stiffness-induced resistance to sorafenib was also shown in human breast
cancer cell lines cultured on stiff (400 kPa) 2D synthetic hydrogels coated with ECM
proteins 7. Chemoresistance to paclitaxel, but not to gemcitabine, was further reported

in in human pancreatic cancer cell lines (BXPC-3, AsPC-1, Suit2-007) cultured on stiff

2D synthetic hydrogels (4 kPa) but not on soft hydrogels (1 kPa) 8. The hydrogels
matched the stiffness of the pancreatic tissue of control mice (maximum 1 kPa) and

mice with pre-malignant (maximum 2 kPa) and malignant (maximum 4 kPa) pancreatic
cancer 18, Stiffness-dependent chemoresistance was recently shown to occur via an increase
in cancer stemness 190, Growing breast cancer cell lines (MCF-7 and BT-474) on stiff

2D polyacrylamide substrates (9 kPa) increased TAZ nuclear translocation and nuclear
compartmentalization of TAZ and NANOG in comparison to those grown on soft substrates
(0.5 kPa) 100, This promoted the transcription of stem cell markers SOX2 and OCT4 and
an overall increase in the proportion of cancer stem cells 109, Targeting NANOG or TAZ
reduced cancer stemness and chemoresistance in a mouse xenograft model of breast cancer
100, This highlights the role of matrix stiffness in tumour cell chemosensitivity and its
influence on drug screenings.

Secretion of molecular factors

To further promote a microenvironment more conducive to tumour growth and evading
therapeutics, tumour cells can adaptively secrete factors to alter stromal, endothelial, and
immune cell phenotypes. Matrix metalloproteinases (MMPs), which degrade ECM proteins,
promoting tumour growth, and invasion 191, are a key example of this. Exposure to stiffer
2D collagen substrates (2 kPa versus 0.05 kPa) increased MMP activity in pancreatic cancer
cell line Panc-1 but decreased it in BxPC-3 and AsPC-1 cells 19, Stiffness-induced MMP
activity in Panc-1 cells was not dependent on ligand density, as comparison of stiffer cross-
linked collagen gels with softer uncross-linked ones of the same collagen concentration
showed higher MMP activity on cross-linked gels relative to uncross-linked ones 9. Human
colorectal cancer cells (T84 cell line) increased MMP7 expression in response to higher
matrix stiffness (126 kPa versus 2 kPa) on 2D polyacrylamide gels 20. This was shown

to be mediated by signalling through integrin-p1, integrin-a.2, epidermal growth factor
receptor (EGFR), myosin light chain 2 (MLC2), and yes-associated protein (YAP) 20, High
substrate stiffness (16 kPa versus 10 kPa and 6 kPa) was also shown to increase secretion of
ECM crosslinking enzyme, lysyl oxidase-like 2 (LOXL?2) in hepatocellular carcinoma cells
(MHCC97H and Hep3B) cultured on 2D polyacrylamide gels 21. Moreover, tumour cell-
secreted LOXL2 promoted C-X-C motif chemokine ligand 12 (CXCL12) gene expression
and production of MMP9 and fibronectin in lung fibroblasts, as well as enhanced motility
and invasion of bone marrow-derived cells in vitro 21,
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Increased matrix stiffness can further promote angiogenesis directly through
mechanosensitive pathways involving MMP activity in endothelial cells 7. Moreover,
angiogenesis can be regulated by high matrix stiffness indirectly through the secretion

of pro-angiogenic factors such as vascular endothelial growth factor (VEGF) by tumour
cells, which then affect endothelial cell behaviour 22192, Increased matrix stiffness in liver
cancer rat models was shown to upregulate expression of the Piezol mechanosensor and
angiogenesis 22, In the same study, human hepatocellular carcinoma cell lines cultured on
stiff 2D hydrogels (16 kPa and 10 kPa versus 6 kPa) showed increased Piezol activation,
which subsequently promoted the secretion of pro-angiogenic factors VEGF, CXCL16,
and insulin-like growth factor binding protein 2 (IGFBP2) 22. However, in neuroblastoma
clinical samples, a negative correlation was observed between tissue stiffness and blood
vessel length 102, To investigate this finding, a neuroblastoma cell line (SK-N-SH) was
cultured on 2D polyacrylamide gels of different stiffnesses 192, Elevated matrix stiffness
(30 kPa versus 1 kPa and 8 kPa) inhibited the secretion of VEGF by SK-N-SH cells via
the YAP—Runt-related transcription factor 2 (RUNX2)-Serine/Arginine Splicing Factor 1
(SRSF1) axis 102, Nevertheless, the stiffness of the neuroblastoma tissues ranged between
~0.1 kPa and ~8 kPa 192 and the 30 kPa /7 vitro stiffness might thus not be physiologically
relevant. More research is needed to elucidate if stiffness-induced angiogenesis is promoted
at particular stiffnesses and if these stiffnesses depend on tissue type.

Tumour cells can also secrete molecular factors that recruit immune cells in response to high
matrix stiffness 23:34103|n human breast tumours, the highest numbers of macrophages
were measured at the invasive front, where the stroma was the stiffest and TGF- signalling
was the highest 34. Similarly, high collagen density in mouse breast tumours induced

high cyclooxygenase-2 (COX-2) expression and high levels of secreted cytokines, which
increased macrophage and neutrophil recruitment 103, Moreover, a breast cancer cell line
(MDA-MB-231) cultured on stiffer 2D synthetic hydrogels (10 kPa versus 1 kPa) was
shown to express higher levels of colony stimulating factor 1 (CSF1), which enhanced the
recruitment of macrophages 23. These results confirmed observations that elevated matrix
stiffness enhances M2 macrophage recruitment in mouse breast tumours 23,

Force generation

To complement their altered growth and secretion of molecular factors, tumour cells further
display irregular traction forces relative to normal cells. For example, a normal fibroblast
cell line, NIH-3T3, on 2D hydrogels showed spatial patterns characterized by traction forces
concentrated at the cell periphery and orientation towards the cell body 194, However,
malignant transformation caused traction forces of uncoordinated directions and weaker
magnitude 195, Moreover, tumour cell force generation on 2D hydrogels can either increase
24,106 or decrease 107 with increasing metastatic potential. At this time, it is not definitely
known how metastatic potential influences tumour cell force generation. These studies all
had the advantage of measuring force generation in isogenic cell lines. The conflicting
results thus likely stem from the variations in cell lines, substrate stiffnesses, surface
coatings, and analysis algorithms used in the studies. Substrate stiffness in particular might
be a crucial experimental parameter, as a recent study of non-isogenic prostate cell lines
found that cells of higher metastatic potential had higher traction forces than cells of lower
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metastatic potential on stiffer 2D substrates (3 and 12 kPa) but the opposite was found on
softer substrates (1 kPa) 2.

Interestingly, traction forces of both normal 104.108-112 and cancerous 24-27 cells, grown as
single cells or small clusters on 2D substrates consistently show increased traction forces
in response to elevated substrate stiffness, independent of the measurement technique. In
3D, high stiffness has also been shown to increase traction forces of NIH-3T3 fibroblast
cell line 113 and MDA-MB-231 breast cancer cells 114, Mechanistically, force generation
by tumour cells in response to high ECM stiffness is driven by integrin clustering and
signalling through EGFR, which activates extracellular signal-regulated kinase 1/2 (ERK)
and increases RHO-Rho-associated kinase (ROCK)-mediated actomyosin contractility
25,108 |f enhanced force generation and activation of its related pathways are maintained, at
least in part, via mechanical memaory, they could aid metastasis, notably during tumour cell
extravasation at the distant site.

Deformability

Altered contractility further accompanies changes in the deformability of cells. Micropipette
aspiration measurements showed that SV40-transformed dermal fibroblasts were more
deformable and less contractile than normal fibroblasts 11°. Similarly, AFM measurements
showed that metastatic tumour cells obtained from body (pleural) fluids of patients with
suspected lung, breast and pancreas cancer were significantly softer than normal cells that
line the body cavity 116, While some studies on breast 117119 ovary 120, prostate 118, and
bladder 118 cancer cell lines have shown that tumour cell softness increases with metastatic
potential, others have found that in prostate 27, skin 118, and kidney 29118 cancer cell lines,
this is not the case. In this context, the study by Coughlin et al. 118 is particularly informative
as the measurements were performed on weakly and strongly metastatic cancer isogenic

cell line pairs originating from human cancers of the skin (A375P and A375SM cells),
kidney (SN12C and SN12PM6 cells), prostate (PC3M and PC3MLN4 cells), and bladder
(253J and 253JB5 cells) instead of cell lines with genetically different lineages. This study
found that strongly metastatic PC3MLN4 cells were more fluid-like compared to the weakly
metastatic PC3M cells 118, However, another study found the opposite when comparing cell
lines of increasing metastatic potential of different lineages (22RV1, LNCaP, DU145, and
PC3) 27. The choice of cell lines could thus influence this outcome. Indeed, tumour cell
softness or stiffness is unique for every tumour and is likely dependent on a host of factors,
such as tissue of origin, spatial localization, oncogenic drivers, or site of metastasis. It is
hypothesized that tumour cells only adopt a softer phenotype after extravasation 118.119,
This is partially supported by recent studies measuring tumour cell stiffness before and

after migration through confined spaces 121 or across a layer of endothelial cells 122 In

these models representative of the stresses imposed on tumour cells during extravasation,
tumour cells were shown to soften after migration 121.122, However, it has also been reported
that invading cells exhibit dorsoventral (top-to-bottom) polarity and that the nucleus stiffens
when cells migrate along a surface and are confined in the vertical (along the dorsoventral
polarity axis) as opposed to lateral (perpendicularly to the dorsoventral polarity axis)
direction 123, Whether cells soften upon migration in confined spaces might thus depend

on cell polarity and the geometry of the migration track.
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Additionally, the relationship between metastatic potential and tumour cell deformability
depends on substrate stiffness. In a study of MCF10A breast epithelial cells cultured in 3D
collagen gels as single cells, ErbB2-transformed cells stiffened in response to increased,
albeit very low, matrix stiffness (391 Pa versus 104 Pa, storage modulus), but the stiffness
of non-transformed cells remained constant 28, Moreover, several studies have shown that
invasive tumour cells can adjust their mechanical properties in response to ECM stiffness,
contrary to non-invasive tumour cells or normal cells 26:29.30, Remarkably, some invasive
tumour cells become stiffer in response to elevated ECM stiffness [breast (MDA-MB-231)
26,30 pancreas KPR172HC) 39, and prostate (PC3) 27 cell lines], while others become softer
[kidney (ACHN) 29, breast (4T1) 30, and colon (SW620) 30 cell lines]. In these studies, cell
stiffness was measured on 2D substrates, except for the study by Wullkopf et al., where

it was measured in 3D collagen gels 20. Interestingly, the stiffness of a lowly metastatic
prostate cancer cell line on 2D substrates ranging from 1 to 50 kPa increased from 1 to

12 kPa and then decreased from 12 to 50 kPa 27. Moreover, in a 3D invasion assay with
mouse breast cancer spheroids (4T1) in a 1.2 kPa collagen gel, those cancer cells leading
the invasion into the surrounding matrix were found to be softer than the invasive cancer
cells following, or the tumour cells still in the centre of the spheroids 30. In breast cancer
spheroids cultured in stiff hydrogels (~20 kPa), the stiffness of the individual cells and
overall spheroid increased via the stiffness-induced activation of ROCK and expression of
F-actin at the rim of the spheroid 9°. Retention of strong cell mechanical properties acquired
in the primary TME via mechanical memory could help the tumour cells to resist the various
mechanical stresses encountered during the metastatic process.

The relationship between substrate stiffness and tumour cell migration is related to the
metastatic potential of the tumour cells, as defined by a mesenchymal or epithelial
phenotype 32, A highly invasive oral squamous cell carcinoma cell line (SCC25) migrated
faster, both collectively and individually, on stiffer substrates (20 kPa versus 0.48 kPa),
while a less invasive cell line (Cal27) was insensitive to substrate stiffness 33. In this
study, invasiveness was quantified by measuring the invasion depth of cells seeded on a
collagen hydrogel containing primary fibroblasts and was complemented by the analysis of
epithelial-to-mesenchymal transition (EMT) marker expression, as well as the analysis of
the E-cadherin to N-cadherin ratio. Prolonged exposure to stiff substrates led to EMT of
less invasive tumour cells, which then acquired stiffness-dependent migration 33. Indeed,
matrix stiffness and the resulting forces applied to the nucleus promote the translocation
of transcription factors involved in the EMT process, which play a key role in tumour cell
dissemination 124-127,

Several studies have reported that tumour cells migrate faster on stiffer 2D substrates
relative to softer substrates 16:32.33 However, some metrics of migration, such as speed
128,129 velocity 130, or distance 128:130.131 \were shown to be maximized at particular
substrate stiffnesses. For example, U-251MG glioma cells migrated towards areas with
stiffness of ~8 kPa where traction forces were maximized when seeded on fibronectin-coated
polyacrylamide hydrogels having a continuous stiffness gradient of ~0.5 to 22 kPa 131, On
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the other hand, breast tumour cells cultured on 2D hydrogel substrates ranging from 10 kPa
to 57 kPa showed enhanced migration distance and velocity at 38 kPa 130,

Similar phenomena also occur in more physiologically relevant 3D matrices, where the
migration speed of DU-145 human prostate carcinoma cells in Matrigel hydrogels of varying
density (50% to 75%, ~10 to ~32 Pa, storage modulus) was shown to peak at an intermediate
Matrigel density of 67% that balances traction and adhesion forces 132. However, when
integrin binding was inhibited, speed was higher in hydrogels of lower densities 132, Indeed,
besides substrate stiffness, migration of cells embedded in 3D matrices might be influenced
by physical variables (reviewed in 133), such as adhesion 132, confinement through matrix
pores 132.134 and surface topology including constrictions points that challenge the
movement of the nucleus 13°. Engineered models consisting of microfabricated channels
overcome these confounding factors by providing defined migratory tracks with prescribed
substrate stiffness 31114136137 'Remarkably, U373-MG glioma cells confined to narrow
channels (10 um) migrated concordantly faster when substrate stiffness increased (120 kPa
versus 10 kPa versus 0.4 kPa), while unconfined tumour cells (in 20 and 40 pm channels)
exhibited a migration speed that increased between 0.4 kPa and 10 kPa and decreased
between 10 kPa and 120 kPa 31. More research is needed to understand how matrix

stiffness and its interaction with other physical variables affect tumour cell migration in

3D. Retention of stiffness-induced fast tumour cell migration via mechanical memory could
facilitate metastasis, particularly extravasation, at the distant site.

Mechanical memory and epigenetics

Our hypothesis that extravasation, dormancy, and metastatic colonization of tumour cells
are influenced by the past mechanical experiences of the tumour cells in the primary TME
not only assumes that tumour cells sense and react to mechanical signals, but that they
also retain the biophysical adaptations induced by these physical stresses after they move
to a new environment. In this section, we discuss cell mechanical memory and persistent
epigenetic modifications as molecular mechanisms that enable tumour cells to retain the
biophysical adaptations acquired in the primary tumour even after their dissemination (Fig.
2).

Epithelial cells (both non-tumorigenic cell line MCF10A and tumorigenic cell lines MCF7
and A431) were shown to undergo collective migration faster and in a more coordinated
fashion, when they were first grown (primed) for 3 days on a 2D polyacrylamide gel at

50 kPa stiffness versus 0.5 kPa, even when they were subsequently exposed to a soft gel
for 2 days 13. This cell mechanical memory was retained through nuclear translocation

of the mechanosensitive transcription factor YAP, as cells primed on stiff substrates
retained nuclear YAP even after arriving on a soft secondary gel 13. This also regulated
actomyosin expression and focal adhesion formation 13. Interestingly, in YAP-knockdown
cells (where YAP expression and thus nuclear translocation were significantly reduced),
mechanical memory-dependent migration was abrogated, but mechanosensitivity to stiffness
was conserved via focal adhesions 3. Recently, mechanical conditioning of various breast
cancer cell lines and patient-derived xenograft primary cells on a 2D stiff polyacrylamide
hydrogel (8 kPa) for 7 days induced enhanced cytoskeletal dynamics and invasiveness that
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were maintained after transfer to a softer hydrogel (0.5 kPa) for 1 day 138. Mechanically
conditioned cells that were injected into mouse models were able to promote osteolytic

bone metastasis through the nuclear translocation of the transcription factor RUNX2

138 stiffness-induced cytoskeletal changes and ERK phosphorylation induced RUNX2
activation, and further delayed chromatin remodelling by preserving chromatin accessibility
at loci of genes implicated in bone remodelling 138, Upon transfer from a 2D stiff to a soft
substrate, the expression of RUNX2 target genes was stable for 2 days but significantly
reduced 7 days after the transfer, while the expression of YAP target genes was lost 2 days
after the transfer 138, While mechanical memory studies involving cancer cells are only
recently emerging, they support the findings of other studies involving non-cancer cells 512
by showing that the magnitude of the stiffness and priming time need to reach a cell type-
dependent threshold (>8 kPa for days/weeks) to imprint mechanical memory that can be
maintained for days to weeks (Fig. 2). Further extensive research is required to validate these
findings comprehensively. Future studies should aim at imprinting mechanical memory in a
physiologically relevant way, by prioritizing 3D /n vitro models when possible. Additionally,
these studies should monitor the persistence of genetic and epigenetic programs over
sufficiently long timeframes and study their influence on different stages of metastasis both
in engineered /n vitro systems and /n vivo.

Despite the identification of two transcription factors, YAP and RUNX2, little is known
about how mechanical memory is molecularly retained. Recent results from a computational
model suggest that mechanical memory is acquired and stored via a positive feedback loop
between mechanical signalling and gene transcription 139, An example of such mechanism
is stiffness-induced integrin signalling increasing F-actin polymerization, which frees
transcription factors such as YAP, which in turn translocates to the nucleus and regulates
F-actin via the Rho pathway, thus closing the loop 139. In early studies, it was hypothesized
that long-term mechanical memory might be encoded by persistent epigenetic changes °
including histone methylation, histone acetylation (regulated by (de-)methylases, histone
acetyltransferases (HATS), and histone deacetylases (HDACSs) enzymes), as well as DNA
methylation and non-coding RNAs. It is well-known that mechanical cues alter chromatin
accessibility 140 and transcriptional ability 141 in normal epithelial cells and studies covering
this aspect in the cancer field are starting to emerge as well. Both the restrictive and
permissive states of chromatin might influence cancer progression, as a restrictive state
could hinder tumour suppressor programs, and a permissive state could favour oncogenic
changes 142, It was recently shown that increased matrix stiffness can induce tumorigenesis
in MCF10A breast epithelial cells via changes in chromatin remodelling 143, When cells
were embedded in stiffer (2 kPa) 3D hydrogels for 14 days, they displayed more wrinkled
nuclei (a sign of chromatin remodelling), increased lamina-associated chromatin, and more
accessible chromatin sites binding to the specificity protein 1 (Sp1) transcription factor
than cells embedded in soft (0.1 kPa) 3D hydrogels 143. Although a direct interaction was
not established, HDACs 3 and 8 were found to act with Sp1 to promote stiffness-induced
tumorigenicity 143. While this study is a prime example of mechanically induced epigenetic
changes relevant to cancer, it does not investigate their persistence after withdrawal of the
mechanical stimulus, which is required to encode mechanical memory.
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Persistent epigenetic changes that potentially form mechanical memory have not yet been
identified in cancer cells but have been shown in non-cancer cells 810.11 |n MSCs, exposure
to dynamic tensile loading 8 or stiff microenvironments 11 has led to persistent chromatin
remodelling. Increasing tensile strains and number of loading cycles led to a higher level

of chromatin condensation that was sustained for up to 5 days after the end of loading

8. This was abolished by the inhibition of class I and 11 HDACs or the histone-lysine
N-methyltransferase Enhancer of Zeste Homolog 2 (EZH2) 8. Exposure to stiff 2D synthetic
hydrogels (32.7 kPa) induced histone acetylation, which correlated with both YAP nuclear
localization and changes in HAT71 and HDACs 1, 2, and 3mRNA expression 11, However,
causality was not tested as experiments involving YAP, HAT, or HDAC modulation were not
conducted in this study. After substrate softening (reduced to 5.5 kPa), the reversibility of
histone acetylation and chromatin organization depended on the duration of stiff substrate
priming, with irreversible changes induced after 10 days 11. Besides histone modifications,
non-coding RNAs have also been shown to preserve mechanical memory 10. Exposure of
MSC:s to stiff silicone substrates (100 kPa) for 3 weeks increased levels of microRNA-21,
which were retained over 2 weeks after transfer to soft substrates (5 kPa) and regulated

the transcription of genes implicated in fibrogenesis 0. MicroRNA-21 knockdown erased
mechanical memory and sensitized MSCs to subsequent exposure to soft substrates 10

While these aforementioned studies were focused on persistent epigenetic changes in non-
cancer cells 810.11 it s still largely unknown whether mechanical signals present in the
primary TME regulate the metastatic potential of cancer cells via persistent epigenetic
changes and chromatin remodelling. However, this hypothesis is very plausible given that
mechanical cues in the TME were shown to induce tumorigenicity of non-malignant cells
via histone modification 143 and that molecular pathways that cause tumorigenesis can
also endow tumour cells with metastatic properties 1. Moreover, tumour cells have been
shown to form mechanical memory in response to high matrix stiffness 13:138 similarly

to fibroblasts ® or MSCs 8:10.11 |t is thus likely that they can keep long-term mechanical
memory via persistent epigenetic changes like those observed in MSCs 8:10.11 Interestingly,
microRNA-21, which keeps long-term mechanical memory in MSCs, was shown to be
upregulated in several cancer types 144 and to promote both tumour growth and metastasis
in breast cancer 145146, This suggests that microRNA-21 upregulation could persist along
the metastatic process. Although specific persistent epigenetic changes in response to
mechanical cues have not been identified in tumour cells, maintenance of chromatin
accessibility has been shown as described earlier 138 and it would be reasonable to infer
that it was induced by persistent epigenetic changes. Persistent epigenetic changes induced
by mechanical cues in the primary TME might thus represent a novel paradigm that
complements well-known genetic signatures in cancer and could open new possibilities to
develop epigenetic therapies to prevent and treat metastasis.

Metastatic biophysical evolution

Genetic instability and unregulated proliferation lead to heterogeneous primary tumour
cell populations 147, Environmental barriers, such as immune surveillance, hypoxia, or
mechanical stresses, then select primary tumour cells that exhibit the specific traits that
allow them to overcome these barriers and advance through the metastatic process 147.
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Focusing on mechanical barriers, we argue that the successful specific traits can not only
occur randomly due to genetic instability, but also emerge through the acquisition of
persistent epigenetic changes giving rise to cellular biophysical adaptations in response to
mechanical stresses. We term this ‘biophysical evolution’. Many of the same mechanical
barriers present at the primary tumour also exist at the secondary site 147, suggesting that
selection of tumour cell populations at the primary tumour may determine outcomes in the
later stages of metastasis at the secondary site (Fig. 3).

Extravasation

Among the biophysical adaptations acquired in the primary tumour, we hypothesize that
several are retained via tumour cell mechanical memory and can enhance extravasation of
circulating tumour cells at the secondary site. Tumour cells generate increased intracellular
pressure via rear cortex contraction to facilitate nuclear transit through constrictions such as
matrix pores and the intercellular space between endothelial cells 148149 They also require
the engagement of integrin-p1 when they send protrusions between endothelial cells to
bind to the basement membrane and then extravasate 1%0. As previously described, elevated
ECM stiffness activates integrin B1 signalling 15:20.25.108.130 and therefore we hypothesize
that retention of activated integrin B1 via mechanical memory, even if partial, is likely

to enhance extravasation. While maintenance of integrin p1 activation was not directly
quantified in mechanical memory studies, maintenance of increased focal adhesion area,
actin alignment, and MLC phosphorylation was shown in MCF10A cells migrating on soft
(0.5 kPa) polyacrylamide hydrogels 2 days after exposure to stiff (50 kPa) hydrogels 13.

Extravasation is further promoted by remodelling of the vasculature through tumour cell
secretion of angiogenic factors and MMPs 151-153 |nterestingly, breast tumour cells cultured
on stiffer 2D silicone substrates (1.1 MPa and 14.3 kPa versus 5.2 kPa) showed subsequent
higher transendothelial migration in a soft 3D hydrogel /n vitro, which was accompanied

by increased MMP9 secretion, suggesting that enhanced migration in response to stiffness
was retained and potentially mediated by MMP9 154, Moreover, tumour cells upregulate

the production of VEGF in response to primary tumour stiffness, as shown in liver cancer
rat models and human hepatocellular carcinoma cell lines cultured on stiff 2D hydrogels

22 This could also increase the permeability of the vascular barrier, thus increasing
extravasation.

Stiffness-induced enhanced migration was shown to be retained via mechanical memory
involving the regulation of actomyosin and focal adhesions in MCF10A, MCF7, and
A431 cell lines grown on 2D polyacrylamide hydrogels 13. As extravasation is by
definition transendothelial migration, retention of an enhanced migratory phenotype likely
benefits extravasation. Additionally, force generation, a necessity of migration, is especially
important for tumour cell extravasation 1°°. Force generation impaired by the inhibition of
MLC kinase (MLCK) and small GTPases, including ROCK, in breast tumour cells was
shown to reduce transendothelial migration 196, In a mechanical memory study, fibroblasts
cultured on 100 kPa substrates and then transferred to 5 kPa substrates showed enhanced
contractility compared to fibroblasts exclusively cultured on 5 kPa substrates °. Moreover,
enhanced MLC phosphorylation was retained in MCF10A cells transferred from 50 kPa to
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0.5 kPa hydrogels 13. Increased cell contractility can thus be maintained and is likely to
enhance extravasation if these findings extend to tumour cells. Moreover, retention of an
optimal tumour cell stiffness would allow the tumour cell to simultaneously resist the high
fluid shear stresses in the vessel and to extrude across endothelial cell junctions without
fatal nuclear damage. Maintenance of cell stiffness after priming on stiff substrates has

not been shown yet. It would be important to test this in tumour cells to understand if
stiffness-induced cell mechanical properties can influence metastasis at the distant site. We
hypothesize that although tumour cell stiffness will tend to adapt to the stiffness of the new
microenvironment, it can partially be memorized.

Dormancy

We suggest that tumour cell biophysical adaptations acquired in the primary tumour and
retained via mechanical memory could also regulate cellular dormancy at the secondary
sites. Tumour cells arriving in the distant organ become dormant due to failure to engage
integrin-p1 and activate FAK 190157 as well as hostile biochemical and mechanical cues

at the secondary site. Interestingly, higher matrix stiffness (~1 kPa versus 0.09 kPa) was
shown to induce dormancy in various tumour cell types in 3D fibrin hydrogels, which was
maintained via an epigenetic program that downregulated integrin-p3 158, These stiffnesses
are too low to mimic tumour stiffness and were rather chosen by the authors of this study
to match cell stiffness. Nevertheless, even a marginal increase in hydrogel stiffness could
induce dormancy. While these results demonstrate that dormancy can be epigenetically
maintained, stiffness was modulated by increasing fibrinogen concentration in the hydrogels,
and thus simultaneously increasing adhesion ligand density, so dormancy cannot only be
attributed to mechanical cues. Indeed, the findings could not be replicated in collagen |
with the same cells in the same model 158. In a mouse model of pulmonary fibrosis,
increased deposition of collagen I in the lungs was shown to trigger the proliferation of

tail vein-injected dormant mouse breast cancer cells (D2.0R) via integrin-p1 signalling and
downstream activation of proto-oncogene tyrosine-protein kinase (Src), FAK, ERK, and
MLCK 159, These pathways are commonly activated in response to collagen deposition and
elevated matrix stiffness in the primary TME 15:20.25,108.130 a5 described earlier. Therefore,
retention of these mechanisms via mechanical memory might prevent tumour cells from
entering dormancy in the first place upon arrival at the metastatic site. To test this, non-
dormant cells that were mechanically primed on soft or stiff substrates should be injected
in mice and their proliferation (or the lack thereof) should be monitored upon arrival in a
metastatic site that is prone to induce dormancy, such as the bone marrow 160,

Colonization

We propose that biophysical adaptations mechanically induced in the primary TME

and retained via mechanical memory can also influence colonization of the distant

organ. Importantly, our theory complies with the three prerequisites of successful
colonization: i) re-initiation of tumour growth via cancer stem cell self-renewal, ii) adaption
and establishment of organ-specific colonization programs, and iii) establishment of a
microenvironment that supports metastatic colonization 161, As described in earlier sections,
tumour cells enhance their survival 1517:18.100 stemness 190, and proliferation 14-16 in
response to elevated matrix stiffness in the primary TME. If retained at the secondary site,
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increased cancer stemness can confer tumour cells the ability to re-initiate tumour growth
(Prerequisite i). Moreover, retention of an enhanced survival phenotype could help tumour
cells to endure the hostile microenvironment of the secondary organ. Studies are needed

to test if stiffness-induced survival and stemness can be retained from the primary TME

to the secondary site. Adaptation to the specific microenvironment and cell populations in
the secondary organ and establishment of organ-specific colonization programs (Prerequisite
ii) can also be supported by persistence of mechanically induced phenotypes. In particular,
stiffness-induced secretion of osteolytic factors was shown to promote colonization of the
bone both 7 vitro 162 and in vivo 138, A breast cancer cell line cultured then dissociated
from stiffer 3D alginate-gelatin hydrogels (6-10 kPa versus ~2 kPa) showed increased
secretion of osteolytic factors when cultured in 3D-printed bone-mimicking scaffolds 162,
Moreover, stiffness-induced activation of RUNX2 in breast cancer cell lines was retained
after cell injection into mice and promoted osteolytic bone colonization and metastasis

138 Furthermore, given that substrate stiffness can enhance soluble factor secretion 1%~

23 and that secretion of growth factors, cytokines, and matrix-remodelling enzymes has
been shown to co-opt stromal cells such as fibroblasts at the secondary site to facilitate
metastatic colonization 101163 it js likely that mechanically-induced secretion of various
soluble factors could promote metastatic colonization (Prerequisite iii). Additional research
is needed to study if and with which intensity and duration biophysical adaptations acquired
in the primary TME persist in the distant site. If these hypotheses are validated, tumour cell
mechanical memory may well be a key mechanism for successful metastatic colonization.

Conclusions and perspective

The primary TME is characterized by a diverse array of harsh mechanical cues, including
increased matrix stiffness, solid, and fluid stresses. Tumour cell biophysical adaptations
acquired in response to these cues have been widely explored in the primary tumour.
However, questions remain as to whether tumour cells retain a memory of these biophysical
adaptations and whether they influence later steps of metastasis, including extravasation,
dormancy, and colonization. Piecing together evidence from different landscapes, we
propose that: i) the selection of tumour cells adapted to mechanical cues in the primary
tumour increases their fitness; ii) the magnitude and duration of mechanical stress alter
the phenotype of the selected cells, which is retained via mechanical memorys; iii)

the biophysical adaptations are retained throughout metastasis influencing tumour cell
extravasation, dormancy, and colonization at distant sites.

While matrix stiffness has been shown to imprint mechanical memory in cancerous 13.138
and non-cancerous cells °-12, we believe other mechanical cues within the TME can imprint
mechanical memory provided that the magnitude of the stimulus is sufficiently high and

the duration is sufficiently long. For example, exposure to high extracellular fluid viscosity
in vitro for 6 days was shown to imprint mechanical memory in a breast cancer cell

line, which led to increased migration in zebrafish, extravasation in chick embryos, and
lung colonization in mice93. Moreover, several mechanical cues in the TME, such as

solid stresses and fluid stresses, could act simultaneously and synergistically on tumour
cells to form memory. We speculate that the primary tumour is the ideal environment for
tumour cells to form mechanical memory because this is where mechanical cues are present
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with the longest priming time during tumour development and dissemination and can thus
reprogram tumour cells with persistent epigenetic changes. Nevertheless, mechanical stimuli
of very high intensity such as fluid shear stress in the vasculature 164 and solid stresses
during intravasation 2 and extravasation 2 could potentially also imprint mechanical memory
even if their duration is considerably shorter. These mechanical cues were shown to alter
tumour cell behaviours 164165 put the persistence of these changes is so far unexplored.
Furthermore, our hypothesis is also compatible with the concept of mechanical adaptability
3. We believe that tumour cells can still adapt to the mechanical cues occurring outside

the primary tumour, but the level of adaptation might depend on the level of mechanical
memory (i.e. the reversibility and persistence of epigenetic changes) previously acquired

in the primary tumour as well as the strength and duration of the subsequent mechanical
stimuli.

Our hypothesis is unifying and mechanistic because it traces mechanosensing in the primary
tumour to the induction of persistent epigenetic changes (similarly to epigenetically driven
EMT) and their retention throughout the metastatic process via mechanical memory. These
modifications ensure the selection of tumour cells that can overcome the physical barriers of
the metastatic process and improve early tumour cell survival, adaptation, and colonization
or dormancy at the secondary site. By designing interventions to reverse mechanical
memory and the induced persistent epigenetic changes in the primary TME, biophysical
adaptations that are carried from the primary tumour over to the secondary site would

be abrogated, thus effectively inhibiting metastasis. While therapies targeting epigenetic
changes have already been approved to treat cancer (reviewed in 166) and many ongoing
clinical trials are promising 168, therapies targeting persistent epigenetic changes encoding
mechanical memory would specifically inhibit the transcription or silencing of genes that are
necessary for the survival of the tumour cells during the mechanical process of metastasis.
As such, we believe that understanding the role of mechanical memory in metastasis will be
key to designing novel anti-metastatic drugs and improve patient survival.
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Elastic M odulus
the slope of the stress-strain relationship that gives a quantitative measure of material
stiffness

Shear Wave Elastogr aphy
technique that uses sound to induce shear deformation in a material to quantify mechanical
properties
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Atomic Force Microscopy
technique that imposes a small, local deformation to a sample to probe mechanical
properties

Compressive Stresses
normal component of the stress that pushes on a surface

Tensile Stresses
normal component of the stress that pulls on a surface

Strain-stiffening
a phenomenon where the elastic modulus of a material increases with deformation

Traction forces
forces exerted tangential to a substrate to generate motion
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Figure 1: Tumour cell biophysical adaptationsin responseto theincreasein matrix stiffness
during primary tumour development.

As solid tumours grow, invading tumour cells and activated stromal cells remodel the
extracellular matrix via an excessive deposition and cross-linking of extracellular matrix
proteins such as collagen, fibronectin, and hyaluronic acid. Together, increased matrix
deposition and cross-linking result in elevated matrix stiffness. High matrix stiffness induces
rapid proliferation of tumour cells and enhances tumour cell stemness and therefore survival.
These anti-apoptotic and self-renewal capabilities contribute to increased tumour drug
resistance. Elevated matrix stiffness also promotes tumour cell secretion of pro-tumourigenic
soluble factors, including matrix-modifying enzymes, pro-angiogenic factors and cytokines.
Tumour cells also adapt mechanically to high matrix stiffness by increasing the traction
forces exerted on the extracellular matrix, thus resulting in its deformation. Altered force
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generation further accompanies changes in the deformability of tumour cells in response

to elevated matrix stiffness. Moreover, high matrix stiffness primes cancer cells to migrate
faster and enhance their invasion into surrounding tissues. We propose that tumour cells
that adapt to mechanical stresses in the primary tumour, particularly in response to high
matrix stiffness, increase their fitness to successfully navigate the subsequent stresses of the
metastatic process.
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Figure 2: Tumour cell mechanosensing, mechanotransduction, and mechanical memory of
matrix stiffnessimprinted through persistent epigenetic changes.

Tumour cells sense high matrix stiffness via the activation of integrins which promotes
cytoskeletal rearrangement that in turn promote nuclear translocation of mechanotransducive
transcription factors, runt-related transcription factor 2 (RUNX2) and yes-associated protein
(YAP). These mechanosensing and mechanotransduction mechanisms occur within minutes
to hours of exposure to stiff matrix. On a longer timescale, mechanotransduction can lead

to epigenetic changes including histone modification through histone acetyltransferases
(HATSs) and histone deacetylases (HDACs), DNA methylation, and non-coding RNAs. If

the magnitude of the mechanical stress and priming time are sufficient (days to weeks), we
hypothesize that the phenotypic adaptations will be maintained via tumour cell mechanical
memory encoded by persistent epigenetic changes. We propose that mechanical memory
mechanisms play a fundamental role in the metastatic process by directly linking tumour cell
biophysical adaptations acquired in the primary tumour to the adaptations that drive disease
progression in secondary sites.

Nat Rev Cancer. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Cambria et al.

Page 29

Escaping Dormancy Q
T integrin B1 signaling s

T proliferation

Colonization
T stemness

T survival
Extravasation T migration
Tintegrin B1 signaling T secretion
T secretion T proliferation
T migration

T force generation
optimal TC stiffness

Figure 3: Mechanically induced tumour cell biophysical adaptations acquired in the primary
tumour and retained in the distant organ foster extravasation, avoidance of dormancy, and
secondary site colonization.

We propose that biophysical adaptations acquired by tumour cells in the primary site

are retained at the secondary site via mechanical memory and facilitate the later steps

of metastasis. Extravasation can be enhanced by memory-induced retention of increased
integrin B1 signalling, secretion of matrix-modifying enzymes and pro-angiogenic factors,
fast migration, high traction forces, and optimal tumour cell stiffness. Dormancy avoidance
can be facilitated by maintenance of increased integrin p1 signalling, promoting faster
proliferation. Colonization can be enhanced by retention of increased tumour cell stemness,
resistance to apoptosis, secretion of growth factors, cytokines, and matrix-remodelling
enzymes, and increased proliferation.
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