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Abstract

Tumor invasion along structural interphases of surrounding tumor-free tissue represents a key
process during tumor progression. Much attention has been devoted to mechanisms of tumor cell
migration within extracellular matrix (ECM)-rich connective tissue, however a comprehensive
understanding of tumor invasion into tissue of higher structural complexity, such as muscle tissue,
is lacking. Muscle invasion in cancer patients is often associated with destructive growth and
worsened prognosis. Here, we review biochemical, geometrical and mechanical cues of smooth
and skeletal muscle tissues and their relevance for guided invasion of cancer cells. As integrating
concept, muscle-organizing ECM-rich surfaces of the epi-, peri- and endomysium provide cleft-
like confined spaces along interfaces between dynamic muscle cells, which provide molecular and
physical cues that guide migrating cancer cells, forming a possible contribution to cancer
progression.
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1. Introduction

Invasion of cancer cells into surrounding structures, such as interstitial collagen-rich
connective tissue or cell-rich muscular or fat tissue, is a key step in cancer disease
progression [1]. Neoplastic invasion depends on a 4-step cyclic mechanochemical program
of cell locomotion. It includes actin polymerization and cell elongation, integrin-mediated
adhesion to the extracellular matrix (ECM) substrate, actomyosin contraction and cell
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shortening by retraction of the cell rear along the substrate [2]. Tumor cells from both
mesenchymal or epithelial origin invade surrounding tissue either as single cells, chain-like
files, clusters or collective strands [3]. These migration modes are adaptive and
interconvertible as cells can vary the strength of cell-cell adhesion and actomyosin
contractility in response to determinants of the environment. Molecular and physical tissue
properties that impact cell migration include (1) the molecular ECM composition
determining the engagement of selected adhesion receptors, adhesion strength and resulting
downstream intracellular signaling cascades, (2) substrate stiffness leading to changes in
adhesion strength by activation of mechanosensing, and (3) the dimension, structural
heterogeneity and alignment of the substrate providing either barrier or guidance functions
to the migrating cell body [4,5]. Tissue dimensions encountered by moving cells vary from
thin one-dimensional (1D) ECM-rich linear structures, two-dimensional (2D) surfaces of
basement membranes and fibrillar three-dimensional (3D) networks. Cells encounter and
interpret such tissue heterogeneity, e.g. fibrillar matrix, clefts or channels, and adjust the
migration strategy and speed accordingly. As an example, after downregulating cell-cell
junctions, cells may detach from the cell collective and migrate as single cells [6].
Conversely, when confined by limited extracellular space, individually moving cells may
become jammed and transition to collective migration [7].

Although ECM-based interstitial tissues have been well conceptualized as invasion
substrates for tumors [8-11], little attention has been devoted to categorizing invasion of
muscle tissue [12]. Neoplastic cell infiltration from the primary tumor into proximate muscle
layers is a common and prognostically negative progression event, whereas metastasis to
muscle is rare [13]. Muscle tissue provides a rich variety of ECM components, topologies
and associated tissue structures including vessels and nerves, which jointly provide
molecular and physical cues that guide invasion and, likely, reprogram invading cells.

We here summarize the biochemical, topological and mechanical properties of smooth and
skeletal muscle tissue and translate their relevance to the appearance of cancer invasion
patterns in histopathological patient samples and clinical consequences of neoplastic muscle
tissue invasion. We then explore emerging results from the biophysics field that provide
concepts for muscle tissue invasion and discuss possible consequences on therapeutic
resistance. Together, the topologically complex musculature may guide the migration of
invading malignant cells, support survival signaling by multi-ligand ECM interactions and
induce genomic instability by its mechanically challenging geometry representing, overall, a
cancer progression promoting environment.

2. Microanatomy and biophysical properties of muscle tissue

Muscle tissue is present in most body regions, where its main function is to provide
mechanical stability and generate force by means of muscle contraction. Consequently,
smooth and skeletal muscle tissues often interface with epithelia along body surfaces such as
the gut, bladder or breast duct. As such, smooth muscle layers, together with connective
tissue, form the anatomical layers submucosa, mucosa and serosa surrounding hollow organs
or organ systems. The basic units of smooth muscle tissue are smooth muscle cells, spindle-
shaped mononuclear cells with a length of 20-500 um and a diameter of 5-10 um connected
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by gap junctions and organized as single or multiple layers (Fig. 1A). These muscle cells
(called myocytes) are covered by a basement membrane and surrounded by endomysial
ECM, i.e. loose collagen-rich fibrillar meshworks which provide both tissue cohesion and
flexibility of tissue movement during contraction. The endomysium is also important for the
maintenance of the tissue as it accommodates blood vessels and neurons, both covered by
basement membranes. Skeletal muscles contain tube-like multinucleated skeletal muscle
cells (also called muscle fibers or myofibers) that span 100-30.000 um in length and 10-100
um in diameter [14]. Like smooth muscle cells, individual myofibers, with nanometer-range
bulging ridge-groove-like ultrastructures in the cell membrane caused by the various bands
in the sarcomeres [15], are surrounded by a basement membrane and embedded in collagen-
rich endomysium (Fig. 1B, C1 left). In addition, however, skeletal muscle cells are arranged
into higher-order fascicles which are surrounded by perimysial ECM. Several fascicles form
then the muscle, eventually covered by an epimysium [16]. To integrate with other body
parts, such as bones, the three mysia are mechanically interconnected with one another near
the tendon [16]. Smooth and skeletal muscle cells reach lengths of up to 10-1000 times the
length of a polarized, potentially neoplastic, epithelial or mesenchymal cell that typically
measures around 30-150 pum [17,18], thus muscle cells provide large linear surfaces to
migrating cells. Together, smooth and striated muscle tissues contain long outer and inner
multi-ECM coated surfaces and interphases of particular biochemistry, geometry and
stiffness.

The molecular composition of endo-, peri- and epimysial sheets is consistent with collagen-
rich connective tissue deposited by fibroblasts, including collagens from type I, I1l and V
that form linearized networks of fibrils, fibers and bundles (Fig. 1C). In addition, interacting
proteoglycans and glycoproteins, mainly decorin, tenascin and fibronectin, provide
molecular diversity and hydratic swelling. In general, the outer epimysium is of denser
structure, while the inner peri- and endomysia are composed of loose collagen networks
providing a nearly barrier-free matter for migrating cells, while the basement membranes
provide ample ligands for cell adhesion. This high-order organization underlies slow,
homeostatic tissue remodeling by fibroblasts releasing matrix metalloproteinases (MMPs)
and depositing additional ECM components [16]. Taking all the connective tissue layers
together, the ECM components comprise approximately 5% of the total muscle volume, but
their abundance and exact composition differ according to mysial layer, muscle type and
function, and age of the individual [16,19-21].

Smooth and striated muscles are highly anisotropic, ordered tissues with interstitial
structures. Smooth muscle cells are organized in a staggered manner, creating linear, mildly
curved spaces with a diameter of 40-80 nm [22] that bifurcate in front of every cell (Fig.
1A). The ordered arrangement of skeletal muscle into muscle fascicles and bundles
comprises different interstitial topology and cellular content, including blood vessels and
axons which align in parallel to these structures. Accordingly, alongside myofibers and
fascicles, blood vessels and axons provide linear curved surfaces, which, because of the
vicinity of these structures to each other, result in longitudinally confined channels with
basement membranes interfacing with fibrillar collagens [16,23]. As an example, the
panniculus carnosus muscle, a striated muscle within the deep dermis of many vertebrates
including mice, contains 0.1-10 pm wide tube-like basement-membrane covered endomysial
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channels of roundish, cleft-like flat or polygonal cross-sections (Fig. 1D) [12]. Together,
smooth and skeletal muscles contain basement membrane-coated confined linear channels
filled with mysial loose collagen networks that present strong topographical cues for
potentially invading cells [12,24,25].

Physical elastic properties of biological tissues, i.e. collagen, are reported by the elastic or
Young’s modulus and are affected by their structural features such as crosslink status,
geometry or porosity [26,27]. The elasticity of smooth and skeletal muscle tissues has been
measured in the range of 2 to 43 kPa (Fig. 1E) [28-32], which is primarily due to the
fibrillar ECM coats, but also the extensive filamentous stiff content in the contractile units
[16]. The stiffness of muscle tissue ranges above the stiffness of connective tissue in dermis,
breast or brain (below 3 kPa), but below the stiffness of cartilage (20 kPa), osteoid (30-40
kPa) or bone (15000 kPa) [33-36]. Interestingly, the mechanical properties of muscle tissue
vary with contraction, which causes transient and reversible distortion, stiffening and
relaxation of muscle cells and interconnected ECM [37]. As such, the elastic modulus of
muscle cells increases more greatly upon contraction: from 10 kPa during relaxation to 200
kPa in fully contracted state [38]. Muscle stiffness increases linearly with muscle force, but
differs between muscles based on the anatomic position, fascicle length and the degree of
synchronization of motor unit activation [30]. These contractions occur either on a regular
and slow basis in the range of seconds to minutes in smooth muscle tissue or as fast irregular
voluntary twitches within milliseconds to seconds in skeletal muscle. In summary, muscle
tissue comprises a hierarchically structured, mobile interstitium formed by linear interfaces
with complex topological arrangements of moderate to high stiffness compared to other non-
calcified tissues. It is important to gain an understanding of these permissive anatomical
structures that potentially provide molecular and physical guidance to moving tumor cells,
as tumor cell invasion into muscle tissues often has a negative impact on patient prognosis.

3. Cancer invasion into muscle tissue

In vivo, mysial interphases in smooth and skeletal muscle tissue guide, but also provide
significant barriers to invading cancer cells. Consequently, the detection of muscle invasion
in patient histology represents an independent prognostic parameter which influences
clinical management of many cancer types.

3.1. Smooth muscle invasion

Smooth muscle invasion originates from both epithelial tumors after tumor cells cross a
basement membrane or mesenchymal tumors that originate from the collagen-rich
interstitium without passing a basement membrane. Tumor invasion, i.e. from bladder,
stomach or uterus, occurs as a multi-step process as epithelial cancer cells first infiltrate the
connective tissue which separates the epithelial and muscle layers, followed by muscle
invasion (Fig. 2A, B). Tumor cells migrate either along dense outer layers of smooth muscle
tissue connecting to loose collagenous tissue or infiltrate and intersperse between and along
the orientation of individual muscle cells. For example, bladder tumor cells invade smooth
muscle tissue in a chain-like fashion, indicative of either jammed or collective migration
orienting along the linear endomysium (Fig. 2C) [39,40]. Similarly, cancer cells infiltrate the
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gastric wall by penetrating connective tissue mysia between smooth muscle layers where
they grow and form small islands [41]. Further, colorectal cancer cells migrate in a bud-like
fashion, linearly oriented along and between smooth muscle cells during early invasion,
often associated with extensive immune infiltration (Fig. 2D) Whereas early steps of muscle
invasion appear largely non-destructive, aggressive tumor progression leads to generalized
infiltration and destruction of muscle tissue, resulting in the replacement of muscular
architecture by poorly-differentiated tumor tissue and loss of function (Fig. 2E) [12,42].
Accordingly, deep infiltration of the smooth musculature by endometrial, bladder, as well as
gastric cancer associates with reduced survival: when compared to relatively high three or
five-year survival rates (78-95%) of patients with superficial muscle involvement, deep
muscle invasion correlates with an additional reduction (15-30%) of patient survival
resulting in 62—74% survival in these cancers (Fig. 2F) [43-45]. Together, neoplastic
infiltration of smooth muscle is guided along ECM topologies between smooth muscle cells
and is associated with reduced patient survival.

3.2. Skeletal muscle invasion

Similar to smooth muscle infiltration, progressing neoplasias from epithelial or
mesenchymal origin invade skeletal muscle, whereas cardiac muscle is rarely invaded [46].
Infiltrating tumor cells predominantly align within the interstitial endo- and perimysium
between and along muscle cells and fascicles in striated muscle tissue (Fig. 3A-C) [47-49].
In experimental tumor mouse models, migrating melanoma or breast cancer cells follow the
outer surface of myofibers in either longitudinal or perpendicular direction in tight
interaction with single skeletal muscle cells (Fig. 3D, E) [12,50]. These chain-like
multicellular cancer cell files intercalating between myofibers dominate as the main
collective invasion mode, likely as a consequence of space confinement [12]. A similar
intimacy between adhesive tumor cell protrusions and muscle cell sarcolemma can be
observed after tumor injection into the rat abdominal wall (Fig. 3F) [42]. This reflects the
orientation and presumably direct interaction of moving cells with guidance structure
forming basement membranes. Interestingly, besides interstitial migration along the mysial
layers of muscle cells, casuistic reports indicate tumor cells infiltrating skeletal myofibers.
Likely, invading colorectal cancer cells occasionally fully replace individual myofibers,
while neighboring myofibers are either unaffected or dying (Fig. 3G), and intra-myofiber
invasion is reproduced in an experimental mouse model where human fibrosarcoma cells
have entered mouse skeletal muscle (Fig. 3H). This phenomenon was also observed in 5% of
patients suffering from Ewing’s sarcoma, a rare cancer of the bone, as well as in isolated
cases of breast and lung carcinoma, leukemia, meningioma and bronchial cancer [51]. To
enter muscle cells, tumor cells might have penetrated through traumatized areas of the
sarcolemma, or been actively phagocytosed by or fused with muscle cells, followed by a
combination of tumor movement and proliferation along the actomyosin scaffold inside the
myofiber.

Neoplastic invasion of skeletal muscle is, like smooth muscle invasion, associated with
worsened cancer prognosis. In one example only, breast cancer invasion of the pectoralis
major, the muscle nearest to the breast, had no prognostic value for overall outcome [52]. In
contrast, squamous cell carcinoma (SCC) invasion of the extrinsic skeletal muscle of the

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beunk et al.

Page 6

tongue, as compared to SCC invasion not involving muscle, was significantly associated
with 50% increased local recurrence, 93% increased risk of distant metastases and 55%
lower disease free survival after 96 months, without significant differences in the incidence
of lymphatic invasion [53]. In addition, intramyofiber invasion in Ewing’s sarcoma was
associated with increased incidence of distant metastases and a 45% decrease in 4-year
survival as compared to patients without intramyofiber invasion. Although the provided
evidence does not directly link invasion to metastatic progression, skeletal muscle invasion
hinders body function, imposes a significant surgical challenge and compromises quality of
life after radical resection. Together, the topological cancer invasion patterns into smooth
and skeletal muscle are strongly indicative of guidance by molecular and physical
interphases along myocytes, as well as along vessels and nerves (Fig. 2G, 31). If followed by
excessive proliferation and proteolysis, such invasion zones could gradually destroy the
tissue and cause functional deficits, reducing quality of life and survival.

4. Guidance principles of cancer cell migration in complex environments

for cancer progression and resistance

4.1.

Little work has been performed to address tissue-specific mechanisms that underlie cancer
invasion into muscle tissue as the muscular 3D cellular and ECM organization are not
readily recapitulated by /in7 vitro culture. Similarly, in vivo analysis by intravital microscopy
is hampered by the mobility of muscle tissue in model organisms, rendering time-resolved
observations of cell functions challenging. Therefore, principles of tumor cell-muscle
interaction have been deduced so far from fixed histological analyses instead. To bridge this
gap, we here review and extrapolate recent progress in live tissue microscopy in the mouse
with emerging molecular and biophysical concepts of guided cell migration and their
implications for neoplastic invasion into musculature. Central mechanisms include adaptive
adhesion systems, geometrical guidance cues and constraints, and mechanosensing of tissue
stiffness and alignment in dynamic environments. These parameters jointly define type and
efficacy of cell migration and likely apply to cancer invasion and survival in muscle-like
environments.

Integrin-dependent and independent mechanisms of cell migration

Basement membranes and interstitial ECM components in mysia are rich in adhesion
ligands that can be recognized by tumor cells through adhesion receptors. Integrins are
important transmembrane adhesion receptors that connect these ECM compartments with
the actin cytoskeleton to transmit force and activate intracellular signaling cascades during
cell migration [54]. Integrin-mediated signaling protects cells from programmed cell death
caused by the detachment from ECM (anoikis) and confers therapeutic resistance via
enhanced survival [55,56]. A biphasic relationship between adhesion and cell migration
speed exists with intermediate adhesion levels mediating most efficient locomotion [57].
However, in contrast to other tissues such as brain or breast tissue [58], the critical adhesive
mechanisms for muscle tissue invasion remain unclear. It is expected that laminin and
collagen 1V in basement membrane, due to their guiding functions, as well as the abundantly
present interstitial fibrillar collagens I, 111 and V serve as major ligands for commonly
expressed adhesion receptors on invading tumor cells, such as a1p1, a2pl and a11pl
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integrins [54]. In mechanically active muscle tissue, cryptic tension-sensitive sites in the
FNIII-1 domain of fibronectin could be transiently opened upon muscle contraction and
serve as adhesion sites, promoting cell spreading, contractility and migration [59]. In
addition, cell forces trigger the release of ECM-sequestered cytokine TGF-p, a promoter of
cell spreading, contractility and migration [4]. Additional adhesion systems in muscle
guided migration could include syndecan binding to glycosaminoglycans and fibrillar
collagens as main ligands for discoidin domain receptors [60].

While integrin and actomyosin-mediated mechanotransduction is critical to cell migration
across 2D surfaces and in 3D matrices, alternative mechanisms for force generation and
transmission have been identified for migration in confining linear channels. These
mechanisms include microtubule dynamics, friction generated by an actin flow-mediated
pressure gradient against the channel walls, and/or polarized water and ion permeation [61-
63]. Current concepts consider that under such channel-like conditions, rather than adhesion-
mediated pulling on the substrate, low levels of force may be sufficient to push the cell body
forward [64]. Consequently, tumor cells lacking the mysial ECM-specific integrin sets may
still be able to locomote between myocytes by friction-based motility. In addition, inhibitors
targeting the invasion process by inhibiting MMPs, integrins and Rho GTPases might not
suffice to inhibit cancer cell invasion in muscle tissue, not unlike migration in capillaries or
compliant 3D collagen tracks [27,61,65]. Whether microtubule inhibition is particularly
effective in halting muscle invasion needs to be tested, e.g. by using taxol-based
chemotherapy, and whether adhesive or friction-based migration mechanisms predominate
in myofiber invasion is currently unknown.

4.2. Confinement induced cancer cell migration and progression

Different ECM dimensionalities, including 1D fibers, 2D surfaces or 3D tube-like channels,
are present in all basic tissues throughout the body. Migrating cells sense and interpret these
principal geometries and tend to follow tissue topologies by mechanical alignment or
adhesive contact, termed contact guidance or haptokinesis [66,67]. Accordingly, invading
tumor cells may orient themselves along muscle cells in animal tumor models (Fig. 3D,F,J)
[12,42] and likely in cancer patients (Fig. 2C) [40,47], but the resolution of standard
pathological histology is too low to ultimately confirm this. If low-resistance gaps or clefts
between linear topographies (such as present between muscle cells) are below the cross-
section of a migrating cell, yet spacious enough to accommaodate the cell body [68], they
facilitate guided but confined tumor cell migration by cell shape elongation initiated by a
long leading protrusion (Fig. 3J-L). Accordingly, confinement-like elongation of the cell
body during migration on thin 1D lines causes increased membrane and cortical tension,
which activates Piezol, a calcium-sensitive channel, and leads to changes in cellular state
[69]. In addition, tumor cells have been shown to widen the linear spaces between muscle
cells by a factor of about two [12]. Thus, the ECM-rich mysia between neighboring muscle
cells or fascicles contain somewhat compliant clefts of flat or tube-like non-confining and
confining geometry that present strong topographical cues to migrating cells.

Confinement, as provided by mysial clefts, may mechanically alter the homeostasis of the
nucleus by deforming it past critical limits. Cell compression by extracellular confinement
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may perturb mitotic rounding and correct spindle positioning and thereby induce
chromosomal missegregation and abnormal cell divisions [70]. While strong confinement
may arrest mitotic progression and increase cell death, mild confinement can accelerate
mitosis and induce mitotic abnormalities [70,71]. In addition, cell migration in highly
confined spaces /n vitro as well as in mouse dermis causes strong nuclear deformation and
defects in nuclear envelope integrity [72]. Such nuclear deformation causes DNA damage
and repair and repeated mechanical perturbation of the nucleus even induces genetic
heterogeneity [72-74]. In addition, stiffness itself could possibly induce genetic aberrations
as the number of large genomic changes and mutations in cancers scale with the stiffness of
the tissue of origin [75]. Together, because muscle tissue contains confined spacing, is
relatively stiff and undergoes frequent mechanical deformation, the consequences for
mechanical integrity of cancer cells and their nuclei when invading the musculature remain
to be identified.

4.3. Cancer cell mechanosensing of muscle-like mechanical properties

Mysial topologies, stiffness, and mechanosensing of muscle-intrinsic ECM types very likely
impact how tumor cells invade. Cell contact with a non-confining /n vitro substrate of
muscle-like intermediate stiffness of 10 kPa is suited to support maximally efficient
migration of glioma cells, consistent with intermediate adhesion and optimal traction force
[76]. With higher stiffness, migration speed decreases due to adhesion strengthening and
immobilization, whereas low substrate stiffness dampens migration speed due to weak
traction and cell slipping [76]. This biphasic relationship between substrate rigidity and
migration speed is readjusted when cells move in confinement, resulting in a near-linear
increase of speed with increasing substrate stiffness, which indicates that the 3D geometry
modulates both stiffness sensing and cell responses to stiffness [76]. In addition, stiffness
values similar to relaxed muscle tissue induce, besides efficient migration, very efficient cell
cycle progression and malignant progression by reducing levels of tumor suppressor
phosphatase and tensin homolog (PTEN) and enhancing (extracellular signal-regulated
kinase) ERK signaling activation [31,77,78]. Further, substrates stiffer than 5-10 kPa
activate cellular mechanosensory pathways, including the relocalization of nuclear co-
activators from the cytoplasm to the nucleus, including yes-associated protein (YAP) and
transcriptional coactivator with PDZ-binding motif (TAZ) [79,80]. Nuclear relocalization of
YAP/TAZ on stiff substrate occurs through stretched and opened nuclear pores in adhering
cells [81] and regulates transcription of genes that mediate cell growth, survival and
resistance to apoptosis and anoikis [80,82]. High or deregulated YAP and TAZ activity in
tumor cells is correlated with tumor progression and poor prognosis of various cancer types,
including rhabdomyosarcoma and, in part, associated with resistance to chemo- and
radiotherapy or targeted therapies such as epidermal growth factor receptor or mutated B-raf
protein inhibitors [82,83]. Resistance to therapy is conferred by multiple molecular
mechanisms including YAP/TAZ mediated activation of growth factor signaling, cell cycle
progression, suppression of apoptosis, as well as altered DNA damage response followed by
genomic instability [82]. Of note, stiffness sensing includes a “memory” function as cells,
after priming on a stiff substrate and relocation onto soft substrate, retain nuclear YAP for
days, implying that stiffness signals can persist mid- to long-term [84,85]. Taken together,

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beunk et al.

Page 9

mechanosignaling at intermediate muscle stiffness levels promotes tumor infiltration and
proliferation in muscle, thereby assisting resistance to therapy.

Whereas these cell responses occur under tonic, i.e. stable biophysical regimes, tumor cells
that invade into highly dynamic and repeatedly contracting muscle tissue are unavoidably
confronted with altering mechanical stresses. Muscle contraction cycles increase tissue
stiffness and may modulate the width of pre-existing tissue confinements in an oscillatory
manner. Under physiological conditions, cyclic stretch-relaxation cycles of fibroblasts
interacting with 2D deformable substrate cause increased migration speed [86], whereas
wound closure by epithelial cell sheets, upon similar cyclic stress, is decreased [87]. How
physiological contractility and stiffness changes of muscle tissue alter the biology of tumor
cells, is unknown. Nevertheless, multi-parametric positive effects on cell invasiveness
reinforced by muscle contraction cycles can be inferred based on known mechanocoupling
and stiffening responses. However, it is expected that contraction cycles are reduced upon
gradual muscle destruction during cancer progression. While the cellular and functional
consequences of progressive muscle tissue infiltration on muscle function have not been
studied systematically, they are expected to depend on the type muscle invaded, cancer type
and tumor aggressiveness. Taken together, studies of tumor cell behaviour in defined
muscle-like environments suggest that muscle tissues provide molecular and mechanical
properties that may affect the mechanoresponse of invading tumor cells, leading to worsened
neoplastic behaviors including growth, survival, migration, muscle destruction, and
therapeutic resistance.

5. Conclusions

The above discussed considerations show that muscle invasion by cancer cells follows
tissue-specific principles of guided migration along tissue topologies, which are provided by
the unique microanatomy of smooth and striated muscle tissue. Mysia are part of fluid-filled
interstitial spaces that drain fluid and could allow for facilitated non-destructive tumor cell
migration [12,88]. In addition, oscillating stiffness and topological deformation upon muscle
contraction induce kinetic mechanosensing and tumor cell reprogramming. Consequently,
initial invasion takes place that may proceed non-destructively along basement membranes
and vascular structures, followed over time, likely weeks to months, by destructive growth
and remodeling of the musculature [12,42]. Similar to cell migration in 3D collagen matrices
and microfluidic capillaries, guided cancer cell migration along mysia may be adaptive,
depending on the varying dynamics, geometry, stiffness and ligand availability of the
invaded subcompartment. Consequently, tumor cells constitutively undergoing mechanical
challenge through muscular contractions may become more resistant to therapies due to the
induction of mechanosensitive pathways, posing a number of challenges to tumor specific
targeting. In addition, the mechano-challenging musculature may select for
mechanoresistant cells, which have developed mechanical fitness to cope better with
stressors encountered during metastatic spread. In general, the effects of muscle-specific
parameters on cell responses have mostly been tested on healthy cells and the relevance on
invasive and metastatic tumor cells still remains largely illusive. Therefore, key questions
include whether specific cancer clones with certain genetic alterations more readily invade
muscle tissue, whether infiltration into the musculature supports the capacity of tumor cells
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to metastasize or develop therapy resistance and how mechanical processes are involved
therein.

To characterize the cellular, molecular and mechanical mechanisms of tumor infiltration into
muscle and its consequence for cancer progression, improved organotypic muscle-specific /n
vitroand in vivo models need to be developed and applied. Valuable in vitro assays, such as
multi-component live-cell culture (“organ-on-a-chip”) [89], tensile strain models [90] and
3D culture of differentiated myogenic cells isolated from native tissue [91,92], mimic
defined aspects of muscle geometry and stiffness dynamics. In addition, readily available 2D
or 2.5D nanodevices resemble ligand availability similar in muscle tissue, muscle-like
stiffness or surface topography, while 3D synthetic or ECM-based microchannels offer
mysium-like elongated channel topologies [62,93-95]. Further, considering the clinical
relevance, particularly non-vascular smooth muscle culture, i.e. from murine induced
pluripotent stem cells [96], will be required to address muscle-induced mechanisms of tumor
cell reprogramming and worsened prognosis. However, migration characteristics in all
models, such as cell deformability, elongation and migration capacity, remain to be
correlated to and validated in tumor cells moving in muscle tissue /n vivo. Strategies for
intravital imaging of the skeletal dermal panniculus carnosus and smooth muscle layers of
the bladder in mice are available and may allow analysis of cancer cell invasion [12,97].
Similar imaging strategies may be applicable for probing tumors invading major skeletal
muscle groups such as the abdominal muscle. As a complimentary approach, mathematical
modeling could decipher reciprocal processes between cancer cells, muscle cells and other
cell types and unravel the specific contribution of muscle characteristics enabling migration.
In combination, engineered and cell-based /n vitro models, intravital microscopy and /in
sificomodeling will allow to delineate the biology of tumor invasion into muscle and the
efficacy of therapeutically targeting the process of neoplastic muscular infiltration.
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. Basement membrane coated muscle cells are embedded within linear ECM-
rich mysia

. Tumor cell migration is guided by linear confinement present in muscle tissue

. Experimental tumor cell invasion occurs along linear ECM-coated mysial
structures

. Biophysical properties of muscle tissue favor tumor cell invasion and survival

. Neoplastic muscle invasion is often associated with negative patient prognosis
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Figure 1: Anatomy of smooth and skeletal muscle tissue.
(A) Smooth muscle tissue consisting of smooth muscle cells connected by gap junctions,

covered by a basement membrane (blue) and embedded in collagen-rich endomysium that
contains lymph vessels (not shown), blood vessels and axons. (B) Skeletal muscle
comprising three structural hierarchical levels: a muscle consisting of muscle bundles
(fascicles) which contain muscle cells covered by a basement membrane (blue). (C) The
endo-, peri-, and epimysium containing collagen fibrils, fibers, and bundles, respectively,
consisting of collagen I, 111 (and V in the endo- and perimysium only) and basement
membranes surrounding muscle cells, axons and blood vessels [16,20,21,23]. All cartoons
are magnifications of the numbered regions in (A) and (B). (D) Topology of skeletal muscle
in the mouse represented as longitudinal (left) and perpendicular (right) view with asterisks
marking anticipated channels. Asterisks, anticipated confined mysial clefts and channels.
Scale bars: 50 um. Left image modified and reprinted with permission from The Company
of Biologists; [24]. (E) Elastic moduli of bulk muscle tissue obtained by different methods,
including Atomic Force Microscopy (AFM) and Shear Wave Elasticity Imaging (SWEI).
Measurements of arterial tissue include besides smooth muscle tissue also other structures,
such as elastic fibers in other layers of the arterial wall and endothelia [28-32].
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Figure 2: Overview, histopathology and impact of smooth muscle neoplastic invasion.
(A) Hollow organs such as bladder, gastrointestinal tract and uterus lined by epithelium,

connective tissue and smooth muscle layers (muscularis mucosa and muscularis propria)
when invaded by tumors (purple) at their onset (A,B), during superficial (C) and deep
muscle invasion (D), and when ultimately reaching connective and fatty tissue of nearby
organs (E,F). (B) Tumor - Lymph Node - Metastasis (TNM) staging of primary tumors from
the indicated neoplasias as defined by the American Joint Committee on Cancer, with T1
defining the smallest, and T4 defining the greatest local extent of the primary tumor. The
depth of muscle invasion differentiates tumors into different T-sub-stages, depending on the
tumor type [98]. (C) Bladder cancer cell invasion (purple) in chain-like fashion into
surrounding smooth muscle tissue (black arrowheads and inset) or along connective tissue
(blue arrowheads). Image reprinted with permission from Springer Nature; [40]. (D)
Colorectal cancer bud formation (black arrowheads) and immune infiltration (blue
arrowheads) along the orientation (arrows; also see insets) of the smooth muscle layer of the
colon. (E) Muscle destruction in the anus caused by advanced colorectal cancer disease (also
see insets; arrowheads point to remnant muscle structures; asterisks indicate partly
remaining muscle). (F) Deep cancer invasion of the myometrium surrounding the uterus is
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associated with significantly (P <0.0001) decreased overall survival and thus serves as a
prognostic parameter. Two hundred and two patients with <50% myometrial invasion and 49
patients with myometrial invasion exceeding 50%. Image modified and reprinted with
permission from John Wiley and Sons; [45]. (G) Schematic representation of tumor cell
guidance by smooth muscle tissue. Guiding structures for migrating tumor cells (in the
direction of the arrow) include endomysium and basement membranes of muscle cells,
axons and capillaries as well as the lumen of capillaries (arrowhead). Colored structures are
identical to their annotation in Fig. 1A and C. All scale bars, 100 um.
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Figure 3: Histopathology of cancer invasion into skeletal muscle tissue.
Examples of skeletal muscle invasion by different human (A,B,C,G) and experimental

animal (D,E,F,H) neoplasias. (A) Thyroid cancer cell migration (purple) along the
endomysium (white arrowheads) and perimysium (blue arrowheads; also see inset) of
skeletal muscle (pink) while muscle integrity remains intact. Image reprinted with
permission from Springer Nature; [47]. (B) Non-Hodgkin lymphoma (purple; white
arrowheads) infiltrating the endomysium of skeletal muscle tissue (pink; asterisks). Image
reprinted with permission from SAGE Publications; [48]. (C) Collective and single muscle
invasion of thyroid cancer cells (arrowheads) guided by intact muscle cells (asterisks). See
inset for an example of single cell migration between 2 muslce fibers. (D,E,F) High
resolution examples of neoplastic invasion along skeletal muscle cells in animal models. (D)
Fluorescently labeled murine B16F10 melanoma cells injected into the deep dermis of
C57/BI6 J mice invading into the hypodermis along the pre-existing architecture of the
panniculus carnosus muscle (asterisks). Image reprinted with the permission from Landes
Bioscience; [12]. (E) Cancer cells, expressing cytokeratin-14 (K) as a basal epithelial
marker, migrating as cellular streams (arrowheads) between muscle cells in a transgenic
spontaneous breast cancer mouse model. Nuclei on the left side of the image depict
cytokeratin-14 negative non-invading tumor cells (T). Image reprinted with permission from
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Elsevier; [50]. (F) Rat Rd/3 tumor cells injected into rat abdominal wall invading skeletal
muscle 6 days post injection. Numerous cytoplasmic processes of a tumor cell (bottom)
closely appose to the muscle cell (arrowheads). Imaging by transmission electron
microscopy; magnification: 12.600x. Image reprinted with permission from John Wiley and
Sons; [42]. (G,H) Intra-muscle fiber invasion by neoplastic cells. (G) Apparent replacement
of abdominal muscle cells by malignant glands from colorectal cancer (arrowheads), in the
direct vicinity to dystrophic muscle cells (asterisks). (H) Infiltration of laminin-marked
panniculus carnosus skeletal muscle fibers by fluorescently labelled human HT1080
fibrosarcoma cells (asterisks) in nude mice. (1) Principles of skeletal muscle invasion.
Guidance of tumor cell migration along the endo-, peri- and epimysium and basement
membranes sheathing skeletal muscle cells, axons and capillaries (arrowheads), as well as
inside muscle cells (asterisk). Colored structures as indicated and identical to their
annotation in Fig. 1B and C. (J-L) Guidance of breast cancer invasion by skeletal muscle
cells. File-like strand invasion of cytokeratin-14 positive breast cancer cells between skeletal
muscle fibers in a transgenic spontaneous breast cancer mouse model (as described in [50];
image set provided by K. Cheung and A. Ewald). (J) Z-projection of whole tumor invasion
field into muscle, with rectangle depicting zone for zoom in (K) and three vertical lines for
xz projections in (L). (K) A single strand with a highly protrusive leader cell (arrowhead)
migrates between individual muscle cells; single cropped z-sections with indicated distances
between each other. (L) Orthogonal xz views of breast cancer cell migration (green) being
progressively guided by individual muscle cells (asterisks), even on the level of the
protrusion in section 3 (white arrowhead). Also note strongly deformed nuclear cross section
in section 1 (arrow). Scale bars, 50 ym (C,D,E,G,H); 10 um (J,K,L); 1 um (L).
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