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Abstract: Cancer cell migration is a complex process that requires coordinated structural changes and
signals in multiple cellular compartments. The nucleus is the biggest and stiffest organelle of the cell
and might alter its physical properties to allow cancer cell movement. Integrins are transmembrane
receptors that mediate cell-cell and cell-extracellular matrix interactions, which regulate numerous
intracellular signals and biological functions under physiological conditions. Moreover, integrins
orchestrate changes in tumor cells and their microenvironment that lead to cancer growth, survival
and invasiveness. Most of the research efforts have focused on targeting integrin-mediated adhesion
and signaling. Recent exciting data suggest the crucial role of integrins in controlling internal cellular
structures and nuclear alterations during cancer cell migration. Here we review the emerging role of
integrins in nuclear biology. We highlight increasing evidence that integrins are critical for changes in
multiple nuclear components, the positioning of the nucleus and its mechanical properties during
cancer cell migration. Finally, we discuss how integrins are integral proteins linking the plasma
membrane and the nucleus, and how they control cell migration to enable cancer invasion and
infiltration. The functional connections between these cell receptors and the nucleus will serve to
define new attractive therapeutic targets.
Keywords: integrins; nucleus; nuclear deformability; tumor microenvironment; ECM; chromatin;
nuclear mechanics

1. Introduction
The nucleus separates and encloses the genome of the cell from the cytoplasm and this is critical
for the normal functions of eukaryotic cells. Cancer cells present an aberrant nuclear morphology
compared to normal cells, including nuclear invaginations, irregular shape and volume, aberrant
chromatin regions and nuclear bodies and multilobulation [1–3]. Moreover, the nuclear disorganization
in cancer cells is used by pathologists for diagnosis and prognosis of cancer and to determine the
grade of malignancy [4]. As defects in nuclear components do not directly lead to cancer development
(although they are connected with other human pathologies) [5,6], we can suppose that disrupted
nuclear organization in cancer cells is a consequence of cancer transformation and progression.
The nucleus is composed of a nuclear envelope (NE), which contains the outer and inner nuclear
membranes and the nuclear pore complex. Underlying the NE is the nuclear lamina network,
which is mainly composed of lamins and lamin-associated membrane proteins, which connect lamins
to the chromatin and cytoskeleton [7]. Lamins are nuclear intermediate filaments grouped into
A-type and B-type lamins that control the nuclear architecture and are linked to gene expression
and global chromatin organization [8,9]. The nuclear lamina network includes several components
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that connect the nuclear lamina with the chromatin and the cytoskeleton. These include the LINC
(Linker of nucleoskeleton and cytoskeleton complex), composed by nesprin and SUN proteins, titin,
emerin and all-spetrin. Nesprins and SUN proteins are NE transmembrane proteins that connect
with actin (nesprin-1 and -2), plectin (nesprin-3), and dynein and kinesin (nesprin-4 and KASH5).
Other lamin-interacting proteins are associated with chromatin regions, such as lamin B receptor (LBR)
and LAP2 [9]. Finally, other proteins play a role in both the cytoskeleton and the nucleoskeleton.
For instance, actin and its associated proteins, such as Wiskott-Aldrich syndrome protein (WASP),
focal adhesion kinase (FAK), actinin, Arp proteins, myosin, ERM (Ezrin, Radixin, Moesin) with others,
shuttle between the nucleus and the cytoplasm. The nuclear fraction of these proteins links to the
epigenetic machinery, the lamina network and regulate some nuclear functions [10–14].
Chromatin is composed of the deoxyribonucleic acid (DNA) and its associated proteins and
molecules. Chromatin structure is highly coordinated to regulate gene expression, cell-cycle, DNA damage,
cell development and differentiation [15]. Chromatin is condensed and relaxed at different nuclear
regions according to epigenetic alterations. These epigenetic changes comprise post-translational
modifications of the DNA (methylation), histone proteins (methylation, acetylation, ubiquitylation,
SUMOylation) and non-coding RNA sequences, which regulate chromatin structure, function and
contribute to the nuclear architecture [15]. Cancer cells manifest many epigenetic abnormalities, which
lead to genomic instability and aberrant gene expression during cancer progression and recurrence.
Due to the aberrant nuclear architecture of cancer cells, nuclear changes have been proposed a hallmark
of cancer and may lead to the identification of new therapeutic targets [16,17].
2. Integrins and Cell Migration
Integrins are heterodimeric receptors consisting of two subunits (α and β) described more than
30 years ago [18,19]. This receptor family comprises 24 integrin heterodimers in vertebrates, formed
by the combination of 18 α and 8 β subunits that “integrate” chemical and physical stimuli from the
extracellular matrix (ECM), other cells and microenvironment into the cytoplasm and nucleus of the
cell [20,21]. Integrins are type 1 transmembrane receptors with a common structure: an extracellular
domain, a transmembrane region and a cytoplasmic tail, which associates with cytoskeletal components
such as talin, paxillin, tensin and actinin; and signaling transducers such as FAK, integrin linked kinase
(ILK), cytohesin-1 and the cytoplasmic domain associated protein-1 (ICAP-1) [22,23]. Integrins play
a critical role in several cellular functions, including adhesion, migration, immune synapse and
signaling, proliferation, survival, thrombocytosis, angiogenesis and cell differentiation [24,25]. Due to
these diverse functions, integrins are implicated in many human pathologies including inflammation,
autoimmune and infection diseases, and are fundamental also in cancer [26,27].
There is a clear link between oncogenes and integrin expression. For instance, Boudjadi et al.
described that α1β1 expression is regulated by the oncogene myc in colorectal cancer cells [28] and
β1 integrins-mediated adhesion appears to drive cancer cell proliferation and metastasis in some
contexts [29]. In breast cancer cells, integrin signaling via PI3K (Phosphoinositide 3-kinase) and FAK
controls the translocation of Bax to the mitochondrial membrane, thereby repressing apoptosis [30].
A similar cytoprotective effect is observed in hematological cancers when cells are retained in
microenvironmental niches [31,32]. Several groups have described how integrins and their focal
adhesion (FA) partners also regulate apoptosis by modulating the oncogene p53. For instance, integrins
regulate p53 expression and response while FAK interacts with p53 and regulates its expression in
several cancer type cells, including melanoma and sarcoma cells [33,34].
Integrins are used by cancer cells to control growth factor signaling [35]. It is proposed that the
recycling machinery controls the presence of α5β1 and EGFR1 to promote cell migration of ovarian
carcinoma cells [36] and Zahir et al. showed that α6β4 controls NF-kB activity via EGFR1/Rac in
breast tumors [37]. TGFβ (tumor growth factor β) is a promoter of epithelial mesenchymal transition
(EMT) and in turn, EMT and its signaling is regulated by the matrix stiffness and the action of
metalloproteinases associated with integrins. For instance, MT1-MMP and αvβ8 regulate TGFβ
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signaling in several cancer cell types, including colon adenocarcinoma, fibrosarcoma, lung carcinoma,
hepatocarcinoma, etc. [38–40]. Intriguingly, cancer stem cells (CSC) present specific integrin expression
patterns, including α6, β1, and β3, which appear to help to maintain the CSC population [41]. CSC are
a subpopulation of cancer cells that possess self-renewal properties and tumor initiating capacity. It has
been recently reviewed that integrins control their stem cell characteristics in the stem cell niche [41].
Given their diverse roles in human disease, integrins have increasingly been viewed as therapeutic
targets. Approaches include targeting the integrins or their ligands by using antibodies, peptides
and organic inhibitors (see Table 1 for more information). For instance, blocking strategies have
been employed against αIIbβ3 (thrombosis), α4β1 (multiple sclerosis), α4β7 (Crohn disease and
colitis), and others [42–49]. In cancer, some integrin blocking therapies are under clinical development,
such as the anti-integrin antibodies, antagonists and small molecules against αvβ3, αvβ5, α5β1 and
αvβ6 [50–60]. However, despite the promising preclinical data, clinical trials failed to show any
improvement over conventional therapies and so research efforts are currently focused on developing
new tumor targeted drug-delivery strategies approach to overcome clinical limitations.
Table 1. Preclinical and clinical trials evaluating drugs and inhibitors against integrins and their ligands
in human disease and cancer.
Type

Class

Monoclonal
Antibody

Integrin
Targering

Peptide

Target

Pathology

References

α4β1, α4β7

Multiple sclerosis

[42]

Efalizumab

CD11a

Psoriasis

[43]

Efalizumab

CD11a

Inflammatory bone loss
(Rheumatoid arthritis)

[44]

Natalizumab
Vedolizumab
AMD181
Etrolizumab

α4β7, αEβ7

Crohn’s disease and ulcerative colitis

[45,47,48]

Abciximab

αIIbβ3

Acute coronary síndrome (ACS)
undergoing Percutaneous coronary
intervention (PCI)

[46]

Vitaxin
MEDI 522
Intetumumab
Etaracizumab

αV, αVβ3

Volociximab

α5β1

Eptifibatide

αIIbβ3

DisBA-01

αVβ3

PHSCN

α5β1

Cancer

Cancer

[49–52]
[53,54]

NSTEMI with PCI

[46]
[53,54]

AJM300

α4β1, α4β7

Crohn’s disease and ulcerative colitis

[47,48]

Tirofiban

αIIbβ3

NSTEMI with PCI

[46]

PSK1404
IH1062
GIPG0187
MK0429

αVβ3

GIPG0187
SJ749 Resveratol

α5β1

Monoclonal
antibody

PF-00547659

MAdCAM-1

Peptide

ALOS4

Organic
(Non-peptide)

Ligand
Targering

Name
Natalizumab

Eldelumab

[57–59]
Cancer

CXCL10

[60]
[45]
Crohn’s disease and ulcerative colitis
Cancer

[47]
[54]

Integrins and Cell Migration
A critical function of integrins is their control of cell adhesion and migration. Integrins regulate
membrane trafficking and endocytosis, epithelial-mesenchymal transition (EMT), cell polarization,
cytoskeletal rearrangements, activity and localization of matrix metalloproteases, and the interplay
between cancer cells and their surrounding cancer microenvironment [26].
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Cancer cell migration is a complex process involving many molecular interactions. However,
integrins orchestrate at least some of these processes including the interaction between cell receptors
and the ECM, and the integration of signals that modulate migration rate and cell phenotype. It is
worthy of note that migration in the 3D ECM presents substantial differences to 2D in vitro culture
conditions. Most notably, nuclear deformability appears to be the limiting factor for effective cell
migration in these more confined physiological conditions [61]. In general, integrins are fundamental
for normal and cancer cells to sense the mechanobiological signals from the microenvironment [62].
Several modes of cancer cell migration in confined conditions have been reported, such as collective
and single cell migration and movement through specific ECM regions acting as migrating tracks [62].
In the case of single cell migration, receptor adhesion and actomyosin contractility are critical
determinants of these migration types, which include lobopodial, lamellipodial, “fibroblast-ameboidal”
(A1), Bleb-ameboidal (A2), and osmotic engine models [62,63]. Moreover, depletion of integrin, talin or
vinculin did not affect specific cell morphologies [64], suggesting that blocking integrins might induce
switch between these phenotypes and reduces the cell migration. These molecular mechanisms have
been recently reviewed and are not subject of this review.
One remarkable aspect of the 3D environment surrounding cancer cells is that it is often
altered, both in terms of the specific cellular constituents present and the organization of the cellular
microenvironment, when compared with normal ECM. For instance, in breast cancer there is a
correlation between the ECM stiffness and the malignant and invasive phenotype of mammary
epithelial cells [65,66]. The integrin “adhesome” has been extensively studied and divided according
to the FAK/Paxillin, Talin/Vinculin, ILK/Kindlin, and α-Actinin/Zyxin pathways [67]. These specific
integrin adhesome molecular partners are promising therapeutic targets to reduce cancer invasion [68].
However, how these molecules control nuclear changes in migrating cancer cells is yet to be
fully elucidated.
Despite the canonical function of integrins during cell migration in 2D, cancer cells can use
integrin-dependent and independent mechanisms to migrate under 3D conditions. For instance,
blocking or knocking-out integrins and their associated partner molecules does not affect cell migration
of normal immune cells and leukemic cells in 3D conditions in vitro and in vivo [69–71]. In spite of this,
other evidence illustrates that integrins might be involved in immune cell infiltration, demonstrating
that both integrin-dependent and independent migration is possible under different conditions [72–74].
For cancer cells, integrins and their associated glycoproteins have been shown to support cancer cell
adhesion and contribute to tumor progression and invasive cancer phenotypes [75]. It is broadly
known that integrins are critical for cancer cell migration in confined spaces; although it has been
proposed that carcinosarcoma cells are capable of integrin-independent migration [76]. Integrins
and their FA partners drive ECM remodeling and intracellular signals such as PI3K and FAK [77,78].
Remarkably, integrin recycling and endocytosis also drives cancer cell invasion in 3D environments.
For instance, Casswell et al. showed that α5β1 recycling via Rab25 drives cancer cell migration through
3D collagen gels [79]. Both the stroma and cancer cells control the ECM rigidity, which promotes tumor
invasion, invadopodia formation and metastasis via EMT of breast cancer cells induced by the nuclear
factor TWIST1 [80] and EMT of epithelial cells by modulating TGF signals [40]. The significance of
ECM stiffness and its mechanical properties as has been reviewed recently [81]. This review suggested
that these physical properties of the ECM represented promising therapeutic targets. Herein, it is
mandatory to explore new functional connections driven by integrins and their associated molecules
during cancer cell migration.
3. The Nucleus and Cell Migration
In order to metastasize, cancer cells have to move through endothelial barriers, stiff ECM and
different confined microenvironments [82]. While migration in 2D does not present space restrictions,
in 3D conditions cells must alter their nucleus to facilitate their migration through confined spaces
such as interstitial spaces or transendothelial migration [83–85]. Over the last few years, the notion
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of biomechanics and its significance on cell migration and tumor dissemination has gaining research
interest. As the nucleus is physically connected to the cytoskeleton and the plasma membrane,
the active interplay between the nucleus and the cell body is fundamental during cell migration
(Table 2). Therefore, the regulation of the nuclear shape, position and deformation is critical in
controlling the migration of both normal and cancer cells.
3.1. Nuclear Translocation and Rotation
The nucleus has to move coordinately with the cell body, according to cellular tensegrity [86].
This concept highlights the intracellular filament network that connects cell poles and organelles [86].
The nucleus might need to rotate in order to align with the axis of migration and behind the centrosome
of a polarizing cell. This nuclear rotation depends on microtubules and actomyosin contractility
and helps the cell to polarize and move through confined spaces [87]. Therefore, cytoskeletal
rearrangements drive the cell polarity, the leading and trailing edges and internal dynamics. On the
other hand, LINC acts as a nuclear node that transmits forces between the cytoskeleton and the
nucleus, and its critical for nuclear positioning, reorientation and centrosome attachment to the
nucleus [88]. Swift et al. described how the nuclear translocation is crucial during mesenchymal
stem cell migration [89]. It has been described that nuclear localization has to coordinate with the
cell body via actomyosin, which applies pulling and pushing forces on the nucleus rather like a
piston. The piston mechanism is a key factor for lobopodial movement of fibroblasts and fibrosarcoma
cells [90]. Thomas et al. have described how the myosin IIA cooperates with vimentin to regulate
myosin contractility at the leading edge of breast cancer cells to pull the nucleus [91]. Myosin IIB
localizes at the perinuclear actin rim and the trailing edge, driving nuclear pushing from the cell
rear through ECM constrictions [91]. Microtubules and their associated proteins dynein and kinesin
also contribute to nuclear rotation and pulling during cell migration, as reported in myoblasts and
neurons [92–94]. LINC complexes are critical to control and keep the balance of the PMT (point of
maximum tension) for the nucleus of migrating fibroblasts [95]. Furthermore, it has been shown that
integrins localize at the leading edge of migrating cells and control actomyosin contractility through
the Rho/ROCK axis [96]. The functional connections between cytoskeleton polarization, internal forces
transmitted by LINC complexes and the nuclear forces applied need to be explored to define precisely
how cohesive forces control nuclear positioning in cancer cells.
3.2. Nuclear Deformability
As we introduced previously, nuclear deformability is critical to allow cancer cell migration in
confined conditions [36]. During cell migration, the nucleus becomes more malleable, and sensitive to
forces applied from the cytoskeleton. Multiple nuclear components determine the nuclear deformability,
including lamins, the chromatin and nucleoplasm. The nuclear lamina is the major contributor to
the stiffness and the mechanical properties of the nucleus of lung carcinoma, glioblastoma and
mesenchymal stem cells [89,97]. Lamin A expression and its stoichiometry with respect to lamin
B appear to control nuclear stiffness and mechanics [97]. For instance, expression of lamin A is
required for proper nuclear movement, downregulation of E-Cadherin, increase CSC phenotype and
cell migration efficiency in colorectal cancer [98]. Kong et al. described that lamin A overexpression
correlates with PI3K/AKT signaling pathway and the malignant behavior of pancreatic cells [99].
There is evidence that the migration of cancer cells (such as melanoma and neuroblastoma cells)
requires reduced levels of lamin A, as lower nuclear stiffness correlates with higher deformability of
the nucleus [100,101]. Furthermore, leading cells at the periphery of tumor xenografts present low
lamin A levels suggesting more invasive phenotype than cells located at the center of the tumor [97].
These controversial findings might be explained by different migration types as well as other nuclear
contributors to nuclear deformability and migration. This idea agrees with other publications
that present how defective lamin A expression is linked to chromatin structure, LINC expression
and localization and cohesive nuclear-cytoskeleton connections in fibroblast and osteosarcoma
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cells [102,103]. Loss of other nucleoskeletal components, such as emerin, also affects the nuclear
shape and mechanics of thyroid carcinomas [104].
It is now well established that cell migration is associated with epigenetic changes. DNA
methylation and histone modifications related to heterochromatin (H4K20me1, H3K27me3 and
H3K9me3) are upregulated in several invasive cancer cell types, including breast, ovarian and
melanoma cancer cells [105–107]. Likewise, changes in histone 1 mobility are also related to cell
migration [105]. Chromatin compaction might be coupled to the cytoskeleton to facilitate efficient
nuclear positioning and reshaping and to foster biomechanical connections [108,109]. Epigenetic
changes contribute directly to the mechanical properties of the nucleus and are present in specific
genomic regions linked to lamins and other nuclear envelope components (lamina-associated domains,
LADs) [110]. This aligns with the novel non-genomic functions assigned to epigenetic changes
by Bustin and Misteli [111]. Furthermore, treatment with the methyltransferase inhibitor MTA
(50 -deoxy-50 -methylthioadenosine) reduced chromatin condensation, proliferation and invasion of
bladder cancer cells [112]. In gastric carcinoma cells, the use of decitabine, a DNA methyltransferase
inhibitor, impaired cell migration, suggesting this approach as a potential therapeutic strategy against
cancer dissemination [113]. Recently, Maizels et al. demonstrated that tumor progression leads to
chromatin plasticity, which in turn controls the invasiveness and proliferation of melanoma cells [114].
Although high heterochromatin levels increase the nuclear stiffness and might impair cancer cell
migration, they also facilitate nuclear reshaping and effective cytoskeletal forces during nuclear
translocation. Recently, it has been described that normal and cancer cells present NE rupture and
DNA damage during cell migration across narrow 3D spaces [115,116]. This requires the induction
of the DNA damage repair machinery and the endosomal sorting complexes required for transport
(ESCRT) III complex and might contribute to genomic instability in cancer cells. This highlights how
chromatin structure might compromise cancer cell migration. Moreover, Irianto et al. have described
how osteosarcoma cells migrating through narrow spaces present chromatin compaction and defective
mobility of DNA repair factors and nucleases [117].
Finally, instead of internal nuclear components, such as lamins, LINC complexes and the
chromatin, it has been suggested that the cytoplasmic perinuclear cytoskeleton may regulate nuclear
deformability through confined conditions. CiAN (confinement induced actin network) define several
components such as Arp2/3 and fascin that surround the nucleus and manage its deformation in
immune and cancer cells [118,119]. This opens new research questions and potential therapeutic
targets to explore in a future.
3.3. Intranuclear Structures
Cell-ECM interactions can lead to the redistribution of intra-nuclear structures. These nuclear
regions might influence nuclear deformability and cell capacity to invade and migrate under constricted
conditions. The nucleolus is an ultrastructure composed by multiple proteins and RNAs that regulate
nuclear functions such as gene transcription [120]. It has been reported that the nucleolus localizes
opposite the MTOC (Microtubule organizing center) in migrating Dictyostelium discoideum, and this
localization depends on microtubules [121]. During development, columnar cells alter the size and
structure of the nucleolus according to their migration to villus top [122]. Other internal nuclear
structures reorganized by cell-ECM interactions include Cajal bodies, which are highly mobile and can
interact with the nucleolus in HeLa cells, as presented by Platani et al. [123].
In addition to nuclear lamina and the chromatin structure, other cytoskeletal components localize
in the nucleus and contribute to the nuclear deformability in regulating cell invasiveness. For instance,
Rac1 is imported to the nucleus, where Rac controls nuclear shape and chromatin organization and
promotes an invasive phenotype of prostatic cancer cells [124]. Other nuclear and cytoskeleton
components regulate chromatin structure; for instance, WASP and FAK translocate from the cytoplasm
into the nucleus where they control and interact with specific epigenetic remodelers and histone
modifications, such as the protein MBD2 (methyl CpG-binding protein 2) [10,12]. Also nuclear ERM
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proteins control chromatin conformation. For instance, specific phosphorylations of ezrin drive its
nuclear localization, which might influence on gene transcription, nuclear shape and mechanics
of osteosarcoma cells [13]. Finally, despite cell tensegrity new evidence demonstrates how the
nucleus presents its own mechanical properties. Guilluy et al., showed that nesprin-1 controls the
mechanical response of isolated nuclei to external forces, by regulating emerin phosphorylation [108].
This supports the idea that the nucleus is a mechanosensitive organelle independent of the cytoplasm.
3.4. Role of Integrins in Nuclear Modifications
Integrins are critical for cancer cell migration. Therefore, deciphering their role in nuclear
changes and mechanics should expand our knowledge about the molecular mechanisms used during
tumor cell migration and metastasis. Migrating cells relocalize several cell components, including
MTOC, mitochondria, Golgi apparatus. Currently, we know that integrins drive cell organelle
positioning. For instance, the α5β1 integrin, via the protooncogene tyrosine-protein kinase Src and
MLCK (myosin light chain kinase) activity, controls Golgi distribution in fibroblasts [125]. It has been
reported that in migrating T lymphocytes the integrin LFA-1 (αLβ2) is critical for the redistribution
of CG-NAP/AKAP450 protein (centrosome and Golgi localized protein kinase N-associated AKAP
protein) [126]. Regarding centrosome positioning, Hurtado et al. showed how delocalization of
the Golgi impairs the polarity axis and migration directionality in epithelial cells [127]. Also, the
centrosomal component, AKAP350 contributes to non-immune cell migration, by controlling the
centrosome positioning in hepatocellular carcinoma, liver adenocarcinoma and epithelial cells [128].
Other organelle redistribution is also controlled by integrins such as mitochondrial relocalization is
driven by Miro-1 and dynein during lymphocyte movement and transendothelial migration [129].
Moreover, Miro-1 and other mitochondrial regulators, such as SNPH (syntaphilin) and kinesin KIF5B,
have been defined as cell invasion regulators that connect mitochondria with the cytoskeleton in
multiple normal and cancer cell types, including fibroblasts, glioblastoma, prostate cancer and breast
adenocarcinomas [130].
More than 20 years ago, a connection between integrins, cytoskeleton and nucleus was described [131].
Since then, novel reports have described how integrin dependent adhesion and signaling govern the
positioning and properties of intranuclear components and superstructures during cell migration
(see Figure 1). For instance, Poh et al. described that mechanical forces applied through integrins
redistribute the interaction and localization of the Cajal Bodies components coilin and SMN in
fibroblasts and HeLa cells [132]. Additionally, actin cytoskeleton and the nuclear lamina, but not
microtubules, are critical for force transmission from the integrins into Cajal bodies, supporting an
integral signaling network between integrins and nuclear structures [132]. More recently, it has been
unraveled that 3D ECM controls the number of nucleoli and nuclear changes in breast cancer cells,
and these changes are β1 integrin dependent [133].
Integrins are crucial promoters of epigenetic changes that might contribute to nuclear
deformability. For instance, there is a clear interplay between integrins and their associated proteins
with histone methyltransferases. The depletion of these epigenetic components impairs proper cell
adhesion and cell cycle progression. For instance, EZH2, a key component of H3K27 methylation,
regulates cofilin and talin activity and drives the cell migration of lymphocytes and colon carcinoma
cells [134,135]. Also knockdown of mDPY-30, RbBP5 and other subunits of the H3K4 methyltransferase
complex regulates the endosomal recycling system and induces cell protrusions and promotes
invasion [136]. This might be connected to integrin trafficking and the ability of cancer cells to
recycle cell receptors, and must be addressed in a future.
On the other hand, cell adhesion via integrins promotes epigenetic changes that influence on
the nuclear behavior. It has been reported that α4β1 integrin affects H3K9 methylation and nuclear
stiffness induced by G9a in lymphocytes. Moreover, inhibition or depletion of G9a abrogates cell
migration [137]. Accordingly, myeloma cell adhesion (presumably mediated by α5β1 and α4β1
integrins) upregulates several epigenetic modifications that protect cells from apoptosis [138]. Aligning
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with this, it has been reported that fibroblasts regulate actomyosin and cytoskeletal forces in respond
to ECM and constricted conditions, which affect lamin A expression, heterochromatin levels and
telomere dynamics [84]. Other FA components act as fundamental mechanotransductors to transmit
external forces into nuclear changes, including gene expression. For instance, cell culture in stiff ECM
leads to the translocation of YAP (Yes associated protein) into the nucleus to active SMAD factors
transcription of breast and squamous cell carcinoma [139]. Also the interplay between integrins and
their FA partners and the regulation of DNA repair molecules must still be explored to determine new
mechano-therapies [115]. Together, this suggests that integrin-mediated adhesion control chromatin
dynamics and epigenetic changes that regulate gene expression, nuclear mechanics and cell migration.
α

FAK
ILK
ICAP

Intracellular signal

β

INTEGRIN

INTERMEDIATE SIGNALS

Cyotoskeleton

Talin
Tensin
Paxilin

NUCLEAR CHANGES

I) NUCLEAR MECHANICS

II) NUCLEAR ROTATION AND POSITIONING

III) DISTRIBUTION OF NUCLEAR COMPONENTS

Nucleolus

Cajal bodies

- Lamins
- LINC
- Chromatin
- Cytoskeletal conections

Figure 1. Schematic representation of the interplay between integrins and nuclear changes. Multiple
external stimuli from the tumor microenvironment control integrin-mediated signals. The cytoskeleton
and protein kinases transmit these signals from the cell surface into the nucleus. These downstream
pathways contribute to (I) nuclear mechanics and deformability (mainly regulated by lamins, LINC
(Linker of nucleoskeleton and cytoskeleton) complexes, the perinuclear cytoskeleton and the chromatin);
(II) the rotation and movement of the nucleus (critical for specific cell migration types, such as
lobopodial migration); and (III) the intranuclear disposition. Together, the interplay between integrins
and nucleus support cancer cell migration and dissemination through constricted conditions.

As we discussed in the previous section, the nucleus must rotate and move according to the
cell body and the dynamic contractile forces applied by the actomyosin cytoskeleton. Remarkably,
inhibition of αvβ3 and β1 integrins, blocks the internal pressure in fibroblast lobopodial migration [140].
This nuclear mechanism requires nesprin-3 and lamin A during this integrin-dependent adhesion [140].
The levels of β3 integrins depend on the external stimuli and metastatic microenvironment of several
cancer cell types, including adenocarcinoma, breast cancer and squamous lung cancer [141,142].
This suggests that cancer cells might regulate the expression of β3 integrins to switch to nuclear piston
cancer cell invasion or the canonical ECM degradation via MMPs.
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Together these results explore the molecular and functional connections between the integrins
and the nucleus, and support the idea that integrins might act as cellular and nuclear governors during
cancer cell migration.
Table 2. Overview of the nuclear changes that facilitate cell migration.
Nuclear Function

Element

Reference
[89,97]
[89,97]

Nuclear deformability

Lamin A and C
Lamin B
H3K9me3
H3K27me3
H4K20me1
Perinuclear cytoskeleton

[84,105–107,114,137,139]
[118,119]

Nuclear disposition

Nucleolus
Cajal bodies

[121,122]
[123]

Nuclear rotation and positioning

Microtubules
Dynein
Kinesin
LINC complex
Actomyosin

[87,93,94]
[93,94]
[93]
[86,88]
[87,89]

4. Conclusions and Perspectives
Over the past years, research has focused on the role of integrins during cell migration. Research
has shown that integrins govern, through multiple intracellular pathways, many physiological
processes including cell adhesion, survival, cell cycle and migration. This has led to a deeper
understanding of their contribution to cancer progression and the development of several therapeutic
strategies for the treatment of cancers and other human diseases. Unfortunately, clinical trials targeting
cancer metastasis using integrin inhibition did not yield successful results. The challenge now is to
define and identify novel therapeutic targets linked to integrins that might serve as more effective
therapeutic opportunities. Once such potential opportunity comes from the insight that integrins play
a critical role in modulating the physical structure of the nucleus in order to promote the movement
of cancer cells through interstitial spaces and constricted environments. It is well known that cancer
cells migrate and colonize of metastatic niches, which act as sanctuaries to protect cancer cells from
existing chemo- and radiotherapies. In this review, we discussed the expansion of our knowledge of
integrin-mediated confined migration with a view towards using this knowledge to develop novel
treatments and improve the effectiveness of conventional therapies.
New advances in our understanding have shed light on how the physical shape and structure of
the nucleus controls the migration of normal and cancer cells. Nuclear components, such as lamins,
histones and nucleoskeletal proteins can change the ability of cells to translocate their nuclei or modify
their mechanical properties to squeeze through narrow spaces. Here, we have reviewed some recent
discoveries describing functional links between integrins with nuclear components and changes in
nuclear deformability. Integrins are directly involved in the three main nuclear changes explored in
this review, which includes nuclear translocation, nuclear deformability and functional connections
with other intranuclear structures such as the nucleolus. Beyond our current knowledge about nuclear
changes induced by integrins, additional research is clearly required to identify new targets against
cancer migration and infiltration. Significant open questions remain to be elucidated, regarding to the
molecular mechanisms connecting integrins with nuclear changes, and whether these require only
require nucleus-cytoskeletal connections or whether signaling pathways might be also involved. Still,
how alterations in the nuclear lamina, chromatin conformation, nucleoli number, etc. orchestrate
nuclear structure and the mechanical properties of cancer cells need to be clarified. Exploring these
questions would be extremely valuable to identify specific mechanisms used by migrating cells and
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whether any of these are specific to cancer cells. This in turn may open up an important new field of
cancer research in the future and provide novel translational treatments against cancer dissemination.
Acknowledgments: The authors thank members of the Department of Microbiology I, University Complutense
of Madrid for critical feedback and insightful comments. We also thank Chris Pepper (Brighton and Sussex Medial
School, UK) for kindly editing the text. Elena Madrazo was supported by a fellowship for Fondo de Garantía de
Empleo Juvenil from Comunidad de Madrid. Javier Redondo-Muñoz is currently funded by the Spanish Ministry
of Economy and Competitiveness (RYC-2015-18497).
Author Contributions: Elena Madrazo and Javier Redondo-Muñoz wrote the paper. Andrea Cordero Conde
contributed to the manuscript and prepared the figures.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.

7.
8.

9.
10.

11.
12.

13.

14.
15.
16.
17.

Zink, D.; Fischer, A.H.; Nickerson, J.A. Nuclear structure in cancer cells. Nat. Rev. Cancer 2004, 4, 677–687.
[CrossRef] [PubMed]
Lever, E.; Sheer, D. The role of nuclear organization in cancer. J. Pathol. 2010, 220, 114–125. [CrossRef]
[PubMed]
De Las Heras, J.I.; Schirmer, E.C. The nuclear envelope and cancer: A diagnostic perspective and historical
overview. Adv. Exp. Med. Biol. 2014, 773, 5–26. [CrossRef] [PubMed]
Bussolati, G.; Marchio, C.; Gaetano, L.; Lupo, R.; Sapino, A. Pleomorphism of the nuclear envelope in breast
cancer: A new approach to an old problem. J. Cell. Mol. Med. 2008, 12, 209–218. [CrossRef] [PubMed]
De Sandre-Giovannoli, A.; Bernard, R.; Cau, P.; Navarro, C.; Amiel, J.; Boccaccio, I.; Lyonnet, S.; Stewart, C.L.;
Munnich, A.; Le Merrer, M.; et al. Lamin a truncation in Hutchinson-Gilford progeria. Science 2003, 300, 2055.
[CrossRef] [PubMed]
Padiath, Q.S.; Saigoh, K.; Schiffmann, R.; Asahara, H.; Yamada, T.; Koeppen, A.; Hogan, K.; Ptacek, L.J.;
Fu, Y.H. Lamin B1 duplications cause autosomal dominant leukodystrophy. Nat. Genet. 2006, 38, 1114–1123.
[CrossRef] [PubMed]
Martins, R.P.; Finan, J.D.; Guilak, F.; Lee, D.A. Mechanical regulation of nuclear structure and function.
Annu. Rev. Biomed. Eng. 2012, 14, 431–455. [CrossRef] [PubMed]
Dechat, T.; Pfleghaar, K.; Sengupta, K.; Shimi, T.; Shumaker, D.K.; Solimando, L.; Goldman, R.D. Nuclear
lamins: Major factors in the structural organization and function of the nucleus and chromatin. Genes Dev.
2008, 22, 832–853. [CrossRef] [PubMed]
Kaminski, A.; Fedorchak, G.R.; Lammerding, J. The cellular mastermind(?)—Mechanotransduction and the
nucleus. Prog. Mol. Biol. Transl. Sci. 2014, 126, 157–203. [CrossRef] [PubMed]
Sadhukhan, S.; Sarkar, K.; Taylor, M.; Candotti, F.; Vyas, Y.M. Nuclear role of WASp in gene transcription
is uncoupled from its ARP2/3-dependent cytoplasmic role in actin polymerization. J. Immunol. 2014, 193,
150–160. [CrossRef] [PubMed]
Falahzadeh, K.; Banaei-Esfahani, A.; Shahhoseini, M. The potential roles of actin in the nucleus. Cell J. 2015,
17, 7–14. [CrossRef] [PubMed]
Lim, S.T.; Chen, X.L.; Lim, Y.; Hanson, D.A.; Vo, T.T.; Howerton, K.; Larocque, N.; Fisher, S.J.; Schlaepfer, D.D.;
Ilic, D. Nuclear FAK promotes cell proliferation and survival through FERM-enhanced p53 degradation.
Mol. Cell 2008, 29, 9–22. [CrossRef] [PubMed]
Di Cristofano, C.; Leopizzi, M.; Miraglia, A.; Sardella, B.; Moretti, V.; Ferrara, A.; Petrozza, V.; Della Rocca, C.
Phosphorylated ezrin is located in the nucleus of the osteosarcoma cell. Mod. Pathol. 2010, 23, 1012–1020.
[CrossRef] [PubMed]
Sathe, A.R.; Shivashankar, G.V.; Sheetz, M.P. Nuclear transport of paxillin depends on focal adhesion
dynamics and FAT domains. J. Cell Sci. 2016, 129, 1981–1988. [CrossRef] [PubMed]
Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693–705. [CrossRef] [PubMed]
Dawson, M.A.; Kouzarides, T.; Huntly, B.J. Targeting epigenetic readers in cancer. N. Engl. J. Med. 2012, 367,
647–657. [CrossRef] [PubMed]
You, J.S.; Jones, P.A. Cancer genetics and epigenetics: Two sides of the same coin. Cancer Cell 2012, 22, 9–20.
[CrossRef] [PubMed]

Cancers 2017, 9, 82

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.

32.

33.
34.
35.
36.

37.

38.

39.

11 of 17

Tamkun, J.W.; DeSimone, D.W.; Fonda, D.; Patel, R.S.; Buck, C.; Horwitz, A.F.; Hynes, R.O. Structure of
integrin, a glycoprotein involved in the transmembrane linkage between fibronectin and actin. Cell 1986, 46,
271–282. [CrossRef]
Ruoslahti, E.; Giancotti, F.G. Integrins and tumor cell dissemination. Cancer Cells 1989, 1, 119–126. [PubMed]
Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673–687. [CrossRef]
Humphries, J.D.; Byron, A.; Humphries, M.J. Integrin ligands at a glance. J. Cell Sci. 2006, 119, 3901–3903.
[CrossRef] [PubMed]
Campbell, I.D.; Humphries, M.J. Integrin structure, activation, and interactions. Cold Spring Harb.
Perspect. Biol. 2011, 3, 004994. [CrossRef] [PubMed]
Pan, L.; Zhao, Y.; Yuan, Z.; Qin, G. Research advances on structure and biological functions of integrins.
Springerplus. 2016, 5, 1094. [CrossRef] [PubMed]
Schwartz, M.A.; Schaller, M.D.; Ginsberg, M.H. Integrins: Emerging paradigms of signal transduction.
Annu. Rev. Cell Dev. Biol. 1995, 11, 549–599. [CrossRef] [PubMed]
Cox, D.; Brennan, M.; Moran, N. Integrins as therapeutic targets: Lessons and opportunities. Nat. Rev.
Drug Discov. 2010, 9, 804–820. [CrossRef] [PubMed]
Hamidi, H.; Pietilä, M.; Ivaska, J. The complexity of integrins in cancer and new scopes for therapeutic
targeting. Br. J. Cancer 2016, 115, 1017–1023. [CrossRef] [PubMed]
Goodman, S.L.; Picard, M. Integrins as therapeutic targets. Trends Pharmacol. Sci. 2012, 33, 405–412. [CrossRef]
[PubMed]
Boudjadi, S.; Carrier, J.C.; Groulx, J.F.; Beaulieu, J.F. Integrin α1β1 expression is controlled by c-MYC in
colorectal cancer cells. Oncogene 2016, 35, 1671–1678. [CrossRef] [PubMed]
Shibue, T.; Weinberg, R.A. Integrin beta1-focal adhesion kinase signaling directs the proliferation of metastatic
cancer cells dissemi-nated in the lungs. Proc. Natl. Acad. Sci. USA 2009, 106, 10290–10295. [CrossRef]
[PubMed]
Gilmore, A.P.; Metcalfe, A.D.; Romer, L.H.; Streuli, C.H. Integrin-medi-ated survival signals regulate the
apoptotic function of Bax through its conformation and subcellular localization. J. Cell Biol. 2000, 149,
431–446. [CrossRef] [PubMed]
Redondo-Muñoz, J.; Ugarte-Berzal, E.; Terol, M.J.; Van den Steen, P.E.; Hernández del Cerro, M.;
Roderfeld, M.; Roeb, E.; Opdenakker, G.; García-Marco, J.A.; García-Pardo, A. Matrix metalloproteinase-9
promotes chronic lymphocytic leukemia b cell survival through its hemopexin domain. Cancer Cell 2010, 17,
160–172. [CrossRef] [PubMed]
Martínez-Moreno, M.; Leiva, M.; Aguilera-Montilla, N.; Sevilla-Movilla, S.; Isern de Val, S.;
Arellano-Sánchez, N.; Gutiérrez, N.C.; Maldonado, R.; Martínez-López, J.; Buño, I.; et al. In vivo adhesion
of malignant B cells to bone marrow microvasculature is regulated by α4β1 cytoplasmic-binding proteins.
Leukemia 2016, 30, 861–872. [CrossRef] [PubMed]
Lewis, J.M.; Truong, T.N.; Schwartz, M.A. Integrins regulate the apoptotic response to DNA damage through
modulation of p53. Proc. Natl. Acad. Sci. USA 2002, 99, 3627–3632. [CrossRef] [PubMed]
Golubovskaya, V.M.; Cance, W.G. FAK and p53 protein interactions. Anticancer Agents Med. Chem. 2011, 11,
617–619. [CrossRef] [PubMed]
Ivaska, J.; Heino, J. Cooperation between integrins and growth factor receptors in signaling and endocytosis.
Annu. Rev. Cell Dev. Biol. 2011, 27, 291–320. [CrossRef] [PubMed]
Caswell, P.T.; Chan, M.; Lindsay, A.J.; McCaffrey, M.W.; Boettiger, D.; Norman, J.C. Rab-coupling protein
coordinates recycling ofα5β1 integrin and EGFR1 to promote cell migration in 3D microenvironments.
J. Cell Biol. 2008, 183, 143–155. [CrossRef] [PubMed]
Zahir, N.; Lakins, J.N.; Russell, A.; Ming, W.; Chatterjee, C.; Rozenberg, G.I.; Marinkovich, M.P.;
Weaver, V.M. Autocrine laminin-5 ligates alpha6-beta4 integrin and activates RAC and NFkappaB to mediate
anchorage-independent survival of mammary tumors. J. Cell Biol. 2003, 163, 1397–1407. [CrossRef] [PubMed]
Mu, D.; Cambier, S.; Fjellbirkeland, L.; Baron, J.L.; Munger, J.S.; Kawakatsu, H.; Sheppard, D.; Broaddus, V.C.;
Nishimura, S.L. The integrin αvβ8 mediates epithelial homeostasis through MT1-MMP-dependent activation
of TGF-β1. J. Cell Biol. 2002, 157, 493–507. [CrossRef] [PubMed]
Medema, J.P. Cancer stem cells: The challenges ahead. Nat. Cell Biol. 2013, 15, 338–344. [CrossRef] [PubMed]

Cancers 2017, 9, 82

40.

41.
42.
43.
44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

12 of 17

Leight, J.L.; Wozniak, M.A.; Chen, S.; Lynch, M.L.; Chen, C.S. Matrix rigidity regulates a switch between
TGF-beta1-induced apoptosis and epithelial-mesenchymal transition. Mol. Biol. Cell 2012, 23, 781–791.
[CrossRef] [PubMed]
Seguin, L.; Desgrosellier, J.S.; Weis, S.M.; Cheresh, D.A. Integrins and cancer: Regulators of cancer stemness,
metastasis, and drug resistance. Trends Cell Biol. 2015, 25, 234–240. [CrossRef] [PubMed]
Weinstock-Guttman, B. An update on new and emerging therapies for relapsing-remitting multiple sclerosis.
Am. J. Manag. Care 2013, 17, 343–354.
Lowes, M.A.; Turton, J.A.; Krueger, J.G.; Barnetson, R.S. Psoriasis vulgaris flare during efalizumab therapy
does not preclude future use: A case series. BMC Dermatol. 2005, 5, 9. [CrossRef] [PubMed]
Watts, G.M.; Beurskens, F.J.; Martin-Padura, I.; Ballantyne, C.M.; Klickstein, L.B.; Brenner, M.B.; Lee, D.M.
Manifestations of inflammatory arthritis are critically dependent on LFA-1. J. Immunol. 2005, 174, 3668–3675.
[CrossRef] [PubMed]
Picarella, D.; Hurlbut, P.; Rottman, J.; Shi, X.; Butcher, E.; Ringler, D.J. Monoclonal antibodies specific for beta
7 integrin and mucosal address in cell adhesion molecule-1 (MAdCAM-1) reduce inflammation in the colon
of scid mice reconstituted with CD45RBhigh CD4+ T cells. J. Immunol. 1997, 158, 2099–2106. [PubMed]
Coller, B.S. Anti-GPIIb/IIIa drugs: Current strategies and future directions. Thromb. Haemost. 2001, 86,
427–443. [CrossRef] [PubMed]
Danese, S.; Panés, J. Development of drugs to target interactions between leukocytes and endothelial cells
and treatment algorithms for inflammatory bowel diseases. Gastroenterology 2014, 147, 981–999. [CrossRef]
[PubMed]
Ley, D.; Duhamel, A.; Behal, H.M.; Vasseur, F.; Sarter, H.; Michaud, L.; Gower-Rousseau, C.; Turck, D. Growth
pattern in paediatric crohn disease is related to inflammatory status. J. Pediatr. Gastroenterol. Nutr. 2016, 63,
637–643. [CrossRef] [PubMed]
Hersey, P.; Sosman, J.; O’Day, S.; Richards, J.; Bedikian, A.; Gonzalez, R.; Sharfman, W.; Weber, R.; Logan, T.;
Buzoianu, M.; et al. A randomized phase 2 study of etaracizumab, a monoclonal antibody against integrin
αvβ3 ±dacarbazine in patients with stage IV metastatic melanoma. Cancer 2010, 116, 1526–1534. [CrossRef]
[PubMed]
Gutheil, J.C.; Campbell, T.N.; Pierce, P.R.; Watkins, J.D.; Huse, W.D.; Bodkin, D.J.; Cheresh, D.A. Targeted
antiangiogenic therapy for cancer using Vitaxin: A humanized monoclonal antibody to the integrin
alphavbeta3. Clin. Cancer Res. 2000, 6, 3056–3061. [PubMed]
Uhl, W.; Zühlsdorf, M.; Koernicke, T.; Forssmann, U.; Kovar, A. Safety, tolerability, and pharmacokinetics of
the novel αv-integrin antibody EMD 525797 (DI17E6) in healthy subjects after ascending single intravenous
doses. Investig. New Drugs 2014, 32, 347–354. [CrossRef] [PubMed]
O’Day, S.; Pavlick, A.; Loquai, C.; Lawson, D.; Gutzmer, R.; Richards, J.; Schadendorf, D.; Thompson, J.A.;
Gonzalez, R.; Trefzer, U.; et al. A randomised, phase II study of intetumumab, an anti- v-integrin mAb, alone
and with dacarbazine in stage IV melanoma. Br. J. Cancer 2011, 105, 346–352. [CrossRef] [PubMed]
Bell-McGuinn, K.M.; Matthews, C.M.; Ho, S.N.; Barve, M.; Gilbert, L.; Penson, R.T.; Lengyel, E.; Palaparthy, R.;
Gilder, K.; Vassos, A.; et al. A phase II, single-arm study of the anti-alpha1 integrin antibody volociximab as
monotherapy in patients with platinum-resistant advanced epithelial ovarian or primary peritoneal cancer.
Gynecol. Oncol. 2011, 121, 273–279. [CrossRef] [PubMed]
Ricart, A.D.; Tolcher, A.W.; Liu, G.; Holen, K.; Schwartz, G.; Albertini, M.; Weiss, G.; Yazji, S.; Ng, C.;
Wilding, G. Volociximab, a chimeric monoclonal antibody that specifically binds alpha5beta1 integrin:
A phase I, pharmacokinetic, and biological correlative study. Clin. Cancer Res. 2008, 14, 7924–7929. [CrossRef]
[PubMed]
Livant, D.L.; Brabec, R.K.; Pienta, K.J.; Allen, D.L.; Kurachi, K.; Markwart, S.; Upadhyaya, A. Anti-invasive,
antitumorigenic, and antimetastatic activities of the PHSCN sequence in prostate carcinoma. Cancer Res.
2000, 60, 309–320. [PubMed]
Cianfrocca, M.E.; Kimmel, K.A.; Gallo, J.; Cardoso, T.; Brown, M.M.; Hudes, G.; Lewis, N.; Weiner, L.;
Lam, G.N.; Brown, S.C.; et al. Phase 1 trial of the antiangiogenic peptide ATN-161 (Ac-PHSCN-NH(2)),
a beta integrin antagonist, in patients with solid tumours. Br. J. Cancer 2006, 94, 1621–1626. [PubMed]
Miller, L.M.; Pritchard, J.M.; Macdonald, S.J.F.; Jamieson, C.; Watson, A.J.B. Emergence of Small-Molecule
Non-RGD-Mimetic Inhibitors for RGD Integrins. J. Med. Chem. 2017, 60, 3241–3251. [CrossRef] [PubMed]

Cancers 2017, 9, 82

58.

59.

60.
61.
62.
63.

64.

65.

66.

67.

68.
69.

70.

71.

72.
73.

74.

75.

76.

13 of 17

Yacobovich, S.; Tuchinsky, L.; Kirby, M.; Kardash, T.; Agranyoni, O.; Nesher, E.; Redko, B.; Gellerman, G.;
Tobi, D.; Gurova, K.; et al. Novel synthetic cyclic integrin αvβ3 binding peptide ALOS4: Antitumor activity
in mouse melanoma models. Oncotarget 2016, 7, 63549–63560. [CrossRef] [PubMed]
Khalili, P.; Arakelian, A.; Chen, G.; Plunkett, M.L.; Beck, I.; Parry, G.C.; Doñate, F.; Shaw, D.E.; Mazar, A.P.;
Rabbani, S.A. A non-RGD-based integrin binding peptide (ATN-161) blocks breast cancer growth and
metastasis in vivo. Mol. Cancer Ther. 2006, 5, 2271–2280. [CrossRef] [PubMed]
Sheldrake, H.M.; Patterson, L.H. Strategies to inhibit tumor associated integrin receptors: Rationale for dual
and multi-antagonists. J. Med. Chem. 2014, 57, 6301–6315. [CrossRef] [PubMed]
Friedl, P.; Wolf, K. Tumour-cell invasion and migration: Diversity and escape mechanisms. Nat. Rev. Cancer
2003, 3, 362–374. [CrossRef] [PubMed]
Paul, C.D.; Mistriotis, P.; Konstantopoulos, K. Cancer cell motility: Lessons from migration in confined
spaces. Nat. Rev. Cancer 2017, 17, 131–140. [CrossRef] [PubMed]
Liu, Y.J.; Le Berre, M.; Lautenschlaeger, F.; Maiuri, P.; Callan-Jones, A.; Heuzé, M.; Takaki, T.; Voituriez, R.;
Piel, M. Confinement and low adhesion induce fast amoeboid migration of slow mesenchymal cells. Cell
2015, 160, 659–672. [CrossRef] [PubMed]
Madsen, C.D.; Hooper, S.M.; Tozluoglu, A.; Bruckbauer, G.; Fletcher, J.T.; Erler, P.A.; Bates, B.; Thompson, B.;
Sahai, E. STRIPAK components determine mode of cancer cell migration and metastasis. Nat. Cell Biol. 2015,
17, 68–80. [CrossRef] [PubMed]
Parekh, A.; Ruppender, N.S.; Branch, K.M.; Sewell-Loftin, M.K.; Lin, J.; Boyer, P.D.; Candiello, J.E.;
Merryman, W.D.; Guelcher, S.A.; Weaver, A.M. Sensing and modulation of invadopodia across a wide
range of rigidities. Biophys. J. 2011, 100, 573–582. [CrossRef] [PubMed]
Paszek, M.J.; Zahir, N.; Johnson, K.R.; Lakins, J.N.; Rozenberg, G.I.; Gefen, A.; Reinhart-King, C.A.;
Margulies, S.S.; Dembo, M.; Boettiger, D.; et al. Tensional homeostasis and the malignant phenotype.
Cancer Cell 2005, 8, 241–254. [CrossRef] [PubMed]
Horton, E.R.; Byron, A.; Askari, J.A.; Ng, D.H.; Millon-Fremillon, A.; Robertson, J.; Koper, E.J.; Paul, N.R.;
Warwood, S.; Knight, D.; et al. Definition of a consensus integrin adhesome and its dynamics during
adhesion complex assembly and disassembly. Nat. Cell Biol. 2015, 17, 1577–1587. [CrossRef] [PubMed]
Eke, I.; Cordes, N. Focal adhesion signaling and therapy resistance in cancer. Semin. Cancer Biol. 2015, 31,
65–75. [CrossRef] [PubMed]
Friedl, P.; Entschladen, F.; Conrad, C.; Niggemann, B.; Zanker, K.S. CD4+ T lymphocytes migrating in
three-dimensional collagen lattices lack focal adhesions and utilize b1 integrin in dependent strategies for
polarization, interaction with collagen fibers and locomotion. Eur. J. Immunol. 1998, 28, 2331–2343. [CrossRef]
Lammermann, T.; Afonso, P.V.; Angermann, B.R.; Wang, J.M.; Kastenmuller, W.; Parent, C.A.; Germain, R.N.
Neutrophil swarms require LTB4 and integrins at sites of cell death in vivo. Nature 2013, 498, 371–375.
[CrossRef] [PubMed]
Lammermann, T.; Bader, B.L.; Monkley, S.J.; Worbs, T.; Wedlich-Soldner, R.; Hirsch, K.; Keller, M.; Förster, R.;
Critchley, D.R.; Fässler, R.; et al. Rapid leukocyte migration by integrin-independent flowing and squeezing.
Nature 2008, 453, 51–55. [CrossRef] [PubMed]
Franitza, S.; Alon, R.; Lider, O. Real-time analysis of integrin mediated chemotactic migration of
T lymphocytes within 3-D extracellular matrix-like gels. J. Immunol. Methods 1999, 225, 9–25. [CrossRef]
Overstreet, M.G.; Gaylo, A.; Angermann, B.R.; Hughson, A.; Hyun, Y.M.; Lambert, K.; Acharya, M.;
Billroth-Maclurg, A.C.; Rosenberg, A.F.; Topham, D.J.; et al. Inflammation-induced interstitial migration of
effector CD4+ T cells is dependent on integrin αV. Nat. Immunol. 2013, 14, 949–958. [CrossRef] [PubMed]
Dangerfield, J.; Larbi, K.Y.; Huang, M.T.; Dewar, A.; Nourshargh, S. PECAM-1 (CD31) homophilic interaction
up-regulates alpha6beta1 on transmigrated neutrophils in vivo and plays a functional role in the ability of
alpha6 integrins to mediate leukocyte migration through the perivascular basement membrane. J. Exp. Med.
2002, 196, 1201–1211.
Paszek, M.J.; DuFort, C.C.; Rossier, O.; Bainer, R.; Mouw, J.K.; Godula, K.; Hudak, J.E.; Lakins, J.N.;
Wijekoon, A.C.; Cassereau, L.; et al. The cancer glycocalyx mechanically primes integrin-mediated growth
and survival. Nature 2014, 511, 319–325. [CrossRef] [PubMed]
Bergert, M.; Erzberger, A.; Desai, R.A.; Aspalter, I.M.; Oates, A.C.; Charras, G.; Salbreux, G.; Paluch, E.K.
Force transmission during adhesion in dependent migration. Nat. Cell Biol. 2015, 17, 524–529. [CrossRef]
[PubMed]

Cancers 2017, 9, 82

77.
78.

79.

80.

81.
82.
83.

84.
85.
86.
87.
88.
89.

90.
91.

92.

93.
94.
95.
96.
97.

98.

14 of 17

Wang, Y.; McNiven, M.A. Invasive matrix degradation at focal adhesions occurs via protease recruitment by
a FAK-p130Cas complex. J. Cell Biol. 2012, 196, 375–385. [CrossRef] [PubMed]
Rubashkin, M.G.; Cassereau, L.; Bainer, R.; DuFort, C.C.; Yui, Y.; Ou, G.; Paszek, M.J.; Davidson, M.W.;
Chen, Y.Y.; Weaver, V.M. Force engages vinculin and promotes tumor progression by enhancing PI3K
activation of phosphatidylinositol (3,4,5)-triphosphate. Cancer Res. 2014, 74, 4597–4611. [CrossRef] [PubMed]
Caswell, P.T.; Spence, H.J.; Parsons, M.; White, D.P.; Clark, K.; Cheng, K.W.; Mills, G.B.; Humphries, M.J.;
Messent, A.J.; Anderson, K.I.; et al. Rab25 associates with alpha5beta1 integrin to promote invasive migration
in 3D microenvironments. Dev. Cell 2007, 13, 496–510. [CrossRef] [PubMed]
Wei, S.C.; Fattet, L.; Tsai, J.H.; Guo, Y.; Pai, V.H.; Majeski, H.E.; Chen, A.C.; Sah, R.L.; Taylor, S.S.;
Engler, A.J.; et al. Matrix stiffness drives epithelial-mesenchymal transition and tumour metastasis through
a TWIST1-G3BP2 mechanotransduction pathway. Nat. Cell Biol. 2015, 17, 678–688. [CrossRef] [PubMed]
Majeski, H.E.; Yang, J. The 2016 John J. Abel award lecture: Targeting the mechanical microenvironment in
cancer. Mol. Pharmacol. 2016, 90, 744–754. [CrossRef] [PubMed]
Massagué, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016, 529, 298–306.
[CrossRef] [PubMed]
Cao, X.; Moeendarbary, E.; Isermann, P.; Davidson, P.M.; Wang, X.; Chen, M.B.; Burkart, A.K.; Lammerding, J.;
Kamm, R.D.; Shenoy, V.B. A Chemomechanical model for nuclear morphology and stresses during cell
transendothelial migration. Biophys. J. 2016, 111, 1541–1552. [CrossRef] [PubMed]
Makhija, E.; Jokhun, D.S.; Hivashankar, G.V. Nuclear deformability and telomere dynamics are regulated by
cell geometric constraints. Proc. Natl. Acad. Sci. USA 2016, 113, E32–E40. [CrossRef] [PubMed]
Davidson, P.M.; Denais, C.; Bakshi, M.C.; Lammerding, J. Nuclear deformability constitutes a rate-limiting
step during cell migration in 3-D environments. Cell Mol. Bioeng. 2014, 7, 293–306. [CrossRef] [PubMed]
Crisp, M.; Liu, Q.; Roux, K.; Rattner, J.B.; Shanahan, C.; Burke, B.; Stahl, P.D.; Hodzic, D. Coupling of the
nucleus and cytoplasm: Role of the LINC complex. J. Cell Biol. 2006, 172, 41–53. [CrossRef] [PubMed]
Starr, D.A.; Fridolfsson, H.N. Interactions between nuclei and the cytoskeleton are mediated by SUN-KASH
nuclear-envelope bridges. Annu. Rev. Cell Dev. Biol. 2010, 26, 421–444. [CrossRef] [PubMed]
Wilhelmsen, K.; Ketema, M.; Truong, H.; Sonnenberg, A. KASH-domain proteins in nuclear migration,
anchorage and other processes. J. Cell Sci. 2006, 119, 5021–5029. [CrossRef] [PubMed]
Swift, J.; Ivanovska, I.L.; Buxboim, A.; Harada, T.; Dingal, P.C.; Pinter, J.; Pajerowski, J.D.; Spinler, K.R.;
Shin, J.W.; Tewari, M.; et al. Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed
differentiation. Science 2013, 341, 1240104. [CrossRef] [PubMed]
Petrie, R.J.; Harlin, H.M.; Korsak, L.I.; Yamada, K.M. Activating the nuclear piston mechanism of 3D
migration in tumor cells. J. Cell Biol. 2017, 216, 93–100. [CrossRef] [PubMed]
Thomas, D.G.; Yenepalli, A.; Denais, C.M.; Rape, A.; Beach, J.R.; Wang, Y.L.; Schiemann, W.P.; Baskaran, H.;
Lammerding, J.; Egelhoff, T.T. Non-muscle myosin IIB is critical for nuclear translocation during 3D invasion.
J. Cell Biol. 2015, 210, 583–594. [CrossRef] [PubMed]
Cadot, B.; Gache, V.; Vasyutina, E.; Falcone, S.; Birchmeier, C.; Gomes, E.R. Nuclear movement during
myotube formation is microtubule and dynein dependent and is regulated by Cdc42, Par6 and Par3.
EMBO Rep. 2012, 13, 741–749. [CrossRef] [PubMed]
Umeshima, H.; Hirano, T.; Kengaku, M. Microtubule-based nuclear movement occurs independently of
centrosome positioning in migrating neurons. Proc. Natl. Acad. Sci. USA 2007, 104, 16182–16187. [CrossRef]
Wilson, M.H.; Holzbaur, E.L. Nesprins anchor kinesin-1 motors to the nucleus to drive nuclear distribution
in muscle cells. Development 2015, 142, 218–228. [CrossRef] [PubMed]
Alam, S.G.; Lovett, D.; Kim, D.I.; Roux, K.J.; Dickinson, R.B.; Lele, T.P. The nucleus is an intracellular propagator of tensile forces in NIH 3T3 fibroblasts. J. Cell Sci. 2015, 128, 1901–1911. [CrossRef] [PubMed]
Wu, J.; Kent, I.A.; Shekhar, N.; Chancellor, T.J.; Mendonca, A.; Dickinson, R.B.; Lele, T.P. Actomyosin pulls to
advance the nucleus in a migrating tissue cell. Biophys. J. 2014, 106, 7–15. [CrossRef] [PubMed]
Harada, T.; Swift, J.; Irianto, J.; Shin, J.W.; Spinler, K.R.; Athirasala, A.; Diegmiller, R.; Dingal, P.C.;
Ivanovska, I.L.; Discher, D.E. Nuclear lamin stiffness is a barrier to 3D migration, but softness can limit
survival. J. Cell Biol. 2014, 204, 669–682. [CrossRef] [PubMed]
Willis, N.D.; Cox, T.R.; Rahman-Casañs, S.F.; Smits, K.; Przyborski, S.A.; van den Brandt, P.; van Engeland, M.;
Weijenberg, M.; Wilson, R.G.; de Bruïne, A.; et al. Lamin A/C is a risk biomarker in colorectal cancer.
PLoS ONE 2008, 3, 2988. [CrossRef] [PubMed]

Cancers 2017, 9, 82

99.

100.

101.
102.
103.

104.

105.
106.
107.

108.

109.

110.
111.
112.

113.

114.

115.

116.

117.

118.

15 of 17

Kong, L.; Schäfer, G.; Bu, H.; Zhang, Y.; Zhang, Y.; Klocker, H. Lamin A/C protein is overexpressed in
tissue-invading prostate cancer and promotes prostate cancer cell growth, migration and invasion through
the PI3K/AKT/PTEN pathway. Carcinogenesis 2012, 33, 751–759. [CrossRef] [PubMed]
Nardella, M.; Guglielmi, L.; Musa, C.; Iannetti, I.; Maresca, G.; Amendola, D.; Porru, M.; Carico, E.; Sessa, G.;
Camerlingo, R.; et al. Down-regulation of the Lamin A/C in neuroblastoma triggers the expansion of tumor
initiating cells. Oncotarget 2015, 6, 32821–32840. [CrossRef] [PubMed]
Ribeiro, A.J.; Khanna, P.; Sukumar, A.; Dong, C.; Dahl, K.N. Nuclear stiffening inhibits migration of invasive
melanoma cells. Cell Mol. Bioeng. 2014, 7, 544–551. [CrossRef]
Liang, Y.; Chiu, P.H.; Yip, K.Y.; Chan, S.Y. Subcellular localization of SUN2 is regulated by lamin A and Rab5.
PLoS ONE 2011, 6, 20507. [CrossRef] [PubMed]
Haque, F.; Lloyd, D.J.; Smallwood, D.T.; Dent, C.L.; Shanahan, C.M.; Fry, A.M.; Trembath, R.C.; Shackleton, S.
SUN1 interacts with nuclear lamin A and cytoplasmic nesprins to provide a physical connection between
the nuclear lamina and the cytoskeleton. Mol. Cell Biol. 2006, 26, 3738–3751. [CrossRef] [PubMed]
Kinsella, M.D.; Hinrichs, B.; Cohen, C.; Siddiqui, M.T. Highlighting nuclear membrane staining in thyroid
neoplasms with emerin: Review and diagnostic utility. Diagn. Cytopathol. 2013, 41, 497–504. [CrossRef]
[PubMed]
Gerlitz, G.; Livnat, I.; Ziv, C.; Yarden, O.; Bustin, M.; Reiner, O. Migration cues induce chromatin alterations.
Traffic 2007, 11, 1521–1529. [CrossRef] [PubMed]
Gerlitz, G.; Bustin, M. Efficient cell migration requires global chromatin condensation. J. Cell Sci. 2010, 123,
2207–2217. [CrossRef] [PubMed]
Yokoyama, Y.; Hieda, M.; Nishioka, Y.; Matsumoto, A.; Higashi, S.; Kimura, H.; Yamamoto, H.; Mori, M.;
Matsuura, S.; Matsuura, N. Cancer-associated upregulation of histone H3 lysine 9 trimethylation promotes
cell motility in vitro and drives tumor formation in vivo. Cancer Sci. 2013, 104, 889–895. [CrossRef] [PubMed]
Guilluy, C.; Osborne, L.D.; van Landeghem, L.; Sharek, L.; Superfine, R.; Garcia-Mata, R.; Burridge, K.
Isolated nuclei adapt to force and reveal a mechanotransduction pathway in the nucleus. Nat. Cell Biol. 2014,
16, 376–381. [CrossRef]
Chalut, K.J.; Höpfler, M.; Lautenschläger, F.; Boyde, L.; Chan, C.J.; Ekpenyong, A.; Martinez-Arias, A.;
Guck, J. Chromatin decondensation and nuclear softening accompany Nanog downregulation in embryonic
stem cells. Biophys. J. 2012, 103, 2060–2070. [CrossRef] [PubMed]
Shaklai, S.; Amariglio, N.; Rechavi, G.; Simon, A.J. Gene silencing at the nuclear periphery. FEBS J. 2007, 274,
1383–1392. [CrossRef] [PubMed]
Bustin, M.; Misteli, T. Nongenetic functions of the genome. Science 2016, 352, 6933. [CrossRef] [PubMed]
Zhang, H.; Qi, F.; Cao, Y.; Zu, X.; Chen, M.; Li, Z.; Qi, L. 5-Aza-20 -deoxycytidine enhances maspin expression
and inhibits proliferation, migration, and invasion of the bladder cancer T24 cell line. Cancer Biother.
Radiopharm. 2013, 28, 343–350. [CrossRef] [PubMed]
Shin, D.Y.; Kim, G.Y.; Kim, C.G.; Kim, W.J.; Kang, H.S.; Choi, Y.H. Anti-invasive effects of decitabine, a DNA
methyltransferase inhibitor, through tightening of tight junctions and inhibition of matrix metalloproteinase
activities in AGS human gastric carcinoma cells. Oncol. Rep. 2012, 28, 1043–1050. [CrossRef] [PubMed]
Maizels, Y.; Elbaz, A.; Hernandez-Vicens, R.; Sandrusy, O.; Rosenberg, A.; Gerlitz, G. Increased chromatin
plasticity supports enhanced metastatic potential of mouse melanoma cells. Exp. Cell Res. 2017, in press.
[CrossRef] [PubMed]
Denais, C.M.; Gilbert, R.M.; Isermann, P.; McGregor, A.L.; te Lindert, M.; Weigelin, B.; Davidson, P.M.;
Friedl, P.; Wolf, K.; Lammerding, J. Nuclear envelope rupture and repair during cancer cell migration. Science
2016, 352, 353–358. [CrossRef] [PubMed]
Raab, M.; Gentili, M.; de Belly, H.; Thiam, H.R.; Vargas, P.; Jimenez, A.J.; Lautenschlaeger, F.; Voituriez, R.;
Lennon-Dumenil, A.M.; Manel, N.; et al. ESCRT III repairs nuclear envelope ruptures during cell migration
to limit DNA damage and cell death. Science 2016, 352, 359–362. [CrossRef] [PubMed]
Irianto, J.; Pfeifer, C.R.; Bennett, R.R.; Xia, Y.; Ivanovska, I.L.; Liu, A.J.; Greenberg, R.A.; Discher, D.E. Nuclear
constriction segregates mobile nuclear proteins away from chromatin. Mol. Biol. Cell 2016, 27, 4011–4020.
[CrossRef] [PubMed]
Jayo, A.; Malboubi, M.; Antoku, S.; Chang, W.; Ortiz-Zapater, E.; Groen, C.; Pfisterer, K.; Tootle, T.; Charras, G.;
Gundersen, G.G.; et al. Fascin regulates nuclear movement and deformation in migrating cells. Dev. Cell
2016, 38, 371–383. [CrossRef] [PubMed]

Cancers 2017, 9, 82

16 of 17

119. Thiam, H.R.; Vargas, P.; Carpi, N.; Crespo, C.L.; Raab, M.; Terriac, E.; King, M.C.; Jacobelli, J.; Alberts, A.S.;
Stradal, T.; et al. Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate
cell migration through complex environments. Nat. Commun. 2016, 7, 10997. [CrossRef] [PubMed]
120. McStay, B. Nucleolar organizer regions: Genomic ‘dark matter’ requiring illumination. Genes Dev. 2016, 30,
1598–1610. [CrossRef] [PubMed]
121. Sameshima, M.; Fujimoto, H.; Imai, Y.; Tsukita, S.; Hashimoto, Y. Relation of nucleolar structure and position
to the cytoplasmic microtubule system in Dictyostelium. Cytoskeleton 1991, 18, 293–303. [CrossRef]
122. Altmann, G.G.; Leblond, C.P. Changes in the size and structure of the nucleolus of columnar cells during
their migration from crypt base to villus top in rat jejunum. J. Cell Sci. 1982, 56, 83–99. [PubMed]
123. Platani, M.; Goldberg, I.; Swedlow, J.R.; Lamonda, A.I. In vivo analysis of Cajal body movement, separation,
and joining in live human cells. J. Cell Biol. 2000, 151, 1561–1574. [CrossRef] [PubMed]
124. Navarro-Lérida, I.; Pellinen, T.; Sanchez, S.A.; Guadamillas, M.C.; Wang, Y.; Mirtti, T.; Calvo, E.;
Del Pozo, M.A. Rac1 nucleocytoplasmic shuttling drives nuclear shape changes and tumor invasion. Dev. Cell
2015, 32, 318–334. [CrossRef] [PubMed]
125. Lobert, V.H.; Stenmark, H. The ESCRT machinery mediates polarization of fibroblasts through regulation of
myosin light chain. J. Cell Sci. 2012, 125, 29–36. [CrossRef] [PubMed]
126. El Din El Homasany, B.S.; Volkov, Y.; Takahashi, M.; Ono, Y.; Keryer, G.; Delouvée, A.; Looby, E.;
Long, A.; Kelleher, D. The scaffolding protein CG-NAP/AKAP450 is a critical integrating component
of the LFA-1-induced signaling complex in migratory T cells. J. Immunol. 2005, 175, 7811–7818. [CrossRef]
[PubMed]
127. Hurtado, L.; Caballero, C.; Gavilan, M.P.; Cardenas, J.; Bornens, M.; Rios, R.M. Disconnecting the Golgi
ribbon from the centrosome prevents directional cell migration and ciliogenesis. J. Cell Biol. 2011, 193,
917–933. [CrossRef] [PubMed]
128. Tonucci, F.M.; Hidalgo, F.; Ferretti, A.; Almada, E.; Favre, C.; Goldenring, J.R.; Kaverina, I.; Kierbel, A.;
Larocca, M.C. Centrosomal AKAP350 and CIP4 act in concert to define the polarized localization of the
centrosome and Golgi in migratory cells. J. Cell Sci. 2015, 128, 3277–3289. [CrossRef] [PubMed]
129. Morlino, G.; Barreiro, O.; Baixauli, F.; Robles-Valero, J.; González-Granado, J.M.; Villa-Bellosta, R.; Cuenca, J.;
Sánchez-Sorzano, C.O.; Veiga, E.; Martín-Cófreces, N.B.; et al. Miro-1 links mitochondria and microtubule
Dynein motors to control lymphocyte migration and polarity. Mol. Cell Biol. 2014, 34, 1412–1426. [CrossRef]
[PubMed]
130. Caino, M.C.; Seo, J.H.; Aguinaldo, A.; Wait, E.; Bryant, K.G.; Kossenkov, A.V.; Hayden, J.E.; Vaira, V.;
Morotti, A.; Ferrero, S.; et al. A neuronal network of mitochondrial dynamics regulates metastasis.
Nat. Commun. 2016, 7, 13730. [CrossRef] [PubMed]
131. Maniotis, A.J.; Chen, C.S.; Ingber, D.E. Demonstration of mechanical connections between integrins,
cytoskeletal filaments, and nucleoplasm that stabilize nuclear structure. Proc. Natl. Acad. Sci. USA
1997, 94, 849–854. [CrossRef] [PubMed]
132. Poh, Y.C.; Shevtsov, S.P.; Chowdhury, F.; Wu, D.C.; Na, S.; Dundr, M.; Wang, N. Dynamic force-induced direct
dissociation of protein complexes in a nuclear body in living cells. Nat. Commun. 2012, 3, 866. [CrossRef]
[PubMed]
133. Maya-Mendoza, A.; Bartek, J.; Jackson, D.A.; Streuli, C.H. Cellular microenvironment controls the nuclear
architecture of breast epithelia through β1-integrin. Cell Cycle 2016, 15, 345–356. [CrossRef] [PubMed]
134. Gunawan, M.; Venkatesan, N.; Loh, J.T.; Wong, J.F.; Berger, H.; Neo, W.H.; Li, L.Y.; La Win, M.K.; Yau, Y.H.;
Guo, T.; et al. The methyltransferase Ezh2 controls cell adhesion and migration through direct methylation
of the extranuclear regulatory protein talin. Nat. Immunol. 2015, 16, 505–516. [CrossRef] [PubMed]
135. Ferraro, A.; Boni, T.; Pintzas, A. EZH2 regulates cofilin activity and colon cancer cell migration by targeting
ITGA2 gene. PLoS ONE 2014, 9, 115276. [CrossRef] [PubMed]
136. Xia, B.; Joubert, A.; Groves, B.; Vo, K.; Ashraf, D.; Djavaherian, D.; Awe, J.; Xiong, Y.; Cherfils, J.; Ma, D.
Modulation of cell adhesion and migration by the histone methyltransferase subunit mDpy-30 and its
interacting proteins. PLoS ONE 2010, 5, 11771. [CrossRef] [PubMed]
137. Zhang, X.; Cook, P.C.; Zindy, E.; Williams, C.J.; Jowitt, T.A.; Streuli, C.H.; MacDonald, A.S.;
Redondo-Muñoz, J. Integrin α4β1 controls G9a activity that regulates epigenetic changes and nuclear
properties required for lymphocyte migration. Nucleic Acids Res. 2016, 44, 3031–3044. [CrossRef] [PubMed]

Cancers 2017, 9, 82

17 of 17

138. Kikuchi, J.; Koyama, D.; Wada, T.; Izumi, T.; Hofgaard, P.O.; Bogen, B.; Furukawa, Y. Phosphorylationmediated EZH2 inactivation promotes drug resistance in multiple myeloma. J. Clin. Investig. 2015, 125,
4375–4390. [CrossRef] [PubMed]
139. Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.;
Forcato, M.; Bicciato, S.; et al. Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179–183.
[CrossRef] [PubMed]
140. Petrie, R.J.; Koo, H.; Yamada, K.M. Generation of compartmentalized pressure by a nuclear piston governs
cell motility in a 3D matrix. Science 2014, 345, 1062–1065. [CrossRef] [PubMed]
141. Felding-Habermann, B.; O’Toole, T.E.; Smith, J.W.; Fransvea, E.; Ruggeri, Z.M.; Ginsberg, M.H.; Hughes, P.E.;
Pampori, N.; Shattil, S.J.; Saven, A.; et al. Integrin activation controls metastasis in human breast cancer.
Proc. Natl. Acad. Sci. USA 2001, 98, 1853–1858. [CrossRef] [PubMed]
142. Page, J.M.; Merkel, A.R.; Ruppender, N.S.; Guo, R.; Dadwal, U.C.; Cannonier, S.A.; Basu, S.; Guelcher, S.A.;
Sterling, J.A. Matrix rigidity regulates the transition of tumor cells to a bone-destructive phenotype through
integrin beta3 and TGF-beta receptor type II. Biomaterials 2015, 64, 33–44. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

