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Abstract: Cancer is the second most common cause of death in the world, representing one
of the main economic burdens in health care and research. The effort of research has mainly
focused on limiting the growth of a localized tumor, but most recently, there has been more
attention focused on restricting the spreading of the cancer via invasion and metastasis. The
signaling pathways behind these two processes share many molecules with physiological
pathways regulating cell adhesion and migration, and, moreover, adhesion and migration
processes themselves underlie tumor potential for invasion. In this work, we reviewed
the latest literature about cancer development and invasion and their regulation by cell
migration- and adhesion-related proteins, with a specific focus on talins and integrins. We
also summarized the most recent developments and approaches to anti-cancer therapies,
concentrating on cell migration-related therapies.
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1. Introduction

In the past years, cancer has been the second most common cause of death in the world
after cardiovascular diseases [1,2], and the leading cause in highly developed countries,
such as the USA and Western European countries [3]. The development of a cancerous
tumor is a multi-step process resulting from the accumulation of multiple mutations and
epigenetic alternations, causing the deregulation of cellular functions like proliferation,
differentiation, and invasion of the surrounding tissues (Figure 1A) [4-7]. The cellular
microenvironment also plays a crucial role in the onset and progression of cancer. Even
temporal non-physiological changes of the microenvironment, caused by events such as
trauma or inflammation, may disrupt cellular pathways, promoting cancer progression or
even initiating the early stages of carcinogenesis [8]. Invasion is the first step of metastasis
and spreading cancer cells into surrounding tissues and lymph nodes [9,10]. During the
invasion, cancer cells wade through the extracellular matrix (ECM, see Appendix A. The
Extracellular Matrix). To do so, they form actin-rich thin, centrally localized long protru-
sions on their ventral side called invadopodia (Figure 1B) [11,12]. Their primary function
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is the degradation of the ECM employing various proteases, mainly from the matrix met-
allopeptidases (MMDPs, see Appendix B. Matrix metallopeptidases) family [12-15], which
further allows cells to penetrate the surrounding tissue (Figure 1B) [11].
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Figure 1. Stages of cancer development. (A) Tumorigenesis in an epithelial layer. In the initial stage
of carcinogenesis, accumulated mutations cause deregulation of cell growth and differentiation, what
leads to uncontrolled cell division and finally to hyperplasia. Further DNA damage causes loss of cells’
classical morphology in a dysplasia stage. Though dysplasia does not ascertain the development
of cancer, in some cases altered cells may eventually occupy the entire cellular layer and create
carcinoma in situ. Invasion, the detachment of a cell from the primary tumor site, initiates the process
of creation of secondary tumors called metastasis. After penetrating the surrounding tissue, a cancer
cell can enter the circulatory system through the process of intravasation. Pathological angiogenesis
supports this phenomenon further, making blood vessels more accessible. Circulating tumor cells can
disseminate at distant sites of the body [16,17]. Then, through the process of extravasation, cells leave
blood vessels and find new niches in remote tissues to develop secondary (metastatic) tumors. Based
on [6,7,18,19]. (B) Stages of cancer cell invasion from epithelial tissue. During this process, cell-cell
interactions weaken, and cell-ECM interactions become stronger. In the second stage of invasion,
in order to wade through the ECM, cancer cells form invadopodia, allowing them to penetrate to
the surrounding tissue in the last step of invasion. Insert: a simplified scheme of an invadopodium.
Based on [11-13,20].

For this review, we concentrated on selected molecules regulating cell adhesion and
migration, focusing on the latest findings describing molecular mechanisms of talin- and
integrin-dependent invasion and cancer development. In the first part, we described in
detail the structures and main differences between talin isoforms, particularly in their
interaction with integrins. We also introduced the molecular mechanisms in which talin—
integrin interaction mediates various cellular processes such as adhesion, invadopodia
formation, and ECM degradation. In the last part, we described the latest trends in anti-
cancer drug therapy development, focusing on the treatments targeting migration- and
adhesion-related proteins.
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2. Adhesion-Related Proteins in Cell Motility

Cell migration and motility underlie many biological processes. These processes
include physiological processes, such as wound healing, immunological response, and
embryonic and tissue development, and pathophysiological processes, including, men-
tioned earlier, invasion and metastasis in cancer development [9,21-24]. There are several
different modes (strategies) of cell migration that are regulated by several factors, including
cell adhesion level and environmental confinement/crowding [25]. In the case of cancer
invasion, there are three most commonly featured modes: two types of single-cell migration,
mesenchymal and amoeboid, and collective cell migration [26]. Among them, mesenchy-
mal migration is the most broadly studied mode thus far, especially in research conducted
in a high-adhesion environment (Figure 2) [27]. There are numerous proteins involved in
the coordination of cell migration [28], including scaffolding [29,30], cytoskeletal [31] and
regulatory proteins [32,33], proteases responsible for ECM remodeling [34], or adhesion
proteins such as talins and integrins [35-37]. In later sections, we concentrate on the latter
group of proteins.
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Figure 2. The scheme of a single-cell mesenchymal migration mode. (1) In the first step, the cell
protrudes a wide projection at the leading edge called the lamellipodium. (2) At the interface between
the lamellipodium and the substrate, new adhesion structures are formed to stabilize the new position.
(3) The contraction of the actomyosin cytoskeleton creates a force that propels the cell body towards
the leading edge. (4) Adhesions in the back of the cell disassemble to allow retraction of the cell’s tail.
Then, the cell can repeat the cycle. Based on [38].

2.1. Talins

In vertebrates, there are two talin isoforms: talinl and talin2, which are encoded by
the TLN1 and TLN2 genes respectively [39]. Thus far, most of the scientific attention has
been directed towards talinl [36].

Talin1 is a large protein [40], described for the first time by Keith Burridge and Laurie
Connell in 1983 as a molecule playing a role in focal adhesion dynamics and membrane
ruffling [41]. Later, it was shown that talin is crucial for the initiation of cell adhesion by
activating integrins [42], and through binding to both integrin and actin, it creates a link
between the cytoskeleton and the extracellular matrix [43]. In the following years, multiple
binding sites for adhesion- and migration-related proteins were found in talin, including
11 vinculin binding sites [44], a focal adhesion kinase (FAK) binding site [45], and a paxillin
binding site [46] (Figure 3A).

Talinl is composed of two main domains: an N-terminal head FERM (standing for 4.1,
ezrin, radixin, and moesin proteins, where it was primarily described [47]) domain [48] and
a C-terminal rod domain composed of 13 a-helix bundles [49]. The N- and C-domains are
connected by an unstructured linker [37,50]. In general, FERM domains are associated with
cytosolic plasma membrane-targeted proteins [47]. Talin1’s FERM domain has an atypical
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build with an additional FO subdomain, similar in structure to the F1 subdomain [48].
Thus far, this aberration has been found only in kindlins [48,51]. It is postulated that the
FO domain is specifically required for integrin activation and its stabilization in its active
state [52,53], as talinl and kindlins were shown to be integrin activators [52,54]. In addition
to interacting with the plasma membrane and integrins, the head domain has binding sites
for several other proteins, including actin (ABS1) [55]. Some of the sites overlap with one
another, leading to a complex regulation of talin1’s activity (Figure 3A) [16].

The rod domain also contains multiple binding sites. It has a secondary integrin
binding site within R11-R12 bundles [56]; however, the interaction mechanism and its role
are still not defined well [36,37]. Moreover, all the talinl’s vinculin binding sites are located
in the rod [37,44]. Moreover, the rod has two actin-binding sites [55]. It is postulated that
they play different roles in cell adhesion and migration, with one (ABS2) acting as a tension
bearer while the other (ABS3) acts as a force-dependent trigger for vinculin binding [36].
Talin1 forms a homodimer through the last C-terminal dimerization helix (DH) [17,37].
Similarly to the head domain, some of the rod’s binding sites overlap (Figure 3A) [16,45,49].
Moreover, mechanical signaling between ECM and cytoskeleton can regulate alternative
ligand binding in these sites. For example, upon stretching, the talinl molecule partially
unfolds, exposing vinculin binding sites and, at the same time, disrupting other sites within
these regions (Figure 3A) [16].

Talin1’s activity can be regulated through the separation of the head and the rod
domains [50,57]. One of the cleavage sites for calpain protease, which mediates talin’s
activity, is located in its linker region [36,58]; thus, the site’s conformational availability
plays an important role in mediating cell migration and adhesion dynamics [50,58].

As mentioned before, talinl’s functions are associated with the regulation of integrin
activity [37,42] and transduction of mechanical cues between the cytoskeleton and the
cellular environment [43]. It is also engaged in cell migration [59] and focal adhesion
dynamics [50,58-60]. Moreover, it mediates invasion [60], invadopodia formation [14],
metastasis [60,61], and anoikis [60] in cancer cells.

Talin2 was discovered in 1999 through functional genomic analysis during the search
for the third talinl actin-binding site motif in genomic databases [39,62]. Structurally,
talin2 is similar to talinl. Primary structures have shown 76% of identity and 88% of
similarity [36,39]. Both proteins also share the same domain and subdomain organization,
including the localization of most of the protein interaction sites [36]. The main difference
between these two isoforms is in their affinity towards some of the ligands. First, talin2’s
head shows a much higher affinity towards integrin than the one of talinl [63,64]. Inter-
estingly, thus far, it has not been proven that talin2 can activate integrins. In support of
this hypothesis, several studies have shown that the depletion of talin2 (opposite to talin1)
does not change the integrin activation level during cell spreading [61,63,65]. Furthermore,
talin2 also has a higher affinity towards actin [36]. These properties provide molecular
context for the observation that talin1 is more abundant in young small peripheral adhesion
structures that are highly dynamic, whereas talin2 is rather associated with mature, stable,
centrally localized large adhesions [63,66,67]. Although dimerization helices between both
talin isoforms are highly conserved, heterodimers have not been described in the literature
thus far [36]. Furthermore, the distribution of these two proteins differs among tissues;
while talin] is present in most of the cells in the human body (with the exception of a heart
muscle), talin2 is to be found only in selected tissues, such as the skeletal and heart muscles,
the brain, and the kidneys [36,68-71].

The biological role of talin2 is less understood than its sister isoform. As talins have
similar structures and share many biological functions [65,72], it was initially presumed
that talin2’s functions are redundant with talinl’s [61,65]. However, closer studies have
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shown that both talinl and talin2 play distinct roles, and often, both are required in
many cellular processes, including tumorigenesis, cancer invasion, and traction force
generation [63,73,74]. Furthermore, due to its subcellular central localization, talin2 is
believed to have a stronger association with invadopodia maturation and extracellular
matrix degradation than talinl [63]. Moreover, talin2’s muscle tissue specificity and its
stronger binding to integrins and actin suggest that one of its distinct roles may be the
transduction of forces of a greater magnitude than in the case of talinl [67,75].

Studies show that loss of talinl can abrogate cancer invasion [60]. Moreover, sev-
eral mutations in talinl, which result in the destabilization of its structure, have been
associated with cancer development [76]. For example, P229L, R1368W, and L1539P mu-
tants showed decreased recruitment of paxillin and vinculin, showing altered morphology
(P229L), migration speed (R1368W—increased, P229L—decreased), invasion rate (R1368W),
and proliferation (P229L) [76,77]. Furthermore, L2509P disrupts talinl dimerization and
binding to actin via ABS3, leading to drastic changes in cell and focal adhesions morphol-
ogy, decreased FAK signaling, paxillin binding, cell migration, and altered proliferation
rate [76-79].
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Figure 3. Talins and integrins. (A) The structure of talinl protein. Selected domains, subdomains,
and most important interaction sites are marked; vinculin binding regions (VBS) are highlighted in
gray. Based on [16,37,44-46,48,55]. (B) Integrin heterodimers with their most common ligands. Most
of them recognize ECM ligands, such as RGD motif (present in e.g., fibronectin) or collagen; a small
subgroup of leukocyte-specific receptors recognizes Ig-superfamily cell surface counterreceptors.
o4p1 and x9p1 integrins (in green) bind both ECM ligands and the counterreceptors [80]. Based
on [80,81]. (C) A scheme of the inside-out activation of integrin by talinl. Based on [37,54].
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2.2. Integrins

Integrins are best recognized for anchoring cells to the ECM [80]. They are het-
erodimeric transmembrane receptors composed of & and 3 subunits. Most of the subunits
have a large extracellular domain responsible for interacting with extracellular ligands, a
single transmembrane helix, and a short intracellular domain responsible for interaction
with cellular agents [80,82,83]. In mammals, there are 18 « and 8 (3 subunits, making
24 distinct heterodimer combinations (Figure 3B) [35,80]. Different types of integrins
show different affinity towards ECM ligands, depending on their subdomain composition
(Figure 3B) [80]. In some cases, the binding site is located on the o« subunit; in others, it is
shared between both subunits [81].

There are three main integrin conformations connected with the integrin activation
stage, and each of them shows a different affinity towards their ligands [37,54]. There are
several pathways leading to integrin activation. The most common one, mentioned earlier,
is based on an initial interaction with talin1 [37,54]. Unbound integrin resides mainly in
a thermodynamically preferable bent closed conformation [54,84], which has a very low
affinity towards its ligand [84]. Upon the interaction of a 3 subunit’s cytoplasmic tail with
the talinl’s head domain, integrin unfolds, taking an extended closed conformation, which
still has a low-to-intermediate ligand binding capacity [84]. When interacting with the
ligand, integrins are stabilized in the third conformation called extended open, which may
have an even 5000-fold stronger affinity towards the ligand over the two other states [84,85].
As the signaling comes from the inside of the cell, this kind of activation pathway is called
inside-out (Figure 3C) [80]. Even though the interplay between talins, integrins, and ECM
ligands has been broadly studied, many aspects are still poorly understood, requiring
further investigation. One of the recent discoveries showed a nontrivial dependency
between a pulling force and an integrin-ligand interaction lifetime called a catch bond that
stabilizes cell adhesion [35,86].

The second kind of activation pathway, called outside-in, is driven by cues from the
extracellular environment [80]. Even though the bent closed state is thermodynamically
optimal, due to thermal fluctuations, a small amount of unbound integrin is in the extended
closed or open conformations (about 0.1% and 0.15%, respectively) [54,87]. Thus, in the
extended open conformation, the ECM ligand can be bound simultaneously with talin
on the other end, locking integrin in the open state [54]. Furthermore, integrins can be
stabilized in the extended conformation by various extracellular (bio)chemical agents like
manganese cations or conformation-specific antibodies [84,88].

In addition to playing a key role in cellular adhesion, integrins are involved in many
other biological phenomena, including mediation of processes like immune response,
cell cycle and proliferation, embryogenesis, and cancer invasion and metastasis [89-94].
Furthermore, misregulation of integrin signaling is associated with many pathological
processes and diseases [95], such as severe muscular dystrophy (absence of integrin «7) [96],
cardiac fibrosis (an overexpression of integrin «11) [97], the leukocyte adhesion deficiency
I (a loss of expression of integrin 32) [98], loss of platelet aggregation a (deletion of integrin
3 gene) [96], cancer [99] (e.g., overexpression of V{38 promotes growth and invasion of
squamous cell carcinoma [100], and overexpression of integrin «11 promotes non-small-cell
lung carcinoma [101]).

2.3. Molecular Basis of Talin—Integrin Interaction

In the standard model of molecular interactions, called a slip bond, the stability of
the bond decreases with an exerted pulling force [35]. In the interaction between talins,
integrins, and ECM ligands, we can observe the formation of a catch-slip bond, or more
commonly, a catch bond formed between integrins and the ECM. In this kind of inter-
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molecular interaction, the attraction between molecules at first rises together with the
force, and then, after reaching a threshold, it weakens [35,72,86]. Thus, binding integrin
to the ECM and talin, and further linking the complex to the actomyosin cytoskeleton,
provides additional tension that stabilizes integrin-ECM interaction and, therefore, cel-
lular adhesion [54,102]. The mechanism underlying the catch bond in integrins has not
been thoroughly described yet [35]. One of the hypotheses presumes that the additional
force provided into the interaction stabilizes the fluctuations between the open and closed
states of the extended conformation, resulting in an increasing lifetime of the open state
(Figure 3C) [35,103]. A follow-up study has supported said hypothesis, showing that upon
tension, integrin «531 undergoes further conformation changes, leading to the formation
of new hydrogen bonds at the interface between integrin and the ECM, thus stabilizing
integrin in the open conformation [103,104]. The catch bond behavior was observed for
many integrins, including, as mentioned earlier, x531 and ocV[33 [35,72,86], the two widely
studied RDG-binding integrins.

It is important to underline differences in the molecular mechanisms of interactions
between talinl and talin2 with integrins (in this case, we concentrate specifically on integrin
f1). Talins bind to integrin  subunits through its head F3 domain (Figure 3A,C) [37].
The differences in the molecular architecture of the binding sites in talins result in affinity
differences between different talin isoforms and integrins, as well as in differences in talin1-
and talin2-integrin quaternary structures [63,64,105]. Recent studies have shown that a
mutation of just a single residue (C336 or S339 in talinl or talin2, respectively) is responsible
for the majority of the differences [63,64]. Talin133% has a higher affinity towards integrin
B1 than the wild-type protein, and it has an integrin binding geometry close to talin2"1.
At the same time, talin25%3°C has a lower affinity towards integrins than talin2"VT [63,64].
Furthermore, studies made on talin2-knockout cells have shown that the S339C mutant
does not rescue the phenotype [63,73]. Therefore, it seems safe to hypothesize that the
mutations mentioned above result in differences in the nature of the interaction between
talin isoforms and {3 integrins [64].

2.4. Talins and Integrins in the Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells lose
their epithelial characteristics, like the basal-apical polarity and strong cell—cell adhesion,
and acquire mesenchymal-migratory features [106]. As mentioned earlier, high talins and
integrins activity results in a decrease in cell-cell adhesion, being one of the driving factors
of EMT [107]. Studies have shown that both protein families are the key factors in this
process [108].

The talin-integrin complex can activate key EMT pathways, activating focal adhesion
kinase (FAK), Src, and the PI3K/AKT and MAPK/ERK cascades [109]. In another EMT-
driving mechanism, CdGAP was shown to bind talin and activate integrins in a TGFf3-
dependent manner, promoting cell adhesion and TGFB-induced EMT [110,111].

During EMT, cancer cells can downregulate epithelial-associated integrins, like base-
ment membrane binding integrin o634 [112], and overexpress migration-related integrins,
like V33 and «1{35 that bind fibronectin, abundant in the interstitial matrix, facilitating the
transition to a migratory phenotype [111,113-115]. Furthermore, changes in integrin compo-
sition stimulate MMPs secretion, promoting ECM degradation and EMT [111,116]. A recent
review provided a thorough overview of the role of integrins in epithelial-mesenchymal
transition [117].

Interestingly, it also has been demonstrated that a pivotal talin-related mechanism
promoting EMT is integrin-independent. Instead, it relies on the interaction between talin
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and PIPKIy, promoting mesenchymal traits and inhibiting the expression of E-cadherin, a
cell—cell adhesion-related protein, in cancer cells [108,118].

2.5. Interplay Between Talins and Bl1-Integrin in Invadopodia Formation and Maturation

As mentioned earlier, invadopodia are actin-rich protrusions directed towards the extra-
cellular matrix. Their main task is to degrade and penetrate the neighboring matrix to allow
cell invasion and metastasis (Figure 1B, insert) [13]. The formation of an invadopodium
starts with the assembly of precursors, such as cortactin, cofilin, Arp2/3, and N-WASp,
that are later anchored to the plasma membrane by the Tks5 protein [119,120]. In the
next step, 31 integrin is recruited to the complex [13,121]. In the late maturation stages,
invadopodium continues to elongate based on actin polymerization [13]. In these stages,
microtubule filaments are also found in these protrusions, presumably serving as traffick-
ing routes for proteases-containing vesicles (such as MMP2, MMP9, or MT1-MMP, see
Appendix B. Matrix metallopeptidases) [34,122].

In contrast to focal adhesion formation, talinl binds to the invadopodium precursor
complex independently from 31 integrin [13,14]. Nonetheless, further interaction between
these two proteins is critical for the recruitment of the moesin—-NHE-1 complex, which
leads to the initiation of degradation of the ECM by stimulating membrane type 1 matrix
metalloproteinase (MT1-MMP) [13,14]. Simultaneously, cofilin activation promotes actin
polymerization and growth of the invadopodium [13,14,121,123]. Interestingly, recent
studies have shown that talin2, through its interaction with integrins, also mediates the
maturation of invadopodia, yet it is involved in a distinct pathway [13,63,74].

Both talins were shown to co-localize with Tks5 at the invadopodium-precursor site,
which suggests their involvement in invadopodia formation. Beaty and colleagues [14]
showed that talinl binding to invadopodia is independent of 31 integrin, but it is mediated
by actin binding via ABS3 (see Figure 3A). Nonetheless, talinl interaction with 31 integrin
is crucial for further invadopodia maturation. Interestingly, this process is mediated not by
the main integrin binding site in the talinl head domain but by the secondary IBS2 site in
the R11 rod section of the protein, as a re-expression of talinl rod domain rescued talin1
depletion, but integrin binding deficient mutant of talinl rod, as well as talinl head domain
did not [14].

On the other hand, MDA-MB-231 breast cancer cells and U-2 OS osteosarcoma talin2-
depleted cells show inhibition in ECM degradation and invadopodia formation, even

in the presence of talinl [63,74]. Intriguingly, the re-expression of talin2533°C

mutant,
having an altered nature of talin2-integrin interaction (see Section 2.2), does not rescue this
process [63,73,74], suggesting specific talin2-integrin interaction. Further, it was shown that
depletion of talin2 inhibits the secretion of MMP9 by reducing docking of MMP9-containing
vesicles to the cell ventral membrane, yet the complete mechanism of the process is still to
be uncovered [74].

Importantly, depletion of either talin resulted in inhibition of tumor growth and
invadopodia formation, but depletion of talin2 seems to have a more significant
effect [63,73]. This implies that talinl and talin2 play separate, non-redundant roles in

cancer development.

2.6. Talins and Integrins in Cancer Cells—Tumor Microenvironment Interaction

Tumor microenvironment (TME) is one of the most critical factors in the regulation
of cancer invasion and metastasis [8,27]. Biochemical, cellular, structural, and mechanical
signaling from the microenvironment influences cancer cell migration, adhesion, inva-
sion, proliferation, angiogenesis potential, and many other cellular properties driving
carcinogenesis [27,107,124]. Moreover, the tumor microenvironment can promote or sup-
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press carcinogenic features, leading to high heterogeneity, both within a single tumor and
between tumor sites [8]. The TME evolves and changes together with the development of
the tumor itself [107]. Its remodeling, in a significant part, is driven by cancer cells that can
deposit, proteolytically degrade, and post-translationally modify ECM proteins, as well as
physically remodel the ECM organization [125]. Talins and integrins are directly involved in
the synthesis of the ECM, regulating secretion and reorganization at a molecular level of the
ECM'’s components, such as collagens and fibronectin [126,127]. As mentioned before, they
also regulate protease secretion, leading to degradation of the ECM [74]. Both processes
lead to physical reorganization of the TME, usually leading to changes like the stiffening
of the ECM or remodeling of collagen into straight bundles [128,129]. All these changes
lead to further deviation of TME from the physiological state and create a self-propelling
mechanism in which more integrins become engaged, further remodeling the ECM and
simultaneously activating FAK/Src signaling and promoting cell survival mechanisms.
Additionally, this mechanism reinforces cell-ECM adhesion, leading to increased prolif-
eration and overcoming cell-cell adhesion, causing detachment of single cells, therefore
promoting invasion [107,129-131]. Moreover, cancer cells, via integrin-based adhesions,
can physically reorganize and align collagen fibers by generating contractile forces [132].
This way, cells can form the pathologically straight ECM fibers architecture that facilitates
cell polarization, directed cell migration, and metastasis [128].

Multiple studies have shown the importance of integrins in interacting with TME.
As mentioned earlier, dysregulation of integrins expression leads to a change in tumor
cells’ preferential ligand supporting EMT [111,115]. The interaction between (31 integrin
and talin 2 promotes the secretion of MMPs in breast cancer, leading to ECM remodeling
and degradation [74,133]. Interestingly, tissue inhibitor of metalloproteinases 2 (TIMP2,
see Appendix B. Matrix metallopeptidases) can bind directly to integrin «1(33, inhibiting
angiogenesis [134]. Overexpression of talins, integrins, and other adhesion-related proteins
can mimic some part of the integrin-based ECM adhesion-signaling in circulating tumor
cells (Figure 1A Dissemination), promoting FAK activation and its downstream effectors,
inducing cell survival and resistance to anoikis (programmed cell death resulting from de-
tachment from the ECM) [60,135-137]. Moreover, studies have shown that talinl-mediated
anoikis resistance can be independent of its interaction with integrin [60,136].

Interestingly, knocking down talin 1 or treatment with cyanidin-3-glucoside, a
talin-integrin- interaction-targeting natural compound, inhibited the growth of HT-29 can-
cer micro-tumors [137], though the mechanism of this process is not well described [138].
Furthermore, the talin-integrin complex promotes activation of the FAK/Sac pathway,
promoting tumor growth in situ [116,139,140].

3. Clinical Aspects of Talin and Integrin in Cancer Development
3.1. Talin- and Integrin-Based Cancer Prognosis

Multiple studies have shown a correlation between talins’ and integrins” expression
levels in tumors and both cancer development and patients’ survival [138,141]. Our recent
study showed that talin2 is upregulated in many cancer types, including pancreatic adeno-
carcinoma (PAAD), cholangiocarcinoma (CHOL), stomach adenocarcinoma (STAD), lung
squamous cell carcinoma (LUSC), prostate cancer (PRAD), and liver hepatocellular carci-
noma (LIHC) [142]. For the current work, we reviewed several studies [143-147] included
in the Kaplan-Meier Plotter database [145] and analyzed the dependence of hazard ratio
(HR) on high expression levels of talins and integrins (except for integrin «1, not included in
the database) (Figure 4A). Interestingly, different cancers showed different prognoses based
on the high expression of these proteins. This supports seemingly contradictory studies
that have shown that potential anti-cancer drugs mediating talin-integrin interaction can
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Talins

have adverse effects on cellular processes, such as adhesion, in different cancer types as
showed in [138,148], further underlining the complexity in the regulation of these two
protein families” activities. Increased levels of talinl, integrins «5-8, «10, 11, «V, 33-5,
and leukocyte-specific integrins o4 and oE show correlation with either high increased or
high decreased HR in various cancers, making them potential candidates for treatment
prognosis markers and therapy targets. Interestingly, most cancers of lower survival rates
(acute myeloid leukemia (AML), ovarian, and lung cancers) show a lower correlation of
the level of studied proteins to HR (Figure 4A), suggesting long-timescale effects of talin-
and integrin-regulation during cancer progression.
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Figure 4. (A) The heat map of the average hazard ratio in relation to high expression of talins and
integrins in patients suffering from various types of cancers, based on Kaplan-Meier plots. Based
on [143-147]. (B) Number of FDA-approved therapies in the past years with a focus on anti-cancer
therapies. Data from [149]. (C) Cancer-related deaths in the past 30 years per 1 mln population. Data
based on the Global Burden of Disease Database [150,151].

3.2. Integrin-Related Immune Evasion and Anti-Cancer Drug Resistance

Integrins, as surface receptors, regulate cell-immune cell interaction. Moreover, some
integrin heterodimers are specific to immune cells (Figure 3B). In liver and colon cancers,
elevated expression of ICAM-1, VCAM-1, and MAdCAM-1, ligands to leukocyte-specific
integrins, have shown improved T-cells penetration of the tumor and prognosis on patients’
survival [152,153]. On the contrary, other studies have shown that the upregulation of
VCAM-1 and its interaction with integrin a41 promoted angiogenesis, invasion, and
tumor progression in neuroblastoma and gastric cancer [154,155]. Another integrin, «V 36,
is essential in tumor development [156,157]. Recent studies have shown that overex-
pression of integrin oV 36 inhibits T-cell anti-tumor response via TGF-3-SOX4 pathway,
providing an efficient immune evasion strategy for cancer cells. Treatment with a blocking
anti-integrin oV (36 antibody inhibited tumor progression and promoted T-cell immunore-
sponse, showing a promising new target to enhance current therapies [158,159]. Similar
observations were made for integrin oV 38, also acting through the TGF( pathway [160],
and for integrin V36 through the promotion of PD-L1 expression [161]. Furthermore,
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integrins regulate response to anti-tumor therapies [162]. It was shown that integrin «V {33,
acting through the KRAS-RalB-NF-«kB pathway, stimulated EGFR inhibitor resistance [163].
Moreover, the x6 integrin-Src—Akt pathway and 31 integrin in a GPER-dependent path-
way induce tamoxifen resistance [164,165]. Several more specialized reviews have recently
presented broader overviews of this topic [149,162,166].

3.3. Migrastatics

Although the FDA approves about 15 new cancer treatments every year, which is
approximately 30% of all new annually approved treatments, over the years, the number
of deaths caused by cancer has constantly been rising (Figure 4B,C, Appendix C. Novel
anticancer treatments: Table A1) [150,151,167]. It is important to underline that this trend is
significantly impacted by better diagnostic methods and society’s aging, which is one of
the primary cancer risk factors. However, it also shows that the current approach to new
anti-cancer drug development is not efficient enough.

Most of the current therapies concentrate on reducing cancer development at the
tumor site, regardless of whether it is a primary or secondary location. They aim to inhibit
cancer cell proliferation and reduce tumor size, which for a long time was a requirement for
FDA approval. On the other hand, currently, only a few anti-cancer therapies are aiming
at metastasis, even though data show that it is related to over 60% of all cancer-related
deaths [168].

In 2018, the FDA approved a new endpoint in clinical trials: metastasis-free survival,
which allows evaluation of the effectiveness of an anti-cancer therapy based on the forma-
tion of metastatic tumors [169]. Around the same time, in 2017, a new term was coined
called migrastatics for drugs that aim to hinder the invasiveness of cancer cells and reduce
their ability to metastasize [170]. It is important to note that these drugs are meant to
complement antiproliferative therapy rather than replace it. As cell migration has been
intensively studied within the past decades, many drugs used in vitro may be suitable as
migrastatics. The main drawback, however, might be high toxicity to healthy cells [170,171].
Currently, several clinical trials are aiming directly at cancer metastasis [170,171].

3.4. Talin and Integrin as Targets for Anti-Cancer Therapies

As mentioned earlier, integrins are an emerging target for anti-tumor therapies. Cur-
rently, there are seven integrin-targeting drugs on the market, yet their primary use is in
cardiovascular and other non-cancer-related therapies [172]. Moreover, anti-cancer use
of integrin-related therapeutics has not been approved so far. By now, there have been
at least 230 clinical studies on therapies targeting various integrins, including anti-cancer
therapies. These treatments primarily aim to target integrin subtypes associated with the
development and progression of various tumor types [173]. For example, Etaracizumab
(MEDI-522) is believed to be able to target integrin av[33 in selected tumors. It has been
studied through several Phase I and II clinical trials [173-175]. Moreover, a substantial part
of cancer-related integrin clinical research is focused on targeting integrins for techniques
such as positron emission tomography (PET) imaging [176].

At the moment, a new wave of studies is recruiting for various forms of integrin-
targeted drugs specifically geared towards cancer treatment. As mentioned in the pre-
vious paragraph, integrin targeting can be the aim of both molecular imaging tech-
niques supporting chemotherapy as well as a part of the therapy itself. For example,
the group of Hao Wang is studying the application of integrin ligand-bound Fluor-18 in
PET imaging [177,178], and the Sutcliffe group is aiming to use an integrin «V6-targeting
drug to deliver therapeutical Lutetium-177 radionuclides to the tumor site [179], respec-
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tively. Several recent studies from 2022 have provided detailed overviews of completed
and ongoing integrin-targeting clinical trials [172,180,181].

In several cases, currently approved drugs have shown a potential integrin-regulation
function. For example, Levothyroxine, a synthetic T4 hormone used in addition to tra-
ditional radiation and chemotherapy in the treatment of thyrotropin-dependent well-
differentiated thyroid cancer [182], was also shown to activate integrin «V {33 [183]. How-
ever, to our knowledge, its integrin-activation-related properties have not yet been ad-
dressed in any clinical study.

Currently, there is little focus on talin-targeted cancer treatments at the clinical studies
stage. Yet, several cellular-level studies have shown talin or the talin-integrin interaction
as a potential future target for clinical studies. For example, docetaxel showed promising
results inhibiting talin2 expression in a gastric cancer MKN45 cell line [184]. Moreover,
several in vitro studies suggest that anthocyanins, found in natural products like dark fruits
and vegetables, are potential regulators of talin-integrin interaction that leads to decreased
tumor growth and cancer invasion [138,185].

4. Conclusions

Interaction between cells and their environment drives processes in human bodies.
Here, we wanted to underline its importance in cancer development, presenting current
knowledge on two main protein families responsible for mechanosensing of the cellular
environment: talins and integrins, in the context of cancer metastasis and development.
Many of the factors that influence the risk of developing tumors also influence cell-ECM
interaction, and biochemical and mechanical properties of the ECM [136,138]. Changes in
the cell-environment interaction underlie cancer invasion and metastasis, which is one of
the hallmarks of cancer [10], poorly projecting on expected patients’ survival [168]. Many
of the proteins involved in interaction with ECM are also directly involved in the initiation
of cancer invasion [14,74,121].

The recent changes in FDA policy on anti-cancer therapies [169] are one example
of how the scientific community is shifting its attention towards targeting mechanisms
mediating cancer metastasis. In this work, we introduced and summarized recent studies
describing some of the molecular mechanisms of interaction between talins and integrins
that may lead to invasion and cancer progression and the latest advances in clinical research
targeting cancer metastasis. We believe that further exploration of this and other cell
adhesion and migration-related pathways in the context of regulation of carcinogenesis is
crucial for developing new and better anti-cancer therapies in the future.
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Appendix A. The Extracellular Matrix

The extracellular matrix (ECM) is a dense, non-cellular three-dimensional structure
of entangled fibrous proteins (e.g., collagen, elastin, fibronectin) and proteoglycans (e.g.,
hyaluronan, perlecan) [186]. It provides scaffolding and support for cells and contributes
to the strength and elasticity of tissues [187]. The ECM provides biochemical and me-
chanical cues regulating processes in cells, including adhesion and migration [188,189].
We can distinguish two types of ECM: a basement membrane that underlies epithelial
and endothelial layers of cells, and an interstitial matrix found in the interstitial spaces
of tissues [190]. They differ in the context of composition; the basement membrane is
composed mainly of collagen IV, laminins, nidogen, and perlecan, while the interstitial
matrix is mainly made of collagen I and III, fibronectin, vitronectin, elastin, and hyaluronan
(Figure A1) [190,191]. In contrast to the interstitial tissue, a healthy basement membrane
creates an almost impenetrable barrier for cells [192].
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Figure A1. The structure of the extracellular matrix, with division into the basement membrane and the
interstitial matrix, with their main biochemical components highlighted. Based on [186,190,193-195].

Appendix B. Matrix Metallopeptidases

Matrix metallopeptidases (MMPs), also known as matrix metalloproteinases, are a
family of zinc-dependent proteins involved in the degradation and remodeling of the
ECM [196,197]. There are 23 different MMPs in humans, including 7 membrane-bound
ones [196,197]. MMPs’ activity is connected with several biological processes, including
cell migration, apoptosis, synaptic plasticity, and embryogenesis [198-200]. They also play
a key role in cancer invasion and metastasis [201].
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In cancer invasion, MMP14, also known as MT1-MMP, is the major ECM-degrading
enzyme that participates in the initiation of invadopodia formation [14,202]. Another
two broadly studied proteases strongly connected with tumor metastasis are MMP2 and
MMP9 [203,204]. The activities of these three MMPs are tightly connected [205,206]. MMP2
and MMP?9 are secreted in the forms of zymogens, proMMP2 and proMMP?9, respectively,
and they are co-expressed in many cancer types [205]. To gain their proteinase properties,
they have to be cleaved first. Interestingly, MT1-MMP has catalytic properties towards
proMMP2 [205], while MMP2 can cleave proMMP9 [205,206]. The pathway requires
proximity to the plasma membrane and, surprisingly, a presence of tissue inhibitor of
metalloproteinases 2 (TIMP2) for high efficiency [205]. Some other proteinases also can
activate MMP9 (Figure A2) [205].

TIMPs are a family of four proteins that regulate the activity of several extracellular pro-
teinase families, including MMPs [207]. Even though their primary function is the inhibition
of proteolytic processes, as mentioned before, the presence of TIMP2 provides a catalytic
site for MMP2 activation [205,207]. TIMPs show poor specificity towards different pro-
teases, although TIMP1 has higher inhibitory properties towards soluble MMPs [205,208],
while TIMP2 is an efficient inhibitor of MT1-MMP and MMP2 [205,208,209]. Thus, in
relatively low concentrations of TIMP2, it acts as a catalyzer for MMP?2 activation (what
consequently leads also to activation of MMP9), while in high concentrations, it inhibits all
three mentioned proteases, either directly, like MT1-MMP or through blocking the cleavage
of the proenzymes (Figure A2) [134,205].

Misregulation of MMPs and TIMPs is one of the markers of cancer [210]. Several
recent studies have shown that an adjustment of their activity can reduce carcinogenesis
and invasion in cancer cells [203,204,206,211]. Therefore, these proteins might be promising
targets for anti-cancer therapies.
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Figure A2. The MMPs’ activation cascade. Most matrix metalloproteinases are secreted as inactive
zymogens. After secretion, they undergo sequential activation in the presence of TIMP2, which, at
low concentrations, acts as an activator. Based on [205,212,213].



Int. J. Mol. Sci. 2025, 26, 1798

15 of 28

Appendix C. Novel Anticancer Treatments

Table Al. Cancer treatment drugs or aids approved in the years 2018-2024 by the FDA. Data extracted

from [167].

2024

Cancer Treatment Drug

No. DrugName Active Ingredient Approval Date FDA-Approved Use on Approval Date

1 Ensacove ensartinib 18 December 2024  To treat non-small-cell lung cancer

2 Unloxcyt cosibelimab-ipdl 13 December 2024  To treat classic congenital adrenal hyperplasia

3 Bizengri zenocutuzumab-zbco 4 December 2024 To treat cutaneous squamous cell carcinoma

4 Ziithera sanidatamab-hrii 20 November 2024 To treat nqn—small-cell lung cancer and pancreatic
adenocarcinoma

5 Revufor] revumenib 15 November 2024 To treat un.r§sectable or metastatic HER2-positive
(IHC 3+) biliary tract cancer

6 Vyloy zolbetuximab-clzb 18 October 2024 To treat relapsed or refractory acute leukemia

7 Ttovebi inavolisib 10 October 2024 To treat ga‘strlc or gastroesophageal junction
adenocarcinoma

8 Lazcluze lazertinib 19 August 2024 To treat locally advanced or metastatic breast cancer

9 Voranigo vorasidenib 6 August 2024 To treat non-small-cell lung cancer

10 Rytelo imetelstat 6 June 2024 To treat Grade 2 astrocytoma or oligodendroglioma

1 Imdelltra tarlatamab-dlle 16 May 2024 To treat low- to intermediate-1 risk myelodysplastic
syndromes

12 Ojemda tovorafenib 23 April 2024 To treat extensive stage small-cell lung cancer

13 Anktiva n'ogape?ndekm alfa 22 April 2024 Tq treat relapsed or refractory pediatric low-grade

inbakicept-pmln glioma
14 Tevimbra tislelizumab-jsgr 13 March 2024 To treat bladder cancer
Cancer treatment aid (diagnostics, therapy mitigation)

1 Iomervu iomeprol 27 November 2024  For use as a radiographic contrast agent

5 P b 17 April 2024 To use as an optical imaging agent for the detection of
cancerous tissue

2023
Cancer treatment drug

1 Ogsiveo nirogacestat 27 November 2023 To treat adults Wlth progressing desmoid tumors who
require systemic treatment

2 Trugqap capivasertib 16 November 2023  To treat breast cancer that meets certain disease criteria

3 Augtyro repotrectinib 15 November 2023 To treat ROS1-positive non-small-cell lung cancer

4 Fruzagla fruquintinib 8 November 2023 To treat refractory, metastatic colorectal cancer
To treat recurrent or metastatic nasopharyngeal

5 Loqtorzi toripalimab-tpzi 27 October 2023 carcinoma when used together with or following other
therapies
To treat adults with relapsed or refractory multiple

6 Elrexfio elranatamab-bcmm 14 August 2023 myeloma who have received at least four prior lines of
therapy
To treat adults with relapsed or refractory multiple

7 Talvey talquetamab-tgvs 9 August 2023 myeloma who have received at least four prior therapies
To use as part of a treatment regimen for newly

8 Vanflyta quizartinib 20 July 2023 diagnosed acute myeloid leukemia that meets certain
criteria
To treat diffuse large B-cell lymphoma, not otherwise

9 Columvi elofitamab-gxbm 15 June 2023 specified, or large B-cell lymphoma arising from

follicular lymphoma after two or more lines of systemic
therapy
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2023

Cancer treatment drug

To treat relapsed or refractory diffuse large B-cell
lymphoma (not otherwise specified) and high-grade

10 Epkinly epcoritamab-bysp 19 May 2023 B-cell lymphoma after two or more lines of systemic
therapy

1 Zynyz retifanlimab-dlwr 99 March 2023 To treat metastatic or recurrent locally advanced Merkel
cell carcinoma
To treat estrogen receptor-positive, human epidermal
growth factor receptor 2-negative, ESR1-mutated,

12 Orserdu elacestrant 27 January 2023 advanced or metastatic breast cancer with disease
progression following at least one line of endocrine
therapy
To treat relapsed or refractory mantle cell lymphoma in

13 Jaypirca pirtobrutinib 27 January 2023 adults who have had at least two lines of systemic
therapy, including a BTK inhibitor

Cancer treatment aid (diagnostics, therapy mitigation)
To use with filgrastim (G-CSF) to mobilize hematopoietic

1 Aphexda motixafortide 8 September 2023 stem cells to the peripheral blood foF co!lecho.n and .
subsequent autologous transplantation in patients with
multiple myeloma

2 Posluma flotufolastat F 18 25 May 2023 To us.e w1t1.1 posﬁrgn emission tomography imaging in
certain patients with prostate cancer

2022
Cancer treatment drug

1 Lunsumio mosunetuzumab-axgb 22 December 2022 To treat adults with relapsed or r(.efractory follicular
lymphoma, a type of non-Hodgkin lymphoma
To treat KRAS G12C-mutated locally advanced or

2 Krazati adagrasib 12 December 2022  metastatic non-small-cell lung cancer in adults who have
received at least one prior systemic therapy
To treat adults with relapsed or refractory acute myeloid

3 Rezlidhia olutasidenib 1 December 2022  leukemia with a susceptible isocitrate dehydrogenase-1
(IDH1) mutation

4 Elahere m1rvetgx1mab 14 November 2022 To Freat patlent§ with recurrent ovarian cancer that is

soravtansine-gynx resistant to platinum therapy
To treat relapsed or refractory multiple myeloma among

5 Tecvayli teclistamab-cqyv 25 October 2022 adults who have received at least four specific lines of
therapy

6 Imjudo tremelimumab 21 October 2022 To treat unresectable hepatocellular carcinoma
To treat intrahepatic cholangiocarcinoma harboring

7 Lytgobi futibatinib 30 September 2022 fibroblast growth factor receptor 2 (FGFR2) gene fusions
or other rearrangements

. To treat prostate-specific membrane antigen-positive
8 Pluvicto .h.ltetl.u m (177Lw) 23 March 2022 metastatic castration-resistant prostate cancer following
vipivotide tetraxetan ]
other therapies
9 Opdualag mvo.l umab and 18 March 2022 To treat unresectable or metastatic melanoma
relatlimab-rmbw
. e To treat intermediate or high-risk primary or secondary
10 Vonjo pacritinib 28 February 2022 myelofibrosis in adults with low platelets
11 Kimmtrak tebentafusp-tebn 25 January 2022 To treat unresectable or metastatic uveal melanoma




Int. J. Mol. Sci. 2025, 26, 1798

17 of 28

Table Al. Cont.

2022

Cancer treatment aid (diagnostics, therapy mitigation)

To detect and visualize lesions, together with MRI, with

1 Elucirem gadopiclenol 21 September 2022  abnormal vascularity in the central nervous system and
the body
To decrease the incidence of infection in patients with
2 Rolvedon eflapegrastim 9 September 2022 nor}-myelmd malign ancies receiving n.nyelosgpp.r(ssswe
anti-cancer drugs associated with clinically significant
incidence of febrile neutropenia
2021
Cancer treatment drug
. ropeginterferon To treat polycythemia vera, a blood disease that causes
! Besremi alfa-2b-njft 12 November 2021 the overproduction of red blood cells
2 Scemblix asciminib 29 October 2021 To tree}t Phﬂadel.phlg cthmosome—pos1tlve Chr.omc. .
myeloid leukemia with disease that meets certain criteria
3 Tivdak tisotumab vedotin-tftv 20 September 2021 T(? treat recurrent or metastatic cervical cancer with
disease progression on or after chemotherapy
To treat locally advanced or metastatic non-small-cell
4 Exkivity mobocertinib 15 September 2021  lung cancer with epidermal growth factor receptor exon
20 insertion mutations
asparaginase erwinia To treat acute lymphoblastic leukemia and lymphoblastic
parag . lymphoma in patients who are allergic to E. coli-derived
5 Rylaze chrysanthemi 30 June 2021 .
. asparaginase products, as a component of a
(recombinant)-rywn .
chemotherapy regimen
6 el izt 28 May 2021 Tq treat cholangiocarcinoma whose disease meets certain
criteria
7 Lumakras sotorasib 28 May 2021 To treat types of non-small-cell lung cancer
8 Rybrevant amivantamab-vmjw 21 May 2021 To treat a subset of non-small-cell lung cancer
9 Zynlonta lonc.as.tuxunab 23 April 2021 To treat certain types of relapsed or refractory large B-cell
tesirine-lpyl lymphoma
10 Jemperli dostarlimab-gxly 22 April 2021 To treat endometrial cancer
11 Fotivda tivozanib 10 March 2021 To treat renal cell carcinoma
12 Pepaxto melphalan flufenamide 26 February 2021 To treat relapsed or refractory multiple myeloma
13 Ukoniq umbralisib 5 February 2021 To treat marginal zone lymphoma and follicular
lymphoma
14 Tepmetko tepotinib 3 February 2021 To treat non-small-cell lung cancer
Cancer treatment aid (diagnostics, therapy mitigation)
1 Cytalux pafolacianine 29 November 2021  To help identify ovarian cancer lesions
asparaginase erwinia To treat acute lymphoblastic leukemia and lymphoblastic
2 e T —— 30 June 2021 lymphoma in patients who are allergic to E. coli-derived
. asparaginase products, as a component of a
(recombinant)-rywn .
chemotherapy regimen
. . To identify prostate-specific membrane antigen-positive
3 Pylarify piflufolastat F 18 26 May 2021 L
lesions in prostate cancer
2020
Cancer treatment drug
1 Orgovyx relugolix 18 December 2020  To treat advanced prostate cancer
margetuximab
2 Margenza (anti-HER2 mAb 16 December 2020  To treat HER2+ breast cancer
3 Danyelza naxitamab-gqgk 25 November 2020  To treat high-risk refractory or relapsed neuroblastoma
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2020
Cancer treatment drug
4 Gavreto pralsetinib 4 September 2020  To treat non-small lung cancer
belantamab .
5 Blenrep mafodotin-blmf 5 August 2020 To treat multiple myeloma
6 Monjuvi tafasitamab-cxix 31 July 2020 To treat relapsed or refractory diffuse large B-cell
lymphoma
7 Ingovi decitabine and 7 July 2020 To treat adult patients with myelodysplastic syndromes
4 cedazuridine wy wtp yelodysp Y
8 Zepzelca lurbinectedin 15 June 2020 To treat metastatic small-cell lung cancer
9 Qinlock ripretinib 15 May 2020 To treat advanced gastrointestinal-stromal tumors
10 Retevmo selpercatinib 8 May 2020 To treat lung and thyroid cancers
11 Tabrecta capmatinib 6 May 2020 To treat patients with non small-cell lung cancer
. To treat adult patients with metastatic triple-negative
sacituzumab . . . .
12 Trodelvy . - 22 April 2020 breast cancer who received at least two prior therapies
govitecan-hziy 6
for metastatic disease
S . To treat certain patients with cholangiocarcinoma, a rare
13 Pemazyre pemigatinib 17 April 2020 form of cancer that forms in bile ducts
.. . To treat advanced unresectable or metastatic
14 Tukysa tucatinib 17 April 2020 HER?-positive breast eancer
15 Koselugo selumetinib 10 April 2020 To treat neuroﬁbromatos.w type 1, a genetic disorder of
the nervous system causing tumors to grow on nerves
16 Sarclisa isatuximab 2 March 2020 To treat multiple myloma
17 Tazverik tazemetostat 23 January 2020 To treat epithelioid sarcoma
. e To treat adults with unresectable or metastatic
L Ll Ry 2ty AU gastrointestinal stromal tumor (GIST)
Cancer treatment aid (diagnostics, therapy mitigation)
1 GPaSlll\l/[Lzrjﬁg Gallium 68 PSMA-11 1 December 2020  For detection and localization of prostate cancer
2 Detectnet copperir(lfjlelciiﬁloiotatate 3 September 2020  To help detect certain types of neuroendocrine tumors
3 Cerianna fluoroestradiol F18 20 May 2020 CD;;lg;ostlc imaging agent for certain patients with breast
2019
Cancer treatment drug
1 Enhertu fam—trastuzumal.) 20 December 2019  To treat metastatic breast cancer
deruxtecan-nxki
2 Padcev enfort.um'ab 18 December 2019  To treat refractory bladder cancer
vedotin-ejfv
3 Brukinsa Janubrutinib 14 November 2019 To treat certain patients with mantle cell lymphoma,
a form of blood cancer
4 Inrebic fedratinib 16 August 2019 To' treat adult patients with 1n'term.ed1ate—2 or high-risk
primary or secondary myelofibrosis
To treat adult patients with metastatic non-small-cell
5 Rozlytrek entrectinib 15 August 2019 lung cancer (NSCL(;) Whose 'tumors are ROS1-positiveTo
treat adult and pediatric patients 12 years of age and
older with solid tumors
6 Turalio s 2 August 2019 TQ treat adult patients with symptomatic tenosynovial
giant cell tumor
7 Nubeqa darolutamide 30 July 2019 To treat adult patients with non-metastatic castration

resistant prostate cancer
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2019

Cancer treatment drug

To treat adult patients with relapsed or refractory

8 Xpovio selinexor 3 July 2019 multiple myeloma (RRMM)
9 Polivy polatu.zurr}.ab 10 June 2019 To treat adult patients with relapsed or refractory diffuse
vedotin-piiq large B-cell lymphoma
10 Pigray alpelisib 24 May 2019 To treat breast cancer
1 Balversa erdafitinib 12 April 2019 To treat a}dult patients with locally advanced or
metastatic bladder cancer
Cancer treatment aid (diagnostics, therapy mitigation)
Ga-68- For use with positron emission tomography (PET) for
1 Ga-68-DOTATOC 21 August 2019 localization of somatostatin receptor positive
DOTATOC :
neuroendocrine tumors (NETs)
2018
Cancer treatment drug
1 Elzonris tagraxofusp-erzs 21 December 2018 To treat blastic plasmacytoid dendritic cell neoplasm
(BPDCN)
calaspargase To treat acute lymphoblastic leukemia (ALL) in pediatric
2 Asparlas pegol-mknl 20 December 2018 and young adult patients age 1 month to 21 years
e To treat patients who have relapsed or refractory acute
3 Xospata gilteritinib 28 November 2018 myeloid leukemia (AML)
4 Vitrakvi larotrectinib 26 November 2018 To treat p;.;\tlents whose cancers have a specific genetic
feature (biomarker)
5 Daurismo glasdegib 21 November 2018 To treat newly-dlagnosed acute myeloid leukemia (AML)
in adult patients
6 Lorbrena lorlatinib 2 November 2018 To treat patients with anf;lplastlc lymphoma kinase
(ALK)-positive metastatic non-small-cell lung cancer
. To treat locally advanced or metastatic breast cancer
7 Talzenna talazoparib 16 October 2018 patients with a germline BRCA mutation.
8 Libtayo cemiplimab-rwlc 28 September 2018  To treat cutaneous squamous cell carcinoma (CSCC)
9 Vizimpro dacomitinib 27 September 2018  To treat metastatic non-small-cell lung cancer
To treat relapsed or refractory chronic lymphocytic
10 Copiktra duvelisib 24 September 2018  leukemia, small lymphocytic lymphoma and follicular
lymphoma
- moxetumomab . .
11 Lumoxiti pasudotox-tdfk 13 September 2018  To treat hairy cell leukemia
12 Poteligeo mogamulizumab-kpke 8 August 2018 To treat two rare types of non-Hodgkin lymphoma
13 Tibsovo ivosidenib 20 July 2018 To treat patients Wlth relapsed or refractory acute
myeloid leukemia
14 Braftovi encorafenib 27 June 2018 To treat unresectable or metastatic melanoma
15 Mektovi binimetinib 27 June 2018 To treat unresectable or metastatic melanoma
16 Erleada apalutamide 14 February 2018 T(? t.reat aicertaln type of prostate cancer using novel
clinical trial endpoint
. To treat a type of cancer that affects the pancreas or
17 Lutathera lutegggt;; 177 26 January 2018 gastrointestinal tract called gastroenteropancreatic
neuroendocrine tumors (GEP-NETs)
Cancer treatment aid (diagnostics, therapy mitigation)
fosnetupitant and To prevent acute and delayed nausea and vomiting
1 Akynzeo p 19 April 2018 associated with initial and repeat courses of highly

palonosetron

emetogenic cancer chemotherapy
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