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In addition to thrombus formation, alterations in platelet function are frequently observed
in cancer patients. Importantly, both thrombus and tumor formation are influenced by
age, although the mechanisms through which physiological aging modulates these
processes remain poorly understood. In this context, the potential effects of senescent
cells on platelet function represent pathophysiological mechanisms that deserve further
exploration. Cellular senescence has traditionally been viewed as a barrier to tumori-
genesis. However, far from being passive bystanders, senescent cells are metabolically
active and able to secrete a variety of soluble and insoluble factors. This feature, known
as the senescence-associated secretory phenotype (SASP), may provide senescent
cells with the capacity to modify the tissue environment and, paradoxically, promote
proliferation and neoplastic transformation of neighboring cells. In fact, the SASP-
dependent ability of senescent cells to enhance tumorigenesis has been confirmed
in cellular systems involving epithelial cells and fibroblasts, leaving open the question
as to whether similar interactions can be extended to other cellular contexts. In this
review, we discuss the diverse functions of platelets in tumorigenesis and suggest the
possibility that senescent cells might also influence tumorigenesis through their ability
to modulate the functional status of platelets through the SASP.
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INTRODUCTION

Platelets are key blood components that are continuously generated in the bone marrow through
fragmentation of the edges of megakaryocytes (1). In addition to their canonical role in hemostasis,
platelets participate in a variety of pathological processes, including chronic inflammation and
cancer (2). As the incidence of both cancer and chronic inflammatory disorders rise in an age-
dependent manner, the influence that aging may exert on platelet function has become particularly
relevant (3). So far, however, the mechanisms involved in this age-dependent modulation of plate-
lets or other components of the hemostasis cascade remain poorly characterized. Similarly, the
age-dependent factors that modulate the interaction between platelets and cancer cells are largely
unknown. Based on the capacity of senescent cells to actively modify the tissue microenvironment
through the secretion of pro-inflammatory mediators, herein we speculate about the existence of
a functional link between cellular senescence and platelets that may help explain the increased
incidence of cancer and thrombotic diseases in older individuals.
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THE COMPLEX INVOLVEMENT OF
PLATELETS IN CANCER

The functional connection between cancer and platelets has
been recognized since the late nineteenth century, when an
association between the occurrence of certain solid tumors
and the development of venous thrombosis and blood hyper-
coagulability was first described (4). Accordingly, defects in
platelet function or reduced platelet counts have both been
associated with a reduced ability of tumors to metastasize
(5, 6). We now know that platelets may contribute to the estab-
lishment of various hallmarks of cancer, including the ability
of cancer cells to sustain proliferation, to resist apoptosis and
to promote angiogenesis and metastasis (1) (for an overview
of the contribution of platelets to the hallmarks of cancer,

see Figure 1). It is presently unclear, however, to what extent
these contributions are the result of a direct action of platelets
on tumor cells or, alternatively, may be part of an underlying
inflammatory process inherent to many tumors. Inflammatory
cells and soluble mediators of inflammation are important
constituents of the tumor microenvironment. In some tumors,
inflammatory conditions are present before the occurrence of
malignant transformation (7). Yet in other types of tumors, the
inflammatory microenvironment emerges during the process
of neoplastic transformation (8). Regardless of its origin, an
environment rich in inflammatory cells and growth factors is
thought to promote proliferation, angiogenesis, and/or metas-
tasis of cancer cells (1, 7).

Platelets participate in diverse inflammatory processes
that may be associated with cancer (9, 10). One of the crucial

reactive oxygen species; NKs, natural killers.

Platelets

FIGURE 1 | The contributions of platelets to the hallmarks of cancer. So far, there is evidence that platelets may contribute to the emergence of several of the
hallmarks of cancer through the release of soluble factors and microparticles, or through direct cancer cell-platelet interactions. For simplicity reasons, more
complex and intricate mechanisms have been excluded. EMT, epithelial-mesenchymal transition; CTCs, circulating tumor cells; TLRs, toll-like receptors; ROS,
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inflammatory mechanisms involving platelets is NETosis. In this
process, neutrophils release part of their intracellular content
(chromatin, histones, enzymes, etc.) to the extracellular milieu.
These components can then form a mesh that captures circulat-
ing microbes and impedes their tissue adhesion and colonization
(11, 12). Mechanistically, granulocyte colony-stimulating factor
(CSE-G) released by tumor cells is thought to increase the pro-
duction of inflammatory neutrophils and promote neutrophil-
platelet interaction (via P-selectin), which in turn is required
to stimulate NETosis and a hyper-coagulation/pro-thrombotic
state (13). More recently, NETosis has also been shown to play
a role at different stages of tumorigenesis, including metastasis
(14, 15), and the establishment of paraneoplastic syndromes
leading to organ failure and thrombosis (16). Other components
of innate immunity that have been associated with cancer are the
inflammatory responses mediated by toll-like receptors (TLRs).
Classic mediators of TLR activation are tissue damage-associated
proteins, particularly members of the HMGBI1 (high-mobility
group box1). Whereas under normal conditions these proteins
are bound to chromatin, they can be released by necrotic cells or
secreted by macrophages under inflammatory or tissue damaging
conditions (17). Importantly, Le-Xing et al. demonstrated that
toll-like receptor 4 (TLR4), present in platelets and other cells
of myeloid origin, is crucial for the interaction between tumor
cells and platelets (18). Taken together, these examples illustrate
the importance of platelets in the regulation of diverse pro-
tumorigenic inflammatory processes.

In addition to the general roles of platelets in inflammation,
activated platelets may also participate more directly in tumor
growth and metastasis. The alpha granules of platelets are the
source of various trophic factors, including growth factors,
chemokines, adhesion molecules, and angiogenic factors, which
may promote tumor progression once they are released by acti-
vated platelets (19). In fact, the levels of many of these factors
have been used as prognostic determinants in cancer patients
(20, 21). In addition to these paracrine actions, tumor growth
and metastasis also seem to depend on the ability of platelets
to physically interact with tumor cells through specific integrin
complexes. For example, blockade of GpIIb/IIla—a fibrinogen-
binding integrin complex that is required for platelet aggregation
and binding to tumor cells—reduces the number of metastatic
nodules in the lung (22). Consistent with this observation, mice
deficient in P3-integrin also display reduced metastasis (6).
Altogether, these data indicate that integrin-mediated tumor
cell-platelet interaction is necessary for platelet activation dur-
ing metastasis (23). As mentioned above, TLR4 can also enhance
tumor cell-platelet interactions, a function that is, at least in
part, dependent on the release of endogenous ligand HMGB1 by
tumor or damaged cells (18).

The growth factor-enriched microenvironment generated by
platelet degranulation can also render tumor cells more resistant
to chemotherapeutic agents (Figure 1). For example, in a group
of patients with recurrent ovarian cancer, an increased number
of platelets were associated with a reduction in overall survival
and resistance to chemotherapy (24, 25). A similar phenomenon
occurs in gastric cancer, where increases in both the number and
volume of platelets were associated with a reduced response to

chemotherapy (26, 27). Platelets also increase the overall survival
of 5-fluorouracil- and paclitaxel-treated colon adenocarcinoma
cells (28). In this case, the presence of platelets induces the
expression of anti-apoptotic proteins and reduces the expression
of pro-apoptotic proteins in cancer cells (28). This prosurvival
effect seems to correlate with the ability of platelets to change the
profile of factors secreted by cancer cells themselves, which may
explain the reduced apoptotic effect of 5-fluorouracil y paclitaxel
(28). Interestingly, the anti-tumorigenic effects of thrombocyto-
penia may also be explained by the presence of micro-hemor-
rhages that improve chemotherapy response (29-32). In addition
to influencing anti-cancer therapy response, platelet function
itself can be altered in the course of chemotherapy. For example,
Kedzierska et al. described hematological alterations in patients
with breast cancer before, during and after chemotherapy (33),
demonstrating that the size, number, and aggregation capacities
of platelets obtained from patients undergoing chemotherapy
were higher compared to healthy controls (33). These changes
appear to be a compensatory mechanism that hinders the cor-
rect distribution of the chemotherapeutic drugs within the
tumor. Recently, Holmes et al. (34) also described changes in the
secretory profile of platelets in patients with breast cancer. They
observed a differential regulation in the release of angiogenic
factors, especially vascular endothelial growth factor (VEGEF),
by platelets from individuals with cancer versus healthy indivi-
duals. Interestingly, these authors also showed that platelets from
individuals undergoing chemotherapy released more angiogenic
factors compared to individuals with cancer but not subjected
to chemotherapy treatment (34).

Platelets may also promote distant colony formation (meta-
stasis) by allowing the survival of tumor cells in the circulation
[circulating tumor cells (CTCs)] (35). Under normal conditions,
CTCs are rapidly eliminated from circulation by the host immune
system or the activation of apoptosis (following lack of substrate
attachment, a form of apoptosis known as anoikis). However,
CTCs that become coated with platelets are protected from
immune-dependent cell lysis (36). In this scenario, adhesion
molecules present on the surface of activated platelets, including
GplIb/IIIa integrin, mediate the formation of heteroaggregates
with tumor cells that remain shielded from immunological
detection and natural killer (NK) cell-mediated lysis (35, 37).
At least in part, this immunological tolerance may be also
explained by platelet-derived secreted factors, such as TGF-f1,
that impair NK cell anti-tumor activity (38).

Platelets may also facilitate the adhesion of tumor cells to the
endothelium, generating a locally protected tumor microenviron-
ment that promotes migration of tumor cells. The establishment
of this microenvironment also seems depend on granulocyte
recruitment (39) and a platelet-induced increase in endothelial
permeability (40). It has been shown that this effect depends on
the ability of activated platelets to secrete nucleotides that act on
P2Y2 receptors expressed on the surface of endothelial cells. It is
important to mention that platelets are also considered a major
source of VEGEF, an angiogenic factor that is released upon acti-
vation (41). In addition, platelet-derived TGF-P1 enables tumor
cells to undergo a process that resembles the epithelial-mesen-
chymal transition, thus facilitating invasion and dissemination
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(42). Finally, platelet-derived microparticles also play a role in
tumor growth, migration, and metastasis (43). CTCs can increase
the production of platelet-associated microparticles that pro-
mote invasiveness and metastasis (44). Among other proteins,
microparticles also contain tissue factor, which is important for
the generation of thrombin and the subsequent activation of
protease-activated receptor-1 receptors on platelets, leading to
VEGEF secretion and angiogenesis (45). Taken together, the role
of platelets in tumor invasion and metastasis is complex and can
be explained by both direct actions on cancer cells or through
collaborative effects with other cell types. So far, platelet-assisted
dissemination of cancer cells has been demonstrated in the
context of several human cancers, including colorectal (46), lung
(47), breast (48), kidney (49), and pancreatic (50) cancers.

Tumor-derived factors leading to platelet production and acti-
vation are similarly variable and, in general, poorly understood.
Several pro-inflammatory cytokines released by tumor cells, or
tumor-associated stromal cells, are able to increase the number
of platelets by stimulating the formation and fragmentation of
megakaryocytes (51). Among the most recent findings, Stone
et al. (24) reported that thrombocytosis in patients with ovarian
cancer was associated with cytokine production by tumor and
host tissues. In particular, tumor-derived interleukin-6 (IL-6) led
to an increase in the number of activated platelets (24). Similarly,
local secretion of soluble mediators by tumor cells enhances
platelet activation and aggregation. For example, colorectal
cancer cells induce platelet aggregation via the release of ADP
and MMP-2 (52). Platelet aggregation, in turn, correlated with
overexpression of GPIIb/IIIa and P-selectin in platelets, allowing
the formation of tumor cell-platelet interactions (5, 52). Some
of these mechanisms also involve the generation of thrombin
(e.g., colon carcinoma cells) (53). Other mechanisms of cancer-
dependent platelet activation that involve cell-to-cell contact
include the overexpression of podoplanin, a trans-membrane
protein (also known as “aggrus”) that is expressed in several
tumor types (54). Podoplanin binds the c-type lectin receptor
on the surface of platelets, triggering their activation (55, 56).
Similarly, the release of cathepsin B by B16 melanoma cells can
also trigger the activation of platelets (57).

AGING AND PLATELETS

So far, the role of the physiological process of aging as a modu-
lator of platelet function, or as a factor that may influence the
interaction between platelets and tumor cells, remains poorly
understood (58). Early studies found that plasma concentrations
and activities of various coagulation factors (fibrinogen, von
Willebrand factor, factors V, VII, VIII, and IX) increase with the
physiological process of aging (3, 59, 60). Among these factors,
fibrinogen is particularly relevant because it represents a primary
risk factor for thrombotic disorders (61, 62). Interestingly, fibrin-
ogen levels also increase in response to the pro-inflammatory
cytokine IL-6. As levels of IL-6 were also strongly correlated
with aging (63), these findings might suggest that high levels of
fibrinogen in the elderly could be, at least in part, a reflection of
an age-dependent inflammatory state. Similarly, the fibrinolytic
system is also affected by aging. Thus, several studies have shown

that the levels of PAI-1 (plasminogen activator inhibitor-1),
a major inhibitor of fibrinolysis, increase with age (3, 64).

In addition to the above-mentioned hemostatic factors,
platelets and endothelial cells are also affected by aging. Decrease
in bleeding time (a surrogate for platelet activity) and elevation
of markers of platelet activation have both been correlated with
physiological aging (65). Moreover, platelets from older individu-
als display a greater aggregation response to ADP and collagen
compared to younger individuals (66). Similarly, endothelial
cells isolated from older individuals display important changes
that may predispose these individuals to thrombotic disease.
These changes include an age-dependent decline in endothelial
production of prostacyclin and nitric oxide (67, 68).

Taken together, changes in virtually all aspects of hemostasis
have been associated with physiological aging. As older adults
often show signs of chronic inflammation, it is likely that
changes in hemostasis—particularly those involving platelet
function—may be part of a more general inflammatory process.
So far, however, the age-dependent mechanisms involved in the
modulation of hemostasis and platelet function are not com-
pletely understood. In the next sections, we advance the idea that
cellular senescence might explain, at least in part, some of the
hemostatic changes that lead to thrombosis and cancer.

CELLULAR SENESCENCE

Typical hallmarks of physiological aging include impaired tissue
regeneration and repair, a functional impairment of proge-
nitor cells, and alterations of the immune system (69). While
the specific cellular changes associated with each one of these
hallmarks will vary depending on the tissue analyzed, cellular
senescence is rapidly emerging as an underlying process that may
help explain some of these changes. In keeping with this idea,
senescent cells accumulate in several tissues derived from aged
animals (70, 71).

Cellular senescence was described more than 50 years ago
as a process that limits the proliferation of primary human cells
propagated in vitro (72). Simply stated, cellular senescence refers
to a type of permanent and stable cell cycle arrest induced by
numerous stimuli, including DNA damage, oxidative stress,
activation of certain oncogenes, and therapeutic stress (includ-
ing chemotherapy and radiotherapy). Because senescent cells
cease to proliferate, cellular senescence was initially regarded
as a functional equivalent of apoptosis in its ability to suppress
tumor formation (73). However, recent work indicates that the
physiological relevance of cellular senescence extends far beyond
tumor suppression, into processes as diverse as embryonic devel-
opment, wound healing, and tissue repair (74-77). Moreover,
as discussed in the next section, the presence of senescent cells
in tissues may actually promote the acquisition of neoplastic
features by adjacent cells or otherwise foster the generation of a
pro-inflammatory environment (78).

Morphologically, senescent cells appear large and “flattened”
(79) and are typically positive for p-galactosidase activity at
pH 6.0, a reflection of the high content of lysosomes in these
cells (78, 80). Another prominent feature of senescent cells
is the presence of “senescence-associated heterochromatin
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foci,” which correspond to regions of chromatin condensation
(heterochromatin) that appear as bright and dense foci in the
nuclei of senescent cells (81, 82). The cell cycle exit observed
in senescent cells is generally associated with a typical DNA
content of G1 phase, that is, a failure to initiate DNA replication
even when growth conditions are adequate. The initial transi-
tion from cycling to cell cycle arrest involves a reduction in the
activity of cyclin/cyclin-dependent kinases (CDKs) complexes,
leading ultimately to the activation of the p53 and pRB tumor
suppressor pathways (83, 84). For example, the transcription
factor p53 can be stabilized in response to various stressful
stimuli, increasing the expression of various target genes that
trigger cellular senescence or, in extreme cases, apoptosis. One
of these targets, p21°PVWAT1 js a potent inhibitor of cyclin/CDK
complexes. Similarly, pl6™*, another inhibitor of CDKs, is
highly expressed in senescent cells (83, 85). The upregulation of
both types of CDK inhibitors results in the inhibition of CDKs
and the subsequent activation (through hypo-phosphorylation)
of the pRB pathway, event that effectively blocks the G1-S transi-
tion (86) (see Figure 2).

Historically, the extent to which cellular senescence contrib-
utes to organismal aging and age-driven tissue dysfunction has
been difficult to establish, in part due to the lack of markers that
could specifically detect senescent cells in aging tissues (87).
Nonetheless, the use of combinations of markers has provided
convincing evidence that senescent cells do accumulate in aged
tissues, as well as in sites of tissue injury and repair (71, 74, 88).
For example, markers of DNA damage and de-repression of the
INK4/ARF locus—which encodes for the tumor suppressive
proteins p16™*** and p19**"—increase with chronological aging.
Accordingly, the levels of p16™*** correlate with the aging of
numerous tissues from mice and humans (89, 90). Moreover, for
at least some tissues (e.g., liver, skin, lung, and spleen), a good
correlation between the proportion of cells with DNA damage,
and the proportion of cells displaying senescence-associated
f-galactosidase activity, has been found (71).

Taken together, the current evidence indicates that in addi-
tion to functioning as a barrier against tumor formation, cellular
senescence is also active during embryonic development, tis-
sue repair, and organismal aging. The involvement of cellular
senescence in these physiological processes is currently thought
to depend on the ability of senescent cells to produce and secrete
a variety of factors that can impinge on neighboring cells and
the extracellular matrix (ECM), a function that only becomes
evident in the context of complex tissues. As mentioned in
the following sections, these non-cell autonomous capabilities
of senescent cells are also emerging as key contributors to
the pathogenesis of age-related conditions, including chronic
inflammation, fibrosis, and, paradoxically, cancer.

THE SENESCENCE-ASSOCIATED
SECRETORY PHENOTYPE (SASP)

In addition to cell cycle arrest, the establishment of a mature
senescent phenotype involves extensive metabolic reprogram-
ing, as well as the implementation of complex traits such as the

Oncogenic activity
Genomic stress
Telomere shortening
Radiation

\
)

=

Senescence

FIGURE 2 | The p53 and pRB pathways during senescence. Cellular
senescence is triggered by the activation of one of two major tumor
suppressive pathways, namely the p53 or the pRB pathway. Although the
details may vary, activation of these pathways is marked by the inhibition of
cyclin-dependent kinases (CDKs), the key enzymes involved in cell cycle
progression. For example, stabilization of the transcription factor p53 in
response to DNA damage (which is dependent on p19/ARF-mediated
inhibition of MDM2, an E3-ubiquitin ligase that targets p53 for degradation) is
followed by the p53-dependent transcription of genes involved in the
orchestration of cellular senescence. One of these target genes, p21°PWATT
is a potent inhibitor of cyclin/CDK complexes, particularly cyclin E/CDK2
complexes. Similarly, p16™<“2, another inhibitor of CDKs that highly expressed
in some senescent cells, inhibits cyclin D1/CDK4/6 complexes. The
upregulation of both types of CDK inhibitors results in the inhibition of CDKs
and the subsequent activation of the pRB pathway, which effectively blocks
the G1-S cell cycle transition.

SASP (91, 92). The SASP refers to the almost universal capacity
of senescent cells to produce and secrete a variety of soluble and
insoluble factors, including extracellular proteases, cytokines,
chemokines, and growth factors. This ability of senescent cells
to potentially modify the tissue microenvironment (neighboring
cells and the ECM) via SASP adds a further layer of complexity
to the implications of cellular senescence to tissue homeostasis
and disease (93-96).

A common feature of aging and age-related diseases is
chronic inflammation. The term “inflamm-aging” has been
coined to describe a low-grade, chronic, and systemic inflamma-
tion associated with aging and aging phenotypes in the absence
of evidence of infection (97). In line with this concept, many
of the factors secreted by senescent cells are also well-known
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pro-inflammatory molecules with the potential to induce chronic
inflammation in certain biological contexts (69, 98). Indeed,
early microarray analyses revealed that senescent fibroblasts
display an expression profile that resembles the one displayed by
fibroblasts in early stages of wound repair (99). More recently,
a unique type of inflammation triggered by senescent cells, the
senescence-inflammatory response, has been identified (100).
Interestingly, similar to chronic inflammation produced by other
mechanisms, the inflammatory “secretoma” produced by senes-
cent cells also seems to depend on activation of the NF-xB and
C/EBP-P transcriptional regulators (101). Examples of conserved
components of the SASP with known pro-inflammatory actions
include IL-6 (102), IL-1-a (103) macrophage inflammatory
protein, various metalloproteinases (MMP-2, -4, -1), GM-CSF,
and cathepsin B (93, 104).

As expected, the SASP can have complex effects on tissue
microenvironments. Thus, some components of the SASP can
propagate or reinforce the senescent phenotype through autocrine
or paracrine mechanisms, leading to further secretion and ampli-
fication of the SASP (105). In addition, SASP factors may attract
immune cells, which in turn can orchestrate the elimination of
senescent cells and the termination of a senescence-associated
inflammatory response. Importantly, clearance of senescent
cells seems to dictate the net effect of cellular senescence at
the organismal level (106). While transient and limited cel-
lular senescence can be beneficial in the context of the normal
tissue remodeling that occurs during embryonic development
and wound healing, chronic accumulation of senescent cells—
owing to age-dependent deterioration of the innate or adaptive
immunity—can have important detrimental consequences. For
example, pro-inflammatory cytokines secreted by senescent cells
may promote chronic inflammation and, depending on the bio-
logical context, lead to pathological conditions characterized by
an excess of fibrosis (e.g., liver cirrhosis) (74, 107). Moreover, the
SASP, particularly its inflammatory component, can accelerate
tumor initiation and progression by fostering a pro-tumorigenic
microenvironment (106, 108). Accordingly, clearance of tumor
cells (or cells of the tumor stroma) undergoing genetically or
drug-induced senescence leads to long-term regression and
reduced recurrence of tumors in mouse models of liver and breast
tumorigenesis (107, 109-113).

The complex heterotypic interactions in which senescent cells
can participate were anticipated by early in vitro experiments
showing that senescent fibroblasts can enhance proliferation
and tumorigenesis of epithelial cells of various types (114-117).
For example, factors secreted by senescent fibroblasts, such as
amphiregulin and GROa, stimulate the proliferation of prema-
lignant prostate epithelial cells (93, 114). Similarly, high levels of
IL-6 and IL-8,also produced by senescent fibroblasts, can promote
invasion of weakly malignant keratinocytes (118). Importantly,
coinjection of senescent fibroblasts with either premalignant or
malignant mammary epithelial cells can lead to, or accelerate,
tumor formation in mice (116). Furthermore, normal human
prostate epithelial cells undergoing senescence can also enhance
in vivo tumorigenicity of low- or non-tumorigenic prostate can-
cer cells, suggesting that factors released by senescent epithelial
cells can also be protumorigenic (119). It is worth mentioning

that the SASP-dependent ability of senescent cells to promote
tumorigenesis has been mainly reported in cellular systems
involving co-cultures of epithelial cells and fibroblasts. Therefore,
it remains unknown if similar interactions can be observed in
other cellular contexts. Finally, it is important to emphasize
that not all components of a SASP are pro-tumorigenic. Some
SASP components have anti-angiogenic effects or are even able
to induce apoptosis or senescence in non-senescent neighboring
cells (120, 121).

THE POTENTIAL ROLE OF THE SASP IN
HEMOSTASIS

Based on the emerging physiological and pathological processes
in which the SASP might be involved, it is conceivable that
senescent cells may also affect hemostasis through mechanisms
that include, but are not limited to, changes in the production
and functional status of platelets. As mentioned elsewhere in
this review, IL-6 is one of the most prominent pro-inflammatory
cytokines present in the SASP (102). Interestingly, IL-6 has been
postulated as a central mediator of age-associated inflammatory
pathways (63), with serum concentrations of IL-6 increasing
with age (122). Moreover, IL-6 upregulates the synthesis of
hemostatic factors, such as fibrinogen, and may also directly
activate platelets (63, 123). Thus, it is tempting to speculate that
the high levels of IL-6 (and other pro-inflammatory factors, such
as IL-1p and TNF-«) detected in aged individuals could reflect,
at least in part, an increased rate of secretion of this cytokine

TABLE 1 | Senescence-associated secretory phenotype (SASP) factors with
potential effect on platelets aggregation and the fibrinolytic system.

SASP component Function

Interleukin-6 Upregulates the production of hepatic thrombopoetin,
elevating the number of platelets number (24)

IL-11 Contributes to megakaryopoiesis and thus indirectly
to thrombopoiesis (51, 128)

PAI-1 Main inhibitor of tissue plasminogen activator and
urokinase (24), regulates the dissolution of fibrin and
also inhibits the degradation of the extracellular matrix
by reducing plasmin generation (129)

MMP-2 Released by tumor cells and activated platelets
in vitro (130)

GM-CSF Contributes to megakaryopoiesis and thus indirectly
to thrombopoiesis (51)

Fibronectin Involved in cell adhesion and migration processes,
including embryogenesis, wound healing, blood
coagulation, host defense, and metastasis (131)

THPO Necessary for megakaryocyte proliferation and

maturation, as well as for thrombopoiesis (132)

Granulocyte colony-
stimulating factor

Cancer cell releases high levels of G-CSF primed
neutrophils to release NETs, activating platelets (133),

(G-CSF) and also contributes to megakaryopoiesis and thus
indirectly to thrombopoiesis (51)
MMP1 Activates protease-activated receptor-1 (PAR-1)

by cleaving the receptor and promotes platelet
aggregation through PAR-1 (134)
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by senescent cells—or by other cells responding to senescent
cells—in the context of a senescence-induced chronic inflam-
mation. An age-dependent increase of pro-inflammatory factors
would, in turn, contribute to platelet activation and a higher
proclivity to thrombus formation. Therefore, we postulate that
cellular senescence (as a result of physiological aging or second-
ary to therapeutic stress) might play an important role in the
regulation of platelet function. By regulating the activation of
platelets, senescent cells could provide yet another mechanism
contributing to the higher prevalence of chronic inflammation
(and cancer) in aged individuals.

While direct interaction between senescent cells and plate-
lets remains to be experimentally confirmed, components of
the SASP have already been linked to the modulation of the
process of fibrinolysis via the plasminogen activation pathway
(93, 124). Thus, increased plasma levels of PAI-1 (plasminogen
activator inhibitor-1) are associated with a variety of age-
associated conditions, including thrombogenic endothelial

dysfunction (93). Supporting the connection between cellular
senescence and thrombogenesis, PAI-1 mRNA and protein
levels are also constitutively upregulated in senescent endothe-
lial cells (125). In addition, fibroblasts and endothelial cells
isolated from elderly donors or from patients with Werner
syndrome—a disease characterized by premature aging and
atherosclerosis—also display elevated levels of PAI-1 (126).
Taking together, these data support the existence of a close
association between aging, cellular senescence, and the dete-
rioration of the fibrinolytic system.

Finally, senescent cells also secrete insoluble proteins that
are normally present in the ECM and accumulate as a conse-
quence of chronic inflammatory processes. One prominent
example is fibronectin, a component of the connective tissue
that is also found on cell surfaces, plasma, and other body fluids.
Importantly, it has been demonstrated that fibronectin stabilizes
the hemostatic clot, controls the diameter of the fibrin fiber, and
also enhances platelet adhesion (127).

Tumor cells

Senescent cells

Platelets

O __ o sAsp

00O  Tumor secretion

(&) ? Platelets granules content

FIGURE 3 | The complex interaction between senescent cells, tumor cells, and platelets. The interaction between tumor cells and platelets is already well known.
Tumor cells may affect platelet activation through several mechanisms and, reciprocally, activated platelets may release factors that impinge on proliferation and
metastasis of tumor cells, or cells in the process of becoming tumorigenic. Senescent cells, on the other hand, might cause alterations in microenvironment through
their ability to develop a secretory phenotype [senescence-associated secretory phenotype (SASP)]. SASP’s components, for example, could alter the functional
status of platelets or the process of fibrinolysis.
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Taken together, the data support a model in which SASP
components could modulate various aspects of hemostasis,
including the functional status of platelets. Local activation of
platelets, in turn, could contribute propitiate chronic inflam-
mation, accelerate tumor progression, and enhance thrombus
formation. A selection of senescence-associated secreted factors
that could modify the function or production of platelets is listed
in Table 1.

CONCLUDING REMARKS

The functional interaction between cancer cells and platelets
has been well established. Most of the efforts aimed to clarify
these interactions have been focused on the ability of tumor
cells (or tumor-associated stromal cells) to produce and
secrete pro-inflammatory factors that can result in the activa-
tion of platelets. Active platelets—acting synergistically with
other components of the tumor stroma—can then promote
or enhance tumor progression and metastasis. Paradoxically,
many of the factors secreted by tumor cells or tumor-associated
inflammatory cells with a known effect on platelet activity are
also produced and secreted by cells undergoing senescence, a
process originally regarded as tumor suppressive. Indeed, the
evidence indicates that cellular senescence may also play an
active role in driving, rather than suppressing, tumor formation,
a non-cell autonomous role that seems to be largely dependent
on the SASP. Accordingly, factors released by senescent cells
may help create a pro-tumorigenic microenvironment that
enhances proliferation and migration of neighbor cells (135).
Although still controversial, this model would be in line with
the observation that the prevalence of most cancers increases
with age.
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