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lead to sustained modifications promoting cancer aggressiveness and
metastasis independently of platelet-secreted factors (Figure 1).

Watson’s group identified the C-type lectin receptor CLEC-2 in
platelets that, once activated by the snake venom rhodocytin, induces
platelet activation through CLEC-2’s cytosolic domain binding of Syk
and downstream activation of phospholipase Cy2.42 podoplanin, a
marker of lymphatic vessels, has also been reported in cancer cells,
contributing to cancer pathogenesis by promoting tumor cell invasion
and spreading.** Intriguingly, interaction of podoplanin with CLEC-2
controls tumor cell-induced platelet aggregation and metastasis.***
Recent development of specific blockers of the binding domain of
CLEC-2 that interacts with podoplanin revealed a promising
therapeutic potential for blocking platelet-induced metastasis*®*’
(Figure 1).

Lipopolysaccharide was shown to induce thrombocytopenia by
involving stimulation of platelet degranulation and potentiation of platelet
aggregation via activation of a Toll-like receptor 4 (TLR4)/myeloid
differentiation factor 88/cycling guanosine monophosphate-dependent
pathway.*® Pretreatments of WT animals with lipopolysaccharide 6 hours
before injection of B16F10 melanoma and LCC lung carcinoma cells
significantly increased lung and liver metastasis formation, which was
markedly weak in TLR4 '~ mice.*® Antiplatelet agents (clopidogrel,
aspirin) alone or in combination drastically inhibited lung metastasis of
B16F10 cells in WT animals but had no impact on the basal lower number
of lung metastasis foci in 7LR4 '~ mice. Furthermore, TLR4-null
platelets were impaired in tumor cell interaction and neutralization of
HMGBI using an anti-HMGB1 monoclonal antibody, which partially
blocked WT platelet adhesion on tumor cells and release TGF- in vitro,
and decreased by 50% the formation of lung metastases in vivo in a
TLR4-dependent manner.** Therefore, platelets promote tumor metas-
tasis via interaction between TLR4 and tumor cell-released HMGB1

(Figure 1).

Platelets and bone metastasis

Bone is a sanctuary for metastatic cells.>® Solid tumors frequently
develop bone tropism properties as observed in breast, prostate,
lung, thyroid, and renal cancers.’®>' Once seeded at the bone site,
metastatic cells interfere with the bone remodeling process by
promoting either osteolytic lesions (bone destruction) or osteo-
sclerotic metastases (excessive bone formation). It is now well
established that platelets are essential for cancer metastasis
dissemination and progression to the bone. Bakewell and colleagues
showed that (35 integrin-deficient mice exhibited a 95% decrease
in skeletal tumor burden after intracardiac inoculation of B16
melanoma cells.>* By using osteoclast defective src”/~ mice and
specific platelet aggregation inhibitors, the authors could discrim-
inate the roles of 33 integrins of osteoclasts and of platelets. Integrin
o3 controls both platelet aggregation and CTC homing to the
bone microenvironment, whereas osteoclast integrin ay33 drives
bone osteolysis.>> Our group extended the role of platelet B3
integrin, not only to the onset of skeletal metastasis but also to the
progression of bone metastasis, by treating metastasis harboring
mice with integrilin, a pharmacologic ay,B3 antagonist.®® This
study also revealed the role of a platelet-derived bioactive lipid,
LPA, as an enhancer of skeletal metastasis.*® In a specific mouse
regiment setting designed not to interfere with the role of platelets
in the bone homing of CTCs, integrelin treatment was initiated only
after previous establishment of bone metastases. Interestingly,
treated animals exhibited thrombocytopenia associated with a
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significant reduction in plasma levels of LPA and a decrease in the
extent of osteolytic bone lesions.*® The role LPA in bone metastasis
was further demonstrated due to its capacity of promoting tumor
cell proliferation, survival, migration, and bone resorption through
both an indirect action mediating cancer cell secretion of pro-
osteoclastic cytokines (interleukin [IL]-6, IL-8, monocyte chemo-
attractant protein [MCP]-1, Groa) and a direct stimulation of osteoclast
differentiation and bone resorption activity’>>*>* (Figure 2). More
recently, underlying mechanisms controlling platelet-derived LPA
production on cancer cell stimulation has been partly elucidated.
Autotaxin (ATX), through its lysophospholipase D activity, is known
to control physiologic levels of LPA in the blood circulation.>> We
demonstrated that circulating nontumoral ATX can be stored in
o-granules of resting platelets and released on breast cancer cell
stimulation.® In vitro cell adhesion and proliferation assays indicated
that exogenous ATX could bind both tumor ayf33 and platelet o33
integrins.>*>*57 Such a physical interaction between ATX and B
integrins might promote local production of LPA, which in turn could
act more efficiently on cancer cells, stimulating metastasis and cancer
dissemination to the bone® (Figure 2).

Several antiplatelet therapies have been evaluated in the context
of bone metastasis. Weilbaecher and colleagues investigated the effect
of the soluble ADPase APT102 administered in combination with an
inhibitor of TXA2 synthesis (acetylsalicylic acid/aspirin).>® Although
ATP102 and aspirin treatment did not affect primary tumor growth, the
combined treatment significantly attenuated the extent of melanoma
and breast cancer bone metastasis in mice.>

MKs and bone metastasis

The bone remodeling process, which is tuned by the bone formation
activity of osteoblasts and the bone resorption function of osteo-
clasts, is known for contributing to the attraction of circulating bone
seeking tumor cells.’>®® MKs are powerful modulators of bone
mass.®' Transcription factors Nf-E2 and GATA-1 are required for
platelet production and MK terminal differentiation, as revealed by
induction of thrombocytopenia in knockout mice for either Nf-E2 or
GATA-1.”* In addition, Nf-E2™'~ and GATA-1"'" mice exhibit a
high bone mass phenotype.®' MKs produce a large variety of bone
formation promoting factors such as bone morphogenetic protein
(BMP)-2, -4, and -6 and TGF-3.63 Meanwhile, osteoblasts secrete a
series of cytokines that control hematopoiesis such as LIF, IL-6, and
stem cell factor and enhance MK proliferation and differentiation.®*
In contrast, MKs inhibit osteoclast differentiation and bone resorp-
tion through as yet not unraveled mechanisms because MKs secrete
both the activator of osteoclast differentiation (RANKL) and strong
inhibitors of osteoclastogenesis and bone resorption (osteoprotegerin,
IL-10, IL-13, granulocyte-macrophage colony-stimulating factor
[GM-CSF))® (Figure 3). Thus, the positive action of MKs on bone
mass acquisition is the net result of direct and indirect actions of
MAKSs on bone cells. Thrombopoietin (TPO) is a master regulator of
magakaryocytopoiesis and platelet production.®® Increased expansion
of MKs in Balb/c nude mice in response to TPO prior to intracardiac
injection of PC3 prostate cancer cells remarkably decreased the extent
of skeletal lesions and metastatic tumor burden.’” This result was
rather surprising because an increase in the number of circulating
platelets in response to TPO would create a more propitious metastatic
environment for PC3 cells in the blood circulation. The platelet
production—independent function of MKs might prevail in this
phenomenon. In vitro cocultures of K562 human MK precursors or
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Figure 2. Role of nontumoral ATX derived from platelet a-granules in LPA production promoting bone metastasis of breast cancer cells. Interaction of CTCs with
platelets induces the generation of LPA through the secretion of LPA and LPA precursors involving phospholipase A1/A2 activities and lysopholipase D activity of ATX
released from a-granules.®® Then, LPA promotes transendothelial cell migration and establishment of a disseminated tumor cell into the bone marrow.?' LPA enhances tumor

cell proliferation and induces bone resorption through a direct action on osteoclasts®

“ and indirectly throughout the secretion of anti-(GM-CSF) and pro-osteoclastic factors

(IL-6, IL-8, GROw) that also act directly on osteoclasts or indirectly on osteoblasts by upregulating the release of the pro-osteoclastic factor RANKL.3%5% Figure was generated
using the database of images from Servier Medical Art from Servier (http:/creativecommons.org/licenses/by/3.0/fr/).

mouse primary MKs derived from bone marrow hematopoietic
precursors inhibit the proliferation of prostate carcinoma cell lines
(PC3, C4-2b, VCaP).67 Intercellular contacts between MKs and PC3
cells downregulate cyclinD1 and upregulate the proapoptotic factors
apoptosis-associated speck-like protein containing a caspase recruit-
ment domain and death-associated protein kinase 1, favoring apoptosis
and inhibition of skeletal tumor growth and thereby demonstrating a
direct antitumoral action of MKs. As a consequence, the cumulative
actions of MKs on tumor cells, osteoblasts, and osteoclasts are likely
the reason for inhibition of PC3 cell skeletal metastases.®” Intravenous
injection of B16F10 melanoma cells in Nf-E2 ™/~ mice resulted in a
strong decrease in lung metastasis formation compared with that
obtained in WT animals."® This report was one of the best confirma-
tions for the major role of platelets in hematologic dissemination of
tumor cells. BI6F10 cells metastasize to bone after intracardiac
injection. One would speculate that such an injection of B16F10 cells in
Nf-E2~"~ mice would result in a decrease in skeletal metastasis
formation, but formal experimental evidence is required. In their study,
Li and colleagues showed that, as opposed to their action on prostate
cancer cell lines, MKs do not inhibit but instead stimulate the
proliferation of osteosarcoma cells.®” Therefore, generalization of MKs
as anti-bone metastasis cells of solid tumors requires more support.

Suva and colleagues developed a mouse model of platelet-type
von Willebrand disease (Pt-vWD) that corresponds to a human
bleeding disorder due to a point mutation in GPIba. Pt-vWD is
characterized by a higher affinity of platelets to the soluble form of
von Willebrand factor, leading to a persistent thrombocytopenia.®®
Pt-vWD animals exhibit an increased number of MKs in the bone
marrow and a high bone mass phenotype.®® Due to its specific
expression in MKs and platelets, GPIba could become an attractive
target for the development of new skeletal metastasis therapies.
However, controversies have been raised in the past for the role of
GPIba in tumor cell-induced platelet aggregation, with some
reports showing its positive contribution,®® whereas others de-
scribed no impact of blocking GPIba antibodies.”® Also, in an
experimental metastasis model using BI6F10 melanoma cells,
mice lacking GPIba developed a lower number of lung metastases
than WT mice,”' whereas functional inhibition of GPIba using
monoclonal antibodies in vivo led to a strong increase in pulmonary
metastasis.”> Such discrepancies are still not well understood. Neverthe-
less, due to their specific location in the vascular niche, MKs are very
tempting targets for blocking the formation of skeletal metastases because
they might be the first cells encountered by metastatic cancer cells during
extravasation at early steps of bone colonization.
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Figure 3. Role of MKs in bone remodeling and metastatic niches. Functional osteoblastic and vascular/hematopoietic niches are required for successful establishment of
bone metastases.” MKs and hematopoietic stem cells are located in the vascular niche. MKs control bone mass through the secretion of bone formation factors (BMP-2, —3, —4,
TGF-B) and production of mostly inhibitors of osteoclast function (OPG, IL-10, IL-13, GM-CSF).® In turn, osteoblasts secrete a seties of cytokines that control hematopoiesis
(stem cell factor, LIF, IL-6) and MK proliferation and differentiation.5* In a bone metastasis animal model, MKs inhibited skeletal destruction and induced apoptosis of prostate
cancer cells,%” suggesting that the presence or absence of MKs might convert the vascular/osteoblastic niche from a nonpermissive to a permissive environment for successful
establishment of metastases. Figure was generated using the database of images from Servier Medical Art from Servier (http://creativecommons.org/licenses/by/3.0/fr/).

MKs and the vascular/hematopoietic niche

According to the “seed and soil” theory presented by Sir James Paget
in 1889,73 vascular and osteoblastic niches are now considered as
structural microenvironments required for establishing bone metasta-
ses.”* Manipulating the hematopoietic niche using anti-SDF1/CXCR4
strategies successfully block skeletal metastases’> and alteration of
the osteoblastic niche using zoledronic acid markedly affect bone
metastasis formation.”® The recent work of Méndez-Ferrer and
colleagues on nestin-positive cells showed that both vascular and
osteoblastic niches might overlap anatomically, forming a unique
entity.”” Nonetheless, intravital video microscopy experiments per-
formed by Kienast and colleagues revealed that a strict perivascular
location is required for survival of tumor cells at this step of the metastasis
cascade.”® The contribution of MKs in malignancy and bone marrow
vascular niches has been recently nicely reviewed elsewhere.”” How-
ever, as shown by Li and colleagues, expansion of MKs in the vascular
niche in the bone marrow of mice treated with TPO inhibits bone
metastasis formation.®” Altogether, these observations suggest that
absence or presence of MKs in specialized vascular niches might convert
those niches from a permissive to a nonpermissive environment for
metastasis establishment. In other words, MK activity might contribute
to the seed and soil theory” for successful metastasis that require
suitability between CTCs and target tissue, which here is bone. Interest-
ingly, in their recent review, Psaila and colleagues hypothesized the
potential existence of specialized subpockets of the hematopoietic
microenvironment modulated by osteoblast- and endothelial-derived
factors controlling stem cell behavior.

Conclusion

Tail vein and intracardiac injections of tumor cells have been
extensively used in metastasis studies; however, these types of
injections model only certain aspects of the metastasis process.
The use of animal models based on orthotopic injection of tumor cells
allowing the formation of spontaneous metastasis would provide, in the
future, better understanding of the role of platelets and MKs in early
stages of metastasis development. Nevertheless, recent in vitro and in
vivo findings made a great advance in our knowledge of how platelets
contribute to metastatic dissemination of cancer cells, which may
support the development of new antimetastasis therapies. Intriguingly,
as opposed to platelets that promote metastasis, the recent identification
of the negative action of MKs in bone metastasis formation revealed
that a global effect of the MK—platelet axis could not be considered pro-
or antimetastatic. Acting on platelets directly might be beneficial to
patients by affecting metastasis without any specification for the
secondary site seeding of tumor cells (lungs, bone, etc). It is unlikely
that acting on MKs would offer the same possibility, but targeting bone
marrow—specialized niches through MK activity may provide new
therapeutic opportunities. However, further studies are required to
validate such contentions, especially through manipulating MKs in
vivo that may encounter adverse effects. As an example, using TPO in
preventing metastasis may not be an appropriate strategy in the clinic
because of an immediate increase in the number of circulating platelets
that would favor platelet/tumor cell interactions, thereby increasing the
risk of venous thromboembolism.%® Nevertheless, such therapeutic
strategies could be associated with other antiplatelet therapies. More
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precisely, a new area may be opened in the development of drugs that
specifically target the prometastatic activity of platelets such as CLEC-
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2/podoplanin,® TLR-4/HMGB1,* or ATX activity®® without affect-
ing their physiologic functions in hemostasis.
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