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Abstract

A participant in key developmental processes, the adhesion glycoprotein CD44 is also expressed in several types of
malignancies and can promote metastasis. In addition, the expression of CD44 isoforms in different types of cancer such
as prostate and breast cancers may facilitate bone metastases by enhancing tumorigenicity, osteomimicry, cell migration,
homing to bone, and anchorage within the bone specialized domains. Moreover, there is evidence that the CD44-1CD
fragments in breast cancer cells may promote the cells’ osteolytic nature. Yet the mechanisms by which CD44 and its
downstream effectors promote the establishment of these cells within the bone are not fully elucidated. In this review,
we summarize the current data on the roles played by CD44 in cancer progression and bone metastasis and the possible
effects of its interaction with the different components of the bone marrow milieu.

Keywords CD44 - Breast cancer - Prostate cancer - Metastasis - Bone metastasis - Osteomimicry - Dormancy

Introduction

The adhesion molecule CD44 is expressed on several
types of cells, including hematopoietic and mesenchymal
stem cells, lymphocytes, and epithelial cells [1, 2]. CD44
isoforms, which are similarly expressed on many types of
cancer cells, can facilitate tumor cell migration, invasion,
proliferation, and survival [3]. Prostate and breast cancer
cells commonly express CD44 and are known for their high
predilection to metastasize to bone, which occurs partly in
a CD44- dependent manner [4, 5]. Bone is a frequent site
of metastases that are characterized in most cases by poor
prognoses and for which, to date, efficient treatment is lack-
ing [6]. According to several investigations, CD44 may
confer on these cancer cells an advantage: during the bone
metastasis process, CD44 promotes their specific migration
and homing to, and their subsequent anchorage within, the
bone specialized domains, and it fuels the vicious cycle of
bone metastasis through a variety of signaling cascades [5,
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7, 8]. Some of the aforementioned processes are facilitated
by the acquisition of stemness properties during the epi-
thelial to mesenchymal transition (EMT). After this transi-
tion, the genetic profile expressed by the cancer cells may
resemble that of bone microenvironment cells, thus confer-
ring on the cancer cells a phenotype that promotes their sur-
vival in bone. Termed osteomimicry, this phenomenon has
been observed mainly in prostate and breast cancers and the
results of some studies indicate that CD44 may play a role
in osteomimicry [9]. Moreover, CD44 expression is consid-
ered a marker for cancer stem cells (CSCs), a phenotype
that confers on the cells additional advantages during their
interaction with the endosteal microenvironment [10].

In this article, we discuss the complexity of CD44’s func-
tions, its possible effects on the multi-step, bone metasta-
sis process, and its possible role in the fate decisions of the
invading cells.

Structure and function

CD44 is a family of transmembrane glycoproteins that are
involved in cellular communication and adhesion between
cells and the extracellular matrix (ECM) [11] and that con-
tribute to cell division and migration, lymphocyte homing
and activation, and haematopoiesis signaling [12, 13]. As
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such, CD44 is expressed in several healthy tissues and cell
types, including bone marrow endothelial cells, connective
tissue and on embryonic stem cells [2, 5]. In humans, the
CD44 coding gene, located on the short arm of chromosome
11, contains 50 kb of DNA that comprises 20 exons, 12 of
which undergo splicing processes [13].

The primary domains of CD44 comprise its extracellular,
transmembrane, and intracellular/cytoplasmic domains [14]
(Fig. 1). The extracellular domain interacts with the external
microenvironment, and it is roughly divided into two main
regions, one that is constant and another that is variable. The
constant region is generated from exons 1-5, which is com-
mon to all CD44 isoforms, while exons 6—15 generate the
variable region. The variant exons v1—v10 that are derived
from exons 6—15 are either completely absent as in the
standard isoform (CD44s), or they are present in different
combinations that lead to the creation of variant isoforms
(CD44v) [15, 16] (Fig. 1). The transmembrane domain of
CD44 participates in signal transduction by cofactors and
adaptor proteins and directs lymphocyte homing [17]. The
intracellular domain (CD44-I1CD) has short-tail and long-
tail configurations that can be detached and transmitted to
the nucleus, where it mediates transcription [18]. Lastly, the
cytoplasmatic domain can interact with cytoskeletal linker
proteins such as those from the ezrin/radixin/moesin (ERM)
family and ankyrin, which regulate cell migration and cell
shape as well as protein resorting in the plasma membrane
[19, 20].

After its translation, CD44 can also be modified by N-
and O- linked glycosylation and glycosaminoglycanation,
which are carried out via the addition of chondroitin sul-
fate [21, 22]. Likewise, several CD44v isoforms undergo
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post-translational modifications, for instance, the heparan-
sulfate (HS) site in CD44v3. These modifications, such as at
the binding sites for growth factors, are essential to support
CD44 function and abilities [23]. Indeed, each isoform pos-
sesses a specific role in cancer progression, and may have a
distinct influence on its malignancy. For example, CD44v6
supports metastasis in colon cancer and tumorigenicity and
chemoresistance in prostate cancer [3].

CD44 ligands,
function

signaling pathways and

Evidence is mounting that CD44 is a signaling hub that
regulates multiple types of cell surface receptors [24]. A
surface molecule, CD44 can interact with a range of ECM
components such as laminin, fibronectin, collagen, osteo-
pontin, and hyaluronan (HA), its main ligand [25-27]. As
an extracellular and cell-surface-associated matrix, HA is
a high-molecular-weight, linear glycosaminoglycan com-
posed of repeating disaccharides of glucuronic acid and
N-acetylglucosamine [28]. The interaction of HA with the
binding domain of CD44 (part of its extracellular domain)
induces conformational changes that allow adaptor proteins
or cytoskeletal elements to bind to intracellular domains.
That latter binding event, in turn, activates signaling path-
ways that lead to cell proliferation, adhesion, migration, and
invasion [3].
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Fig. 2 The role of CD44 in bone metastasis, a proposed integra-
tive model. (A) HIF signaling in the hypoxic environment of the solid
tumor functions in concert with other factors, leading to an increase
in CD44 expression. (B) The pericellular HA coating on prostate and
breast cancer cells linked with active CD44 on the bone marrow endo-
thelium enhances the ability of these tumor cells to specifically adhere
to and invade bone. (C) Invading prostate and breast cancer cells may
express a gene profile similar to that of the osteoblasts. These osteomi-
metic cells integrate within the endosteal niche mainly by interacting
with osteoblasts, giving the cells a long-term survival advantage in the
bone microenvironment. (D) CD44 overexpressing tumor cells adhere
to the endosteal niche via the interaction between CD44 and the high
levels of HA present in this region. Ca®* influx induces ADAMI10 acti-

Embryonic development

In early embryos, cells produce large amounts of HA as a
pericellular coating and as a filler of the intercellular space
to prevent cells from packing too closely together [29]. In
addition, HA has an expanded random coil state that leads
to an entanglement structure that surrounds embryos in the
medium [30, 31]. The activity of HA via the CD44 recep-
tor is known to facilitate migration and to preserve cellu-
lar activities by creating hydrated pathways for the passage
of migrating cells and hydrated pericellular matrices to
facilitate cell rounding during mitosis [32]. However, these

vation that leads to cleavage of the CD44 ectodomain followed by the
cleavage of the CD44-1CD, which further activates target genes. CD44
also activates Smad5 via phosphorylation, which results in the secre-
tion of RANKL in PC3 to induce osteoclastogenesis. (E) As a result of
osteoclast activity, TGF- 3 is released from the bone matrix and inter-
acts with its receptor (TGFR) on tumor cells, which was also found
to induce CD44 cleavage. The target genes MMP9 and Cathepsin K
can then be expressed in the breast cancer cells, which also promotes
bone resorption and the release of additional TGF- 3, thus propelling
the “vicious cycle”. The hypoxic environment of the endosteal niche
may further trigger tumor cell CD44 overexpression, and the switching
to CD44 variants that enable independent RGD interaction with OPN

pivotal and finely tuned processes, which are observed dur-
ing morphogenesis and tissue homeostasis, may also be
recruited during the development of various malignancies
[33].

Cancer progression

The mechanisms by which CD44 receptors facilitate
tumor cell migration, proliferation, and survival have been
researched in depth. CD44-HA interaction is considered
an integral part of tumor progression and metastasis [34],
and the binding capacity of CD44 to HA may be activation
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CD44 protein expression

Day 3

Fig.3 4T1 breast cancer cells cultured on a 3D model that is made of
porous coralline skeletal material to mimic the endosteal microenvi-
ronment. (A-B) SEM images of 4T1 cells on the scaffold. (A) Pores of
the coralline skeletal material are indicated with orange arrows and the
cells are indicated with yellow arrows. Bar =100 .., (B) Seeded cell
adherence to and interactions with tthe scaffold can be seen. The cells
are indicated with yellow arrows. Bar =10 (C) Immunofluores-
cence staining of CD44 for the BCCs on the 3D scaffold, an extended
depth of field (EDF) image. Bar =100 wm (D) Enlargement of the indi-
cated section of image C, blue represents nuclei and red CD44 staining.
(E) CD44 protein expression of 4T1 cells over a timeline. 5 % 1(° cells
were seeded on the 3D model and cultured over 3, 4 or 14 days. CD44
proteins were immuno-stained according to the immunofluorescence
protocol of Cell Signaling Technology Inc. The fluorescent labeled sam-
ples were observed using a fluorescent microscope (Eclipse-Ti, Nikon)
connected to an LED-based excitation system (CoolLED pE, Life Sci-
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ences & Analytical, UK), and imaged with a 10x/0.3 NA objective on a
digital camera (DS-Qil1Mc, Nikon). Since the surface of the 3D model
is not optically flat, Z-stacks of images were acquired and later flattened
using EDF to obtain a focused image. Images were segmented using
machine-learning based image recognition, as implemented in Ilastik,
a freely available platform (https://www.ilastik.org). NucBlueTM and
CD44 channels were separately segmented, after which a dilated mask
was created for each channel. The obtained mask images were applied to
the original images and the total fluorescence was quantified. To correct
for the possible variation in fluorescence intensity due to variation of cell
axial position (owing to the 3D nature of the substrate), the fluorescence
intensity of the protein was corrected by dividing it by the fluorescence
intensity of the nuclei (assumed to be of uniform across cells). Data are
represented as mean+ SEM. n> 10. Statistical significance between data
points was determined using pairwise post-ANOVA comparison (per-
formed by Tukey HSD), **P<0.01.
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dependent [35]. Cells of healthy tissues express low levels
of CD44, but not necessarily in its activated form, whereas
solid tumors, in contrast, overexpress mainly the activated
form of CD44 [36].

CD44 can also interact with matrix metalloproteinase
9 (MMPY), an important protease that plays vital roles in
many biological processes, such as in ECM degradation and
remodeling [37]. Associated with cancer pathology, MMP9
is known to be involved in cancer invasion, metastasis, and
angiogenesis [38]. Specifically, according to Gupta et al.,
PC3 cell migration and invasion were reduced by disrupting
CD44/MMP9 interactions on the cell surface [39].

Several CD44 isoforms exhibit a binding site for cyto-
kines and chemokines, among them osteopontin (OPN). A
non-collagenous extracellular sialylated glycoprotein that is
incorporated in the bone matrix, OPN is considered to be
a key component of osteoclast attachment to bone during
resorption [40]. Moreover, OPN is able to interact with both
the standard and variant forms of CD44, and some variant
isoforms can bind to OPN independently of the arginine-
glycine-aspartic acid (RGD) sequences located in the N-ter-
minal domain of CD44 [18]. According to several studies,
OPN interacts mainly with CD44v6 and/or v7 [27, 41, 42].
Elevated OPN expression levels correlate with tumor inva-
sion, progression and metastasis in various types of cancer
[43]. Furthermore, OPN and CD44 were reported to inter-
act with ERM protein family members to alter cytoskeletal
dynamics, cell adhesion, and motility through the cortical
actin filaments [44—46]. It has also been shown by Desai et
al. that the OPN/avp3 signaling pathway promotes CD44
expression on prostate cancer cells, CD44/MMP-9 interac-
tion, MMP-9 activation and secretion, and cell migration
[47].

CD44 can also mediate signaling by interacting with
specific ligands, which can induce proteolytic cleavage
of the extracellular domain by MMPs, such as disinteg-
rin and metalloproteinase domain-containing protein 10
(ADAM10) and membrane type 1 matrix metalloprotease
(MT1-MMP)[48, 49]. This process can lead to an addi-
tional cleavage of the intracellular domain by presenilin-
1/y secretase that results in three cleavage products, i.c.,
the extracellular domain (ECD) fragment, the CD44p-like
peptide or transmembrane domain (TMD), and the CD44
intracellular domain (ICD) fragment. After the cleavage, the
ICD fragment can be translocated to the nucleus where it
functions as a transcription factor and activates genes that
promote metastases and cancer cell survival [50, 51]. Cho
et al. showed that CD44-ICD-overexpressed breast cancer
cells displayed strong tumorigenicity and greater metastatic
potential than control cells and that the nuclear localization
of CD44-ICD is important for the transcriptional activation
of the stemness factors [52]. Interestingly, efficient cancer

cell migration on the HA matrix was observed to be depen-
dent on cleavage of the CD44 ectodomain [53].

Bone metastasis

Bone is a frequent site of metastases that, in most cases,
are characterized by poor survival. To date, efficient treat-
ment for cancer that has spread to the bones is lacking, but
bone metastases are often amenable to treatment, which
extends patient life expectancy [54]. This medical condition
is typically associated with severe pain, impaired mobility,
pathologic fractures, spinal cord compression, bone marrow
aplasia and hypercalcemia [55]. Bone metastases can be
classified as osteolytic, osteosclerotic or mixed when ele-
ments of both types of lesions are present simultaneously
[56]. Osteolytic lesions which entail digestion of the bone
that eventually leads to its destruction, are induced mostly
by breast cancer, multiple myeloma, renal cell carcinoma,
melanoma, non-small cell lung cancer, non-Hodgkin lym-
phoma and thyroid cancer [57, 58]. Several theories have
been proposed to explain the cause of this destructive pro-
cess. However, it is widely accepted that resorption is a
result of the ability of the tumor cells to induce osteoclas-
togenesis, which is the enhanced differentiation and subse-
quent activation of bone resorbing cells [59]. Osteosclerotic/
osteogenic lesions, in contrast, are characterized by exces-
sive osteoblast activation that is triggered by tumor cells and
that results in the formation of new bone of poor quality.
Moreover, excessive osteoclast activation usually precedes,
and likely triggers, osteosclerotic metastases, whose lesions
are triggered mainly by prostate cancer, carcinoid tumors,
small cell lung cancer, Hodgkin lymphoma and medullo-
blastomas [58, 60].

The development of bone metastases involves multiple
steps that begin with the establishment of a premetastatic-
niche in distant organs and that are followed by penetration
of the bloodstream by disseminating tumor cells (DTCs),
subsequent DTC evasion of the immune system, and finally,
DTC homing to and colonization of the bone [61, 62]. The
process of homing to the bone is mediated by chemokines
such as CXCL12 (SDF-1), which interacts with its recep-
tor CXCR4 [63, 64]. CXCL12 is secreted by osteoblast and
endothelial cells from the bone marrow and found to regu-
late hematopoietic stem cell (HSC) homing and retention
[65]. This homing process is harnessed by invading DTCs
that upon their arrival to the bone, may either proliferate
immediately or enter a dormant state that may last decades
[66, 67]. Dormant cells can be reactivated by a set of cues
to create an overt lesion that may acquire a more aggressive
metastatic phenotype via mechanisms that are not yet fully
understood [62]. Such reactivated cells may then interact
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with the microenvironment in what has been described as
the “vicious cycle”.

Driven by various signals, the vicious cycle of bone
metastasis is characterized by (a) secretion by tumor cells
of different molecules that may induce the proliferation and
differentiation of bone-lining osteoblasts. These include
parathyroid hormone related protein (PTHrP), traditionally
identified as a mediator of this process, and TNFo, MMP1
and others [68]. Additional factors that participate in the ini-
tiation of osteolytic and osteogenic lesions comprise Wnt
ligands, bone morphogenetic proteins (BMPs), endothelins,
TGF-( and interleukins (ILs) such as IL-1, IL-6 etc. (b) In
response to the increase in metastasis-derived signals, the
bone-lining osteoblasts produce receptor activator of nuclear
factor kappa-B ligand (RANKL) that, in turn, stimulates
osteoclast differentiation and activity. Taken together, these
events can lead to high osteoclast activity and, therefore, to
osteolytic bone destruction, the latter of which releases fac-
tors that had been integrated within the bone matrix, such
as TGFp, IGF1 and PDGF. The increased presence of these
osteoclast-generated factors encourages metastasis growth
and expansion by enhancing tumor cell survival and growth
and by promoting more bone destruction, thus completing
the vicious cycle of reactivated cancer cell interaction with
the microenvironment [69-71].

The nature of these lesions is markedly affected by
the unique microenvironment of the bone marrow, which
constitutes the home of several stem cells and a “factory”
for blood cells. As such, this microenvironment possesses
unique properties that enable the regulation of this complex
biological system, e.g., high Ca®* flux and low O, pressure,
especially in the vicinity of the endosteal niche [72]. The
bone microenvironment is also enriched with a variety of
extracellular matrix components including collagen, fibro-
nectin, OPN, and HA [73]. The prominent presence of these
ECM components, especially HA and OPN, in the bone
microenvironment may hint at a connection between CD44
and bone that applies not only to blood cells and stem cells,
but also to cancer cells that are associated with CD44, such
as breast and prostate cancer cells.

CD44 in prostate and breast cancer bone
metastasis

Breast and prostate tumor cells exhibit a strong tendency
to home to bone based on their ability to arrest on, adhere
to, and extravasate across the bone marrow endothelium to
the underlying bone matrix [4]. CD44 plays a dual role in
the adhesion and affinity of these tumor cells to the bone
marrow. First, according to Draffin et al., activated CD44
is expressed on the bone marrow endothelium, and it was
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shown to be linked with HA retained by CD44 on the sur-
face of breast and prostate tumor cells [5]. Second, CD44
also co-operates in CXCR4\CXCLI12 signaling, which is
the most established axis related to DTC homing to the
bone. CD44-binding of high-molecular weight HA was
shown to enhance CXCR4 activation by CXCL12, while
low molecular weight HA completely abrogated CXCL12-
induced CXCR4 signaling. Moreover, CD44 and CXCR4
were found in a CXCL12-dependent complex regulated by
HA [74].

Several investigations have shown that CD44 expres-
sion in cancer cells helps promote bone metastasis. Hiraga
et al. showed that CD44 expression in breast cancer cells
promotes osteoclast formation and activation that led to
osteolytic bone metastasis. Furthermore, the inhibition of
HA synthesis was found to decrease tumor sphere forma-
tion and osteoclast-like cell differentiation in vitro, and it
suppressed bone metastasis formation with a reduced num-
ber of osteoclasts [75]. These results suggest that CD44
expression in cancer cells may promote bone metastases by
enhancing cell migration, homing to the bone, invasion and
HA production.

Beyond investigations of the role played by CD44
expression in bone metastasis, several studies focused on
a possible mechanism that takes place after the invading
cells become anchored within the bone marrow microenvi-
ronment. Sottnik and Theodorescu proposed that the OPN-
CD44-TIAM1-Racl axis in tumor cells is exploited while
OPN is secreted by osteoblasts in response to inflammatory
mediators [76]. Hill et al. focused on the involvement of
CD44 in breast cancer cells in the “vicious cycle” by exam-
ining two of its downstream targets, MMP9 and Cathepsin
K, the latter of which is a unique and potent collagenase that
is expressed primarily in osteoclasts. Both proteases enable
bone resorption and the release of factors (i.e., TGF-b, IGF,
FGF, PDGF and BMPs) that together lead to increased
PTHrP secretion by tumor cells and the corresponding
release of stimulating growth factors, thus driving the
“vicious cycle” [8]. Interestingly, it was shown by Kuo et al.
that in MDA-MB-435s breast cancer cells, TGF-/ induces
MT1-MMP expression, which can lead to proteolytic cleav-
age not only of CD44‘s extracellular domain but also of its
intracellular domain [77—-80]. The findings of Kuo et al. may
indeed be relevant to the “vicious cycle” in bone metastasis,
wherein the CD44-ICD fragment can be further translocated
into the nucleus and function as a transcription factor, as
mentioned earlier, and activate MMP9 [18]. This process,
therefore, may promote bone resorption and the release of
additional TGF-/3 as described above (Fig. 2).

Of note, the ectodomain cleavage may be triggered by
multiple stimulants, including extracellular Ca®* influx,
while high Ca®* flux is one of the defining characteristics
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of the endosteal niche [80, 81]. In this case, the cleavage
triggered by the Ca®* influx was that executed by ADAMI10,
which was recently found to be involved in the cell migra-
tion of breast cancer cells [80, 82]. Therefore, it is possible
that the high calcium flux in the bone induces enhanced
CD44 cleavage that leads to the mediation of target gene
transcription (e.g., MMP9, OPN, etc.), and thus, calcium
flux plays a causative role in bone metastasis (Fig. 2) [18].

As mentioned earlier, despite being a highly vascularized
tissue, bone is a particularly hypoxic environment, espe-
cially in the endosteum [83]. Under hypoxic conditions,
hypoxia-inducible factor (HIF) signaling is activated, and
it affects several cellular processes, including glycolysis,
angiogenesis, drug resistance, and several steps within the
metastatic cascade [84]. Moreover, large, solid tumors, such
as breast tumors, are known to create a hypoxic microenvi-
ronment that presumably affects their aggressive phenotype
[85]. The results of Krishnamachary et al. suggest that HIF-
la regulates CD44 by increasing CD44 expression and the
percentage of CD44 positive cells that express variant exons
v6 and v7/8 in breast cancer cells in a hypoxic environment
[86]. This mechanism may be one of the factors involved in
the high expression levels of CD44 in breast cancer cells,
especially in aggressive cell lines (Fig. 2). Moreover, in
the case of bone metastasis, these findings could be due to
the hypoxia inducing upregulation of CD44 expression in
the bone or to the hypoxic environment that attracts CD44-
expressing cells to the bone. The latter assumption is war-
ranted, since hypoxia leads to increased amounts of CXCR4
and its ligand SDF-1 (CXCL12), which mediate cell hom-
ing to the bone marrow, wherein CD44 plays a major role as
an adhesion molecule [86].

The upregulation of CD44 due to hypoxia may affect the
interplay between CD44 and OPN. This interaction may
promote tumor progression in the bone microenvironment
by triggering vessel regeneration and by recruiting immune
cells and bone marrow stromal cells [87]. Unlike CD44 stan-
dard, variants of the molecule interact with 3 1-containing
integrins to permit cells to bind to osteopontin independently
of RGD, thereby stimulating cell motility and chemotaxis
[88]. In the case of hypoxia that drives the increased expres-
sion of the standard and variant forms of CD44 in the bone
microenvironment, hypoxia might also enhance the effects
of the interaction between OPN and CD44, in the process
promoting bone metastases. For instance, according to
Nemoto et al., OPN-deficient mice have reduced numbers
of metastases to bone. These results indicate that OPN may
play a role in the adhesion and migration of the tumor cells
to bone [89]. We can therefore speculate that the hypoxia-
facilitated up regulation of CD44 in a primary tumor may
contribute to this process.

As mentioned here, bone marrow, particularly that in
the endosteal niche, is enriched with hyaluronic acid [90].
HSCs synthesize and express HA, and that expression cor-
relates with HSC adhesion to the endosteal niche. There-
fore, CD44 overexpressing cancer cells that invade the bone
marrow can exploit similar capacities, and combining their
action with that of other adhesion molecules allows them to
firmly anchor within the endosteal microenvironment [91].
This tight interaction together with additional cues, such as
high calcium flux, specific ECM components and growth
factors, can further navigate these cells toward more stem-
like properties. Similar to the case of HSCs, this unique
microenvironment may direct the invading cells either into
a dormant state or, given the proper signals, toward reacti-
vation [92]. Considering the growing evidence that CD44
is a pillar signaling hub, one can speculate that CD44 may
also have an effect on the quiescence of the invading cells,
in part via their influence over cell stemness state. CD44 is
a well-known marker for cancer stem cells (CSCs), mainly
for breast cancer cells, which are identified by their char-
acteristically high CD44 and low CD24 expression levels
and high aldehyde dehydrogenase (ALDH) activity [3, 93].
Several studies have shown that slow cycling CSCs, known
to have high tumorigenicity and self-renewal capacity, con-
stitute a key component of tumor heterogeneity and may be
responsible for metastatic dormancy [94, 95]. Furthermore,
CD44-dependent localization of MMP9 was suggested to
lead to TGF- /3 activation that, in turn, hampered prolifera-
tion of the dormant cancer cells (DCCs) within the bone
niches [96].

Within the unique physical and biochemical landscapes of
the endosteal niche, some of the causative signals are tightly
regulated to drive mesenchymal stem cells (MSCs) toward
differentiation along the osteoblast lineage. The mature
osteoblasts precipitate the mineral constituents of the bone
and they play a role in the formation of the niche microen-
vironment that regulates HSC production and fate decisions
[97]. DTCs that preferentially metastasize to the bone can
initially integrate in this microenvironment and later orches-
trate the endosteal niche to suit their specific needs. This
process is partially facilitated by the ability of the invading
cells to express a genetic profile similar to that of the cells
of the bone microenvironment, thereby acquiring a favor-
able phenotype for survival in the bone. This phenomenon,
termed osteomimicry, has been observed mainly in prostate
and breast cancers [9]. Most researchers refer to an osteo-
blast-like phenotype, in which these cells produce bone
matrix proteins (i.e., OCN, OPN, BSP) that are regulated by
Runx2 [98-100]. In addition to its role in metastasis, Runx2
is a well-known master transcription factor that is essential
for osteoblast differentiation and that is involved in the tran-
scription of many osteoblast and bone-formation-related
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factors [101]. In prostate and breast cancer cells, the CD44-
ICD fragment can interact with Runx2 in the nucleus and
activate genes such as MMP9 and OPN, which may pro-
mote the osteolytic nature of breast cancer bone metasta-
sis. Moreover, CD44-ICD may also play a role in Runx2
expression, but further research is needed to resolve this
issue definitively [102].

An early investigation related to osteomimetic behavior
through CD44 and Runx2 showed that CD44 and integrin
avB3 signaling regulate RANKL expression in human-
derived PC3 prostate cancer cells isolated from bone metas-
tases by phosphorylating Smad5 and Runx2. These results
suggest a role for CD44 in the promotion of osteoblastic
behavior for PC3 cells [103]. Recently, Fontanella et al.
suggested that CD44v8-10 activates the tafazzin (TAZ) and
Wnt/TAZ signaling pathways, which would confer on the
CD44 variant an important role in the osteomimetic pro-
cess of PC3 cells [104]. The importance of this seminal
study notwithstanding, although it shed light on a mecha-
nism in which CD44 regulates osteomimicry in PC3 cells,
the authors’ conclusions are based on the analysis of 2D
culture models, which may skew the results, particularly
those related to hierarchical, three-dimensional microen-
vironments such as the bone and the bone-marrow cavity
[105].This suggested mechanism, therefore, requires further
investigation by using 3D models that more closely recapit-
ulate the natural microenvironment and/or in vivo models.

Interestingly, according to Kim et al., CD44 may be a
viable marker for the osteogenic differentiation of MSCs.
Several researchers have reported that as the differentia-
tion process progresses from MSCs to osteocytes, CD44
expression levels rise [106—108]. In a study of this issue
in our laboratory, we showed that CD44 expression in 4T1
breast cancer cells cultured on a 3D model increased over
time (Fig. 3). It was also shown by Cox et al. that 4T1 cells
treated with osteogenic condition media were capable of
osteomimicry when cultured on a 2D or 3D scaffold [109].
Taken together with the conclusions of Kim et al., these
results may indicate that, as in the process of osteoblas-
tic differentiation wherein CD44 expression increases, a
similar correlation may exist for cancer cells that acquire
an osteoblastic nature (Fig. 2). However, further research
is needed of the interplay between CD44 upregulation over
time and the possible trans-differentiation of breast cancer
cells toward an osteoblastic phenotype.

Within the hosting microenvironment of the bone mar-
row, the osteomimetic phenotype may be advantageous, pri-
marily as yet another mechanism that supports the invading
cells’ immune evasion capacity. According to Huang et al.,
the upregulation of the bone-specific proteins in the primary
tumor allows the cancer cells to escape immune surveillance
and successfully colonize the bone [110, 111]. Hence, it can
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be assumed that this favorable phenotype that is acquired
by the osteomimetic cancer cell enables them to “fall off the
radar” of the immune system also after bone colonization
(Fig. 2). The favorable phenotype acquisition together with
other CD44-dependent mechanisms that affect DCCs may
support their long-term dormancy, and thereby their pref-
erential survival within the hostile bone microenvironment.

Conclusions and perspective

CD44 has long been known to play a key role in a variety
of normal and pathological processes, and in recent years,
its role in cancer progression and metastasis was widely
investigated and established. In the case of bone metasta-
sis, however, the current experimental data is somewhat
limited and not fully elucidated. Nevertheless, as discussed
here, evidence is mounting that CD44 may facilitate bone
metastasis by enhancing tumorigenicity, osteomimicry, cell
migration, homing to and anchorage within the bone, and
presumably the dormant state. Stemming from the insights
presented herein, we suggest that CD44 may confer on the
invading cells the features they need to hijack the endos-
teal niche “in their favor”. Depending on a variety of sig-
nals from the microenvironment, these interactions with the
endosteal niche may direct the fate of invading cells in two
main possible directions:

(1) Toward quiescence, in which case CD44 is a double-
edged sword because on the one hand, it supports the
stem cell-like phenotype, which may enable the cells to
enter dormancy, and on the other hand, it is potentially
able to engage in osteomimicry, representing a sort of
differentiated state of the cancer cells.

(2) Alternatively, in the process of reactivation, CD44 may
play a role through enhanced tumorigenic properties via
the expression of proteolytic factors and by inducing
osteoclastogenesis, thus propelling the vicious cycle.

Furthermore, the upregulation of CD44 over time that
emerged in our results may be correlated with the process
of breast cancer cell trans-differentiation, and therefore,
this finding could support the growing evidence of CD44’s
role in osteomimicry. More research is needed, however,
to untangle the intricacies of the relations between CD44
upregulation over time (including how CD44’s role in cell
stemness state and EMT may also be involved) and its
role in breast and prostate cancer cell trans-differentiation
toward an osteoblastic phenotype.
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