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Abstract Tumor microenvironment consists of tumor
cells, stromal cells, extracellular matrix and a plethora of
soluble components. The complex array of interactions
between tumor cells and their surrounding tumor microen-
vironments contribute to the determination of the fate of
tumor cells during tumorigenesis and metastasis. Matricel-
lular protein periostin is generally absent in most adult tis-
sues but is highly expressed in tumor microenvironments.
Current evidence reveals that periostin plays a critical role in
establishing and remodeling tumor microenvironments such
as the metastatic niche, cancer stem cell niche, perivascular
niche, pre-metastatic niche, fibrotic microenvironment and
bone marrow microenvironment. Here, we summarize the
current knowledge of the multifaceted role of periostin in
the tumor microenvironments.
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Introduction

The tumor microenvironment is a specialized niche where
tumor cells reside, which contains various growth factors,
cytokines, extracellular matrix (ECM), stromal cells and
tumor cells themselves. Tumor progression is strongly influ-
enced by the complicated crosstalks between tumor cells and
their surrounding stromal cells and also by the interactions
occurring between cells and ECM or other non-cellular com-
ponents in the tumor microenvironments [1, 2].

Periostin, a matricellular protein that mediates communi-
cations between cells and their extracellular microenviron-
ment, is usually absent in normal adult tissues but is highly
re-expressed in injured tissues, inflammatory sites and
tumor stroma [3-5]. Periostin is overexpressed in various
solid tumors and promote tumor growth and metastasis of
breast, colon, lung, gastric, pancreatic and ovarian cancers as
well as melanoma [5, 6]. In this review, we will summarize
the roles of periostin in various tumor microenvironments
including the metastatic niche [7], cancer stem cell niche
[8], perivascular niche [9], pre-metastatic niche [10], fibrotic
microenvironment [11] and bone marrow microenvironment
[12].
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Role of periostin in tumor microenvironments
Periostin in metastatic niche

Tumor metastasis is an inefficient cascade, and only a small
number of tumor cells possess the potential to survive in
the inhospitable new organ microenvironment and colonize
in the metastatic niche [8, 13]. Cancer-associated fibro-
blasts (CAFs) are the predominant stromal cells that pro-
duce ECM components and can be activated by paracrine
cues from nearby cancer cells and other stromal cells or by
autocrine factors from themselves. CAFs act in concert with
other stromal cells to establish and remodel the metastatic
niche and promote tumor metastasis by secreting cytokines,
growth factors or ECM proteins. Current evidence reveals
that periostin is often secreted by the CAFs in metastatic
tissues. We previously demonstrated that periostin is highly
expressed in the liver metastatic niche and that overexpres-
sion of periostin promotes liver metastasis of colon cancer
by augmenting cell survival and angiogenesis through the
Akt pathway [7]. A recent finding illustrates that colonic
fibroblast-derived periostin markedly promotes proliferation,
invasion and chemo-resistance of colorectal tumor cells in
a paracrine manner and promotes proliferation, migration
and growth of fibroblasts themselves in colon cancer in an
autocrine manner [14]. In the MMTV-PyMT mouse model
of spontaneous breast cancer, periostin is highly expressed in
CAFs of metastatic lungs and the knockout of periostin sig-
nificantly decreases lung metastases but not primary tumors
[8]. In a mouse model of head and neck cancer, periostin is
highly expressed in the CAFs of metastatic lungs and signifi-
cantly promotes the growth and invasion of head and neck
cancer cells [15]. Furthermore, CAF-derived periostin may
directly interact with other ECM proteins such as fibronectin
and tenascin C to provide a supportive metastatic niche for
tumor outgrowth [5].

Periostin in cancer stem cell niche

Cancer stem cell niches are adjacent local tumor microen-
vironments that maintain the pool of cancer stem cells and
regulate their abilities of survival, self-renewal, differentia-
tion and tumorigenesis. The disseminated cancer stem cells
from the primary sites are a small number of tumor cells
that can self-renew, differentiate and colonize in the second-
ary target sites. Using the MMTV-PyMT mouse breast can-
cer model, Malanchi et al. found that CD90TCD24™" breast
cancer stem cells isolated from the primary tumors have
the ability to metastasis to lung [8]. Moreover, the infiltrat-
ing breast cancer stem cells educate CAFs at the metastatic
sites to produce periostin by TGF-f3 stimulation. Stromal
periostin subsequently recruits Wnt ligands to cancer stem
cells and thereby augments Wnt signaling inside cancer
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stem cells, which leads to cancer stem cell expansion and
metastatic colonization in the lungs [8]. Our data reveal that
periostin can endow human mammary epithelial cells and
breast cancer cells with stem cell-like or cancer stem cell-
like properties and that overexpression of periostin promotes
lung metastasis of breast cancer cells [16]. Interestingly,
Xu et al. demonstrated that periostin is highly expressed in
CD44%CD24~ breast cancer stem cells from clinical speci-
mens. High level of periostin is significantly correlated with
poor chemotherapy and can be used as an independent prog-
nostic factor for breast cancer [17]. Another report further
reveals that basal-like breast cancer cell-derived periostin
forms a cancer stem cell niche to maintain the stemness of
cancer stem cells via the IL-6/STAT3 signaling pathway
[18]. These data demonstrate that periostin functions as a
critical component in cancer stem cell niche to promote
breast cancer stem cell maintenance and lung metastatic
colonization.

Periostin in perivascular niche

Perivascular niche has been reported to play a critical role in
the maintenance of hematopoietic stem cells [19] and cancer
stem cells [20]. As a potent pro-angiogenic factor, periostin
can bind with integrin avf3 and up-regulate the expression
of the vascular endothelial growth factor receptor Flk-1/
KDR via the FAK signaling pathway to promote tumor angi-
ogenesis of breast cancer [21]. Our previous report demon-
strated that overexpression of periostin in colon cancer cells
promotes angiogenesis in metastatic livers [7]. Periostin has
also been reported to promote angiogenesis in pancreatic
[22] and oral cancers [23]. Interestingly, periostin is also
involved in the remodeling of the perivascular niche. Bissell
and colleagues identified two distinct perivascular niches in
modulating breast tumor cell dormancy or micrometastatic
outgrowth [9]. The authors found that dormant disseminated
breast tumor cells reside on the stable microvasculature of
lung, bone marrow and brain. Endothelial cells in the mature
microvasculature express high level of thrombospondin-1
(TSP-1) and other secreted factors and form a perivascular
niche to maintain breast cancer cell quiescence. However,
endothelial cells in the sprouting neovasculature produce
periostin, tenascin C, fibronectin, TGF-f and versican to
establish a different perivascular niche to accelerate tumor
metastatic outgrowth [9]. That is to say, periostin and other
factors surrounding the tip cells of the neovasculature can
awaken the dormant disseminated breast tumor cells and
augment tumor outgrowth, while TSP-1 in the stable micro-
vasculature maintains tumor cell dormancy [9]. Additionally,
in the perivascular niche of glioblastoma, periostin secreted
by glioblastoma stem cells is positively correlated with the
recruitment of tumor-associated macrophages, which cre-
ates a tumor permissive microenvironment for glioblastoma
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malignant outgrowth in the brain [24]. These works high-
light the important role of periostin in the perivascular niche
during tumor progression.

Periostin in pre-metastatic niche

Accumulating data support the existence of pre-metastatic
niches, which are created in organs that are targets of future
metastases to permit the colonization and outgrowth of dis-
seminated tumor cells. Pre-metastatic niche is triggered by
systemic signals from primary tumor and tumor-mobilized
bone marrow-derived cells, together with local stromal com-
ponents, that are prior to the arrival of tumor cells in the pre-
determined metastatic locations [1, 25-27]. Bone marrow-
derived VEGFR1-positive hematopoietic progenitor cells
are recruited to target organ sites [25]. These hematopoietic
progenitor cells and other cellular components alter the com-
position of the ECM to convert target sites into hospitable
microenvironments for disseminated tumor cells.

In addition to bone marrow-derived VEGFR1-positive
hematopoietic progenitor cells, myeloid-derived suppres-
sor cells (MDSCs), which generally localize in the tumor
microenvironment and exert immunosuppressive functions
as an immature myeloid cell lineage, contribute to the forma-
tion of pre-metastatic niche for tumor metastatic outgrowth
[10, 26]. Our recent work has demonstrated that periostin
deficiency impairs the formation of the pre-metastatic niche
during breast tumor metastasis by decreasing the accumu-
lation and immunosuppressive functions of MDSCs in the
lungs [10]. The accumulation of CD11b*Ly6G*Ly6CM"
neutrophils and CD11b*Ly6G~Ly6C™i€" monocytic cells
is dramatically decreased in the lungs of MMTV-PyMT/
periostin™~ mice. In an orthotopic pre-metastatic model,
periostin is highly expressed in pre-metastatic lungs of
mice bearing orthotopic tumor cells for 5 weeks, at which
point disseminated breast tumor cells are not detectable in
the lungs. Furthermore, periostin-knockout mice bearing
orthotopic tumors exhibit decreased MDSC accumulation
in pre-metastatic lungs. Moreover, the percentages of CD4*
and CD8* T cells in lungs and blood of periostin-knockout
mice bearing orthotopic MMTV-PyMT tumor cells are
significantly higher than those of their wild-type counter-
parts. Immunosuppressive factors such as ADAM17, VEGF,
TGF-B3 and iNOS are significantly reduced in MDSCs
sorted from lungs of the tumor-bearing periostin-knockout
mice. Therefore, CD11b*Ly6G™Ly6C-*" neutrophils can
be considered as the primary immune components in the
pre-metastatic niche and in the metastatic niche during
breast tumor metastasis. Periostin is a novel component
of the immunosuppressive pre-metastatic niche, which is
exploited by breast tumor cells to facilitate lung metastasis
[10]. Another study reveals that periostin serves as a key
component of pre-metastatic niche to promote remotely

transplanted melanoma cell metastasis to wound sites where
the expression of periostin is high [28]. Periostin may also
be sent to the secondary metastatic lungs by exosomes and
directly promote metastasis by shaping the landscape of the
tumor microenvironment before the arrival of tumor cells
[29]. This evidence underscores the functional requirement
of stromal periostin for the establishment of pre-metastatic
niche and tumor metastasis.

Periostin in fibrotic microenvironment

The tissue stroma is a dynamic mechanical microenviron-
ment. The mechanical signals arising from increased ECM
density in the tissue microenvironment can transduce signal-
ing through mechanosensory proteins to modulate cell pro-
liferation, differentiation, survival and motility. It has been
reported that increased ECM deposition, crosslinking and
remodeling contributes to an increase of stiffness which is
associated with fibrosis and tumor progression [30]. As an
important component of the tissue microenvironment, the
ECM can be modulated by matricellular proteins, MMPs
and other extracellular proteinases to maintain homeostasis
or to be remodeled in tissue repair, fibrosis, tumorigenesis
and metastasis.

Periostin has also been reported to be involved in the for-
mation of fibrotic microenvironment. In pancreatic cancer,
activated pancreatic stellate cells (PSCs) remodel the tumor
microenvironment by enhancing the production of a-SMA,
periostin, collagen I, fibronectin and TGF-f, and maintain
the activation of PSCs themselves through an autocrine man-
ner and promote cancer cell invasion in a paracrine manner
[31]. Knockdown of periostin in PSCs reduces the PSCs
activity and fibronectin production. Therefore, periostin is
a key factor in regulating the mutual interactions between
PSCs and pancreatic cancer cells by forming a positive feed-
back loop to alter the tumor microenvironment through ECM
remodeling. Recently, Nielsen et al. further found that the
recruitment of inflammatory monocytes to the liver is piv-
otal for liver metastasis of pancreatic cancer [11]. These
macrophages secret granulin to activate hepatic stellate cells
into myofibroblasts for increasing periostin expression. The
increased deposition of periostin consequently leads to the
formation of a fibrotic microenvironment for metastatic
growth of pancreatic cancer cells in the livers [11]. We have
previously found that periostin promotes acute and chronic
hepatic inflammation, liver fibrosis and non-alcoholic stea-
tohepatitis [32—-34]. Periostin has the ability to directly inter-
act with fibronectin and collagen I via its EMI domain and
directly interact with tenascin-C and BMP-1 via its FAS1
domains. Moreover, periostin can recruit BMP-1 onto the
fibronectin matrix to activate LOX for increasing collagen
crosslinking [3, 4]. These data suggest that massive depo-
sition of periostin in hepatic metastatic niche may act as
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a scaffold to aid collagen crosslinking and accelerate liver
metastasis of pancreatic cancer by creating a collagen-rich
fibrotic microenvironment in the metastatic livers.

Periostin in bone marrow microenvironment

Bone marrow is rich in vasculature structure which makes it
a common site for tumor metastasis. Bone metastases from
solid tumors will result in the dysregulation of bone mar-
row microenvironment and create a new supportive micro-
environment for tumor outgrowth [35]. Interestingly, dis-
seminated tumor cells usually take shelter in and occupy
the niches for hematopoietic stem cell maintenance in the
bone marrow and take similar strategies to those adopted by
hematopoietic stem cells for homing to bone marrow [36].
Periostin has been reported to be involved in bone metasta-
sis of breast cancers [37]; however, its mechanisms in pro-
moting bone metastasis of solid tumors remain unknown.
Recently, periostin has been shown to contribute to the
maintenance of quiescent hematopoietic stem cells [38].
Our recent work demonstrates that periostin not only plays
a critical role in the progression of various solid tumors and
in the maintenance of hematopoietic stem cells, but also
contributes to the development of non-solid tumors [12].
Periostin levels are significantly elevated in the bone marrow
of patients and mice with B cell acute lymphoblastic leuke-
mia (B-ALL) compared with their healthy counterparts. The
accumulation of B-ALL cells in periostin-knockout mice
is much less than in their wild-type counterparts. Moreo-
ver, the dissemination of leukemia cells to the limbs, liver
and spleen is significantly decreased in periostin-knockout
mice [12]. These data suggest that periostin may function
as an important supportive component in the bone marrow
microenvironment to enhance the growth and dissemination
of B-ALL cells.

Discussion and conclusion remarks

The complex array of interactions between tumor cells and
their surrounding tumor microenvironments contributes to
the determination of the fate of tumor cells during tumo-
rigenesis and metastasis. Periostin is mainly derived from
CAFs or other bone marrow-derived mesenchymal stromal
cells in tumor microenvironments. Current evidence indi-
cates that stromal cell-derived periostin can remodel tumor
microenvironments by interacting with its receptor integrins
to activate downstream signaling pathways, by remodeling
ECM via direct interaction with other ECM proteins to
form a supportive microenvironment, by crosstalking with
other signaling molecules and/or by recruiting inflamma-
tory and immune cells [5]. Interestingly, other matricellular
proteins such as tenascin C and TSP-1 are also involved in
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remodeling tumor microenvironments during tumor metas-
tasis. Stem-like human breast cancer cell-derived tenascin
C supports the survival of metastasis-initiating cells to
promote metastatic growth in the lungs [39]. TSP-1 in the
stable microvasculature maintains tumor cell dormancy,
while periostin surrounding the tip cells of the neovascula-
ture awakens the dormant disseminated breast tumor cells
and augments tumor outgrowth [9]. However, how periostin
orchestrates with other matricellular proteins through syner-
gistic or antagonistic effects in distinct tumor microenviron-
ments remains largely unknown. Whether and how periostin
promotes the formation of inflammatory microenvironment
in chronic inflammation-associated tumorigenesis remains
unclear. The hypoxic niche is one of identified niches for
the maintenance of cancer stem cells [40]. Whether peri-
ostin contributes to the hypoxic niche for cancer stem cells
remains to be further investigated. In addition, the roles of
different isoforms of periostin in distinct tumor microenvi-
ronments deserve further investigation. Together, the pivotal
role of periostin in priming various tumor microenviron-
ments for tumor progression made it a potential target for
developing novel therapeutics for cancer treatment.
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