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Calreticulin (CRT) is an endoplasmic reticulum luminal calcium-binding protein with multiple cellular functions,
including intracellular Ca?* homeostasis, oxidative stress responses, and lectin binding. CRT can also modulate
cell adhesion, cell-cell interactions, migration, phagocytosis, integrin-dependent Ca?* signaling, and immune
responses, and plays an important role in cellular proliferation, differentiation, and apoptosis. Given these roles,
it is not surprising that CRT function has important implications in health and disease. Considerable evidence
in recent years suggests that CRT dysfunction is associated with cancer and that CRT could be a diagnostic

marker and a target for cancer therapy. These topics are discussed in depth in this review.

1. Introduction

Calreticulin (CRT) is an endoplasmic reticulum (ER) luminal
calcium-binding protein with multiple functions in physiological
and pathological cell processes. Considerable evidence in recent
years has suggested that CRT dysfunction plays a role in cancer
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through its role in cell proliferation, adhesion, invasion, migration,
differentiation, apoptosis, phagocytosis, and immunity. In this
review, we discuss the function of CRT as well as its potential
utility as a cancer diagnostic marker and a therapeutic target.

2. Structure and function of CRT

CRT was first identified in 1974 as a Ca** storage protein in muscle
sarcoplasmic reticulum (Opas et al. 1991). However, subsequent
work demonstrated that CRT is abundant in non-muscle tissues
(Krause et al. 1997). CRT consists of three domains; the N-, P-, and
C-domain, and contains a KDEL (lysine-aspartate-glutamate-leu-
cine) ER retention peptide and a signal sequence at the C- and
N-termini, respectively. Each domain has a putative function (Lu et
al. 2015). The structure of CRT is highly conserved through evolu-
tion. The protein affects store-operated Ca®* entry and influences
Ca?*-dependent transcriptional pathways during embryonic devel-
opment (Pinto et al. 2013). In catfish, three CRT genes are widely
expressed in various tissues under homeostatic conditions, and their
expression is significantly upregulated following infection and/or
changes in iron levels (Liu et al. 2011). In the Chinese mitten crab,
CRT (EsCrt) is expressed in the gill, hepatopancreas, hemocytes,
and intestine, and its levels are altered by challenge with lipopoly-
saccharides, peptidoglycans, Staphylococcus aureus, and Vibrio
parahaemolyticus. EsCrt thus appears to be involved in anti-bac-
terial immunity (Huang et al. 2016). In shrimp, CRT is thought
to play important roles in Ca* homeostasis, chaperoning, and
immune function (Luana et al. 2007). Mammalian CRT is a 46-kDa
protein located inside and outside the ER (Michalak et al. 2009),
but it is localized at the ER in most cell types (Opas et al. 1991).
In the ER lumen, CRT functions as a regulator of intracellular Ca*
homeostasis, oxidative stress responses, and lectin binding, and all
of these functions are affected by the continuous fluctuations in
Ca’* concentrations within the ER (Liu et al. 2011). CRT affects
intracellular Ca** homeostasis by modulating ER Ca** storage
and transport. It is a highly versatile lectin-like chaperone, and it
participates in the synthesis of a variety of molecules, including
ion channels, cell surface receptors, integrins, and transporters
(Michalak et al. 1999). It is also involved in ensuring proper folding
of newly synthesized proteins and glycoproteins and, together with
calnexin and ERp57, constitutes the “CRT/calnexin cycle” that is
responsible for quality control pathways in the ER (Kawabe et al.
2010). CRT has also been found outside of the ER compartment,
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including in other cytosolic membrane-bound organelles as well
as in the extracellular matrix, where it exerts a number of physi-
ological and pathological effects (Johnson et al. 2001). CRT also
localizes to the nuclear envelope, the nucleus, and nucleoli-like
structures in some cell types, including cytolytic T lymphocytes
(CTL), and in acrosomal vesicles of sperm cells (Dupuis et al.
1993; Nash et al. 1994; Sgrensen et al. 2004). Cell surface CRT
can modulate cell adhesion, cell-cell interaction, migration, phago-
cytosis, integrin-dependent Ca?* signaling, and immunity (Luana
et al. 2007; Gold et al. 2010; Zamanian et al. 2013), and also plays
an important role in cell proliferation, differentiation, and apop-
tosis (Sun et al. 2015; Pallero et al. 2008). CRT dysfunction is
accompanied to a number of diseases (Ni et al. 2007; Wang et al.
2012), and it regulates an array of cellular responses in patholog-
ical processes, such as wound healing, fibrosis, and cancer (Gold et
al. 2010). Very recently, mutation-specific immunohistochemistry
has identified mutations in CRT in myeloproliferative neoplasms
(Sun et al. 2015; Clinton et al. 2016; Andrici et al. 2016). CRT
dysfunction has been associated with several cancers (Sun et al.
2015), and study results support its role in tumor formation and
progression, depending on the cell type and clinical disease stage
(Lu et al. 2015; Zamanian et al. 2013). Recent findings suggest that
CRT could be a target for the development of novel therapeutics
(Ciplys et al.2015).

3. Expression and translocation of CRT in cancer

In mammals, the expression level of CRT differs markedly in
various organs and tissues, suggesting that CRT plays a specific
role in each cell type. Proteomic analysis has been useful in
examining the expression of cancer associated candidate proteins,
including CRT (Alfonso et al. 2005). While CRT is minimally
expressed in most normal cells, high CRT expression levels have
been observed in several cancers (Chao et al. 2010). It is upregu-
lated in high-degree microsatellite instability colorectal adenocar-
cinomas, squamous cell carcinoma of the esophagus tumor tissue
(Banerjea et al. 2004; Jazii et al. 2006) and also highly expressed in
oral squamous cell carcinoma (OSCC) cell lines, breast cancer cell
lines MCF-7 and MDA-MB-231 (Chiang et al. 2013; Prathyuman
et al. 2010; Chen et al. 2015). Levels of CRT mRNA were also
significantly higher in AML than in other hematologic malignan-
cies (Park et al. 2015). Many research results suggested that the
CRT level in pancreatic cancer, bladder cancer and infiltrating
ductal breast carcinoma tissues might correlate with carcinogen-
esis and cancer progression (Kageyama et al. 2004; Chen et al.
2007; Lu et al. 2011; Kabbage et al. 2013; Sheng et al. 2014). CRT
expression was also higher in the more aggressive MDA-MB-231
cells compared with MCF-7 cells at both the mRNA and protein
levels. Moreover, its expression was positively correlated with
both the tumor size and development of distant metastasis (Lwin
et al. 2010). CRT concentrations in the serum of lung cancer
patients were higher than in healthy individuals, and the level of
CRT on lung cancer cell membranes was associated with tumor
pathological classification and grade (Liu et al. 2012). Among 68
neuroblastomas (NBs) tested, 32 (47.1%) were positive for CRT,
and CRT expression correlated with improved survival (Hsu et
al. 2005). The level of CRT was higher in neuroglioma H4 cells
than in glioblastoma cells (U251MG and T98G), and correlated
well with sensitivity to y-irradiation (Okunaga et al. 2006). CRT
was highly expressed in nude mice bearing tumors derived from
subcutaneous injection of the human colorectal cell line HCT116
(Wang et al. 20006).

While most studies have observed that CRT expression is increased
in cancer tissues, downregulation has also been observed in laryn-
geal squamous cell carcinoma lesions, cervical carcinomas, human
colon adenocarcinomas, human colonic cancer cells, small cell
lung cancer line (H1339) and a lung adenocarcinoma line (HCC)
(Ogino et al. 2006; Toquet et al. 2007; Mehta et al. 2008; Bergner
et al. 2009). Also, the expression of CRT was 10-fold lower in
mice with advanced prostate cancer compared with normal mice
(Ruddat et al. 2005). After a mean follow-up of 3.6 years, survival
was significantly worse in bladder carcinoma patients with a lower
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CRT score (Cathro et al. 2010). CRT expression in different tumor
tissues/cells (Table).

Table: CRT expression in different tumor tissues/cells

Tumor tissues Tumor cells

Upregulated colorectal adenocarci- oral squamous cell carci-
nomas noma cell line
esophagus tumor tissue breast cancer cell line
the serum of lung cancer ~ (MCF-7)
pancreatic cancer breast cancer cell line
bladder cancer (MDA-MB-231)
infiltrating ductal breast neuroblastomas (NBs)
carcinomas neuroglioma H4 cell line
(U251MG)
glioblastoma cell line
(T98G)
human colorectal cell line
(HCT116)
Downregulated  laryngeal squamous cell human colonic cancer
carcinomas cell line
cervical carcinomas small cell lung cancer line
human colon adenocarci-  (H1339)
nomas lung adenocarcinoma line
prostate cancer (HCC)

bladder carcinomas

CRT is usually not found in the ER lumen in cancer cells, but
on the cell surface of breast cancer and acute myeloid leukemia
(AML) cells (Mans et al. 2012; Ramesh et al. 2016). It was also
detectable in the cytoplasm of the breast cancer lines MDA-MB-
231 and MCF-7 (Lwin et al. 2010). CRT was additionally present
in the nuclear matrix of colon cancer tissue and may be related
to increased cell growth and tumorigenesis (Yoon et al. 2000;
Briinagel et al. 2003).

Treatment of cancer cells with fenretinide, idazoxan hydrochlo-
ride, 7,8-diacetoxy-4-methylcoumarin, diallyl disulfide (DADS)
can affect the expression of CRT (Corazzari et al. 2007; Eilon et
al. 2009; Verma et al. 2011; Yi et al. 2016). Meantime, various
reagents such as doxorubicin, mitoxantrone, anthracyclines,
wogonin and anthracycline also can affect the location of CRT in
tumor cells (Tufi et al. 2008; Cao et al. 2009; De Boo et al. 2009;
Mans et al. 2012; Yang et al. 2012).

Besides, mutations in the CRT gene (CALR) were recently iden-
tified in approximately 70-80% of patients with JAK2-V617F—
negative essential thrombocytosis and primary myelofibrosis.
Mutant CRT-expressing cells induced monocyte hyperreactivity
through a paracrine mechanism (Garbati et al. 2016). During
embryogenesis, certain stimuli may induce overexpression of
CRT in the mice heart and alter numerous signaling pathways,
subsequently inducing pathology (Martinho-Dias et al. 2016).
Photodynamic therapy significantly protected against a subsequent
challenge with live CT26 cells, and this protection was inhibited
by siRNA for CRT (Tanaka et al. 2016).

4. CRT effects on the proliferation of cancer cells

Manipulation of CRT levels profoundly affects malignant cell
proliferation (Lu et al. 2015; Zamanian et al. 2013). CRT has been
shown to exert anti-angiogenic activity, promote tumor lymphocyte
infiltration, and inhibit tumor growth (Wang et al. 2012). In gastric
cancer cells, the proliferation rate of CRT-overexpressing cells was
higher and that of CRT-knockdown cells was lower than the prolif-
eration rate of control cells, suggesting that CRT might play an
essential role in facilitating gastric cancer cell proliferation (Chen
et al. 2007). Stable knockdown of CRT in OSCC cells resulted
in significantly reduced growth rate, colony-forming capacity,
and anchorage-independent growth compared with control cells
(Chiang et al. 2013). Similarly, knockdown of CRT suppressed J82
bladder cancer cell proliferation (Lu et al. 2011). Overexpression
of CRT was shown to upregulate the expression and secretion of
placental growth factor, vascular endothelial growth factor, and
tissue growth factor; enhance angiogenesis; and facilitate prolif-
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eration of gastric cancer cells, consistent with the association of
CRT with survival in gastric cancer patients (Chen et al. 2009).
Overexpression of CRT in MCF-7 and MDA-MB-231 cells signifi-
cantly suppressed cell viability. The combination thrombospondin
(TSP) treatment and overexpression of CRT significantly inhibited
the growth of MCF-7 cell xenografts (Chen et al. 2015). Similarly,
overexpression of CRT suppressed proliferation of the NB cell line
stNB-V1 (Weng et al. 2015). Trypanosoma cruzi CRT (TcCRT)
displayed remarkable anti-angiogenic properties, and C57BL/6
mice were immunized with TcCRT showed tumor growth impaired
(Aguilar-Guzmdn et al. 2014). siRNA-mediated knockdown of
CRT expression significantly inhibited the proliferation of DADS-
treated HL-60 cells (Yi et al. 2016). In pancreatic cancer cells,
CRT regulates cell proliferation and other behavior in a MEK/ERK
pathway-dependent manner. The interaction between CRT and the
MEK/ERK pathway could provide a novel idea for revealing the
malignant biology of PC (Sheng et al. 2014). The human T-cell
leukemia /lymphoma virus type 1 (HTLV-1) p12I protein interac-
tions with CRT and calnexin may contribute to the survival and
proliferation of infected T cells in the HTLV-1-infected patients
(Fukumoto et al. 2009). CRT profoundly affects the wound healing
process by stimulating cell growth and increasing extracellular
matrix production (Gold et al. 2006). Moreover, CRT translocation
and expression of mutant CRT also affect tumor cell proliferation.
In AML cells, intracellular CRT translocated to the cell surface,
suggesting a role in tumor suppression (Mans et al. 2012). Mutant
CRT causes myeloproliferation through activation of the JAK—
STAT pathway, similar to the effect of the V617F mutation in
JAK?2 (Daitoku et al. 2016).

5. CRT is involved in tumor cell adhesion, invasion,
migration, and cell-cell interactions

CRT is an essential modulator of cell adhesive functions and
integrin-initiated Ca®* signaling (Coppolino et al. 1997). Over-
expression of CRT correlates with increased cell adhesiveness.
These changes may be due to CRT-mediated effects on a signaling
pathway from the ER, which impinges on the Wnt signaling
pathway via the cadherin/catenin protein system and involves
changes in the activity of protein tyrosine kinases and/or phos-
phatases (Fadel et al. 2001). The anti-adhesive activity of TSP
is mediated by the N-terminal domain of cell surface CRT. TSP
induces restructuring of focal adhesions through binding of amino
acids 17-35 (hep I peptide) of TSP to a cell surface form of CRT
(Goicoechea et al. 2002). The N-terminal domain of TSP1 binds to
the CRT-low-density lipoprotein receptor-related protein (LRP1)
receptor co-complex to signal downregulation of cell adhesion
and increase cell motility through focal adhesion disassembly
(Pallero et al. 2008). In addition to their role in immunogenicity
and tumorigenesis, interactions between CRT and integrins have
been described during cell adhesion, which is an essential process
for cancer metastasis (Lu et al. 2015). CRT is also involved in the
progression of cancer invasion and migration (Zamanian et al.
2013). siRNA-mediated knockdown of CRT expression signifi-
cantly decreased invasiveness of DADS-treated HL-60 cells,
clearly demonstrating a role for CRT in cell invasion (Yi et al.
2016). CRT is overexpressed in various cancers. Overexpression of
CRT enhanced, whereas CRT knockdown suppressed, cell migra-
tion and attachment by J82 bladder cancer cells. Moreover, tumors
derived from J82 CRT-RNAi cells were significantly smaller
and had fewer metastatic sites in the lung and liver in vivo than
did vector-transfected control cells (Lu et al. 2011). In addition,
compared with CRT-knockdown cells, CRT overexpression in the
human gastric cancer cell line AGS increased their migration rate,
suggesting that it could be an important therapeutic target for this
disease (Chen et al. 2007). CRT overexpression enhanced angio-
genesis and migration of gastric cancer cells, which is consistent
with the association of CRT with microvessel density, tumor inva-
sion, and lymph node metastasis in gastric cancer patients (Chen et
al. 2009). Furthermore, CRT-overexpressing Madin-Darby canine
kidney cells showed enhanced migration through Matrigel-coated
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Boyden chamber wells compared with control cells (Hayashida et
al. 2006). Overexpression of CRT in MCF-7 and MDA-MB-231
cells significantly suppressed cell migration (Chen et al. 2015).
The interaction between CRT and MEK/ERK pathway regulates
cell migration and invasion in pancreatic cancer (Sheng et al.
2014). CRT also affects cell-cell interactions of cancer cells. CRT
regulates the epithelial-mesenchymal transition-like change in
cellular phenotype by modulating the Slug/E-cadherin pathway,
suggesting a novel function of CRT in the cell-cell interactions
of epithelial cells (Hayashida et al. 2006). CRT is stored in the
cytotoxic granules of CTLs and natural killer (NK) cells and is
released with granzymes and perforin upon recognition of target
cells. CRT was required for efficient CTL—target cell interaction
and formation of the death synapse (Sipione et al. 2005) and
enhanced the expression of adhesion molecules, such as intercel-
lular adhesion molecule and vascular cell adhesion molecule, on
tumor endothelial cells. This upregulated expression resulted in
enhanced leukocyte— endothelial cell interactions and increased
lymphocyte infiltration into tumors (Wang et al. 2012).

6. CRT is an essential factor for tumor cell differentia-
tion

CRT plays an important role in cellular differentiation (Sun et al.
2015; Wang et al. 2012). CRT is highly expressed in dedifferenti-
ated liposarcoma cells. Downregulation of CRT by siRNA induced
adipogenesis of dedifferentiated liposarcoma cells and reduced
cell proliferation. Thus, aberrantly expressed CRT in dedifferenti-
ated liposarcoma was involved in its dedifferentiation and/or tumor
progression (Hisaoka et al. 2012). Introduction of the CRT gene into
HO9c2 rat cardiomyoblasts significantly suppressed protein kinase
B/Akt signaling during cell differentiation, suggesting that CRT
plays an important role in cardiac differentiation (Kageyama et al.
2002). Studies on CRT-deficient and transgenic mice have revealed
that CRT may be an upstream regulator of the Ca**-dependent path-
ways that control cellular differentiation and/or organ development
(Michalak et al. 2002). Additional studies have suggested that CRT
may be an important regulator of the differentiation and function
of mouse bone marrow-derived mast cells (Ryu et al. 2012). Abla-
tion of CRT diminished adiponectin-stimulated cyclooxygenase 2
expression and endothelial cell differentiation (Ohashi et al. 2009).
Moreover, several reports have demonstrated that manipulation
of CRT levels profoundly affects cancer cell differentiation (Lu
et al. 2015). CRT is essential for the differentiation of NB cells,
suggesting that CRT may be a useful marker for managing the
treatment of NB patients (Hsu et al. 2005). The c-Jun-NH (2)
kinase-CRT-dependent pathway is essential for neuronal differen-
tiation elicited by Notch signaling blockade (Chang et al. 2010).
Overexpression of CRT enhanced the differentiation of stNB-V1
cells, and vascular endothelial growth factor-A was involved in
CRT-related differentiation of NB cells (Weng et al. 2015). CRT
expression was significantly associated with the mucinous differ-
entiation of human colonic adenocarcinomas; thus, CRT is likely
to play a pivotal role in the differentiation of this tumor (Toquet
et al. 2007). The myeloid transcription factor CCAAT/enhancer-
binding protein alpha (CEBPA) is crucial for normal granulopoi-
esis. CRT, an inhibitor of CEBPA translation, was induced at the
mRNA and protein levels in core-binding factor f—smooth muscle
myosin heavy chain (CBFB-SMMHC)-positive AML patients and
after expression of CBFB-SMMHC in the U937 cell system. These
results suggested that modulation of CEBPA by CRT might be a
novel mechanism involved in the differentiation block in CBFB-
SMMHC AML (Helbling et al. 2005). CRT was strongly activated
after induction of the leukemic fusion gene AML1-MDS1-EVI1
(AME) in a cell line and in AME patient samples. Moreover,
inhibition of CRT by siRNA restored the CEBPA levels (Helbling
et al. 2004). siRNA-mediated knockdown of CRT expression
significantly increased the expression of CD11b and reduced the
expression of CD33 in DADS-treated HL-60 cells. Nitroblue tetra-
zolium (NBT) assays showed decreased NBT reduction in cells
overexpressing CRT and increased NBT reduction in the CRT
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siRNA group, clearly supporting a role for CRT in the differen-
tiation of DADS-treated HL-60 cells (Yi et al. 2016). Vasostatin
(the N-terminal domain of CRT) is released from cell surface CRT
and has been shown to impair differentiation of myeloid cells and
vascularization of the bone marrow microenvironment (Mans et
al. 2012).

7. CRT plays an important role in cancer cell apoptosis

Among the many cellular processes regulated by CRT is cell death
and recent reports indicate that CRT plays a role in the modula-
tion of cancer cell apoptosis. Human breast cancer MCF-7 cells
transfected with CRT were significantly more susceptible to apop-
tosis than control cells, suggesting a novel mechanism by which
cancerous cells can be triggered to die (Prathyuman et al. 2010).
Overexpression of CRT in MCF-7 and MDA-MB-231 cells signifi-
cantly promoted cell apoptosis (Chen et al. 2015). Thus, CRT is
involved in the regulation of radiosensitivity and radiation-in-
duced apoptosis in malignant glioma cells (Okunaga et al. 2006).
Overexpression of CRT also promoted differentiation-dependent
apoptosis in H9¢c2 cells by suppressing the Akt signaling pathway
(Kageyama et al. 2002). CRT can bind to Fas ligand (FasL) and
inhibit Fas/FasL-mediated apoptosis of Jurkat T cells. Increased
CRT also inhibited Fas/FasL-mediated neuronal cell apoptosis
during the early stage of ischemic stroke, suggesting that it may
have a protective role soon after ischemia-reperfusion injury (Chen
et al. 2015). In gemcitabine- or oxaliplatin-treated Capan-2 cells, a
human pancreatic adenocarcinoma line, CRT knockdown signifi-
cantly decreased phospho-ERK expression and chemoresistance
independently of activated p53 and caspase-3-related apoptosis
(Sheng et al. 2014). CRT is associated with induction of cancer
cell apoptosis by irradiation and a number of cytotoxic reagents.
Garlic compounds induced apoptosis in glioblastoma cells through
expression of CRT (Das et al.2007). Zearalenone can induce apop-
tosis of human leukemic cells HL-60 and U937 via induction of
ER stress. In HL-60 cells, this effect was accompanied by a change
in CRT levels, indicating that CRT may be involved in the induc-
tion of apoptosis (Banjerdpongchai et al. 2010). CRT exposure was
required for the immunogenicity of y-irradiation- and ultraviolet C
light-induced apoptosis (Obeid et al. 2007). The development of
paroxysmal nocturnal hemoglobinuria is associated with the accu-
mulation of CRT mutations that create an intrinsic survival benefit
for clonal expansion (Fraiman et al. 2016). TSP1 signaling through
CRT-LRP1 activates cell survival signals such as PI3K activation
(Pallero et al. 2008). In response to some chemotherapeutic agents
such as anthracyclines and oxaliplatin, cancer cells undergo
immunogenic apoptosis. One of the peculiarities of immunogenic
apoptosis is the early cell surface exposure of CRT, which is neces-
sary and sufficient to increase pro-immunogenic killing by other
chemotherapies. Cell death induced by anthracyclines, oxaliplatin,
and y-irradiation is causally connected to the exposure of CRT on
the tumor cell surface before apoptosis occurs. The CRT exposure
pathway is activated by pre-apoptotic ER stress, which results in
CRT translocation to the plasma membrane (Obeid et al. 2007,
Zitvogel et al. 2010).

8. CRT is associated with tumor cell phagocytosis

High expression of CRT on the surface of human cancer cells
acts as a pro-phagocytic signal. Increased CDA47 expression
correlates with CRT expression on cancer cells and is necessary
for protection against CRT-mediated phagocytosis (Chao et
al. 2010). As a specific ligand, CRT on the surface of apoptotic
cells could mediate recognition and clearance of apoptotic cells
by phagocytes (Cao et al. 2009). CRT was the first molecule to
be identified as a marker for phagocytosis of apoptotic cells by
Drosophila phagocytes (Kuraishi et al. 2007). Cell surface CRT
is known to transduce pro-phagocytic signals to macrophages
and has been shown to be an important regulator of macrophage
engulfment (Daitoku et al. 2016). CRT on the cell surface of
living and dying cells promotes phagocytic uptake (Raghavan et
al. 2013). Cell surface CRT is considered a pro-phagocytic signal
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that promotes uptake of cancer cells by immune cells (Lu et al.
2015). Mutant CRT adversely affects myeloid cells throughout
their lifespan, from the production of critical glycoproteins in bone
marrow precursors to the clearance of spent neutrophils (Nauseef
et al. 2016). N-terminal arginylation of the ER chaperone BiP/
GRP78, protein disulfide isomerase, and CRT is co-induced with
autophagy during innate immune responses to cytosolic foreign
DNA or proteasomal inhibition, and is associated with increased
ubiquitylation (Cha-Molstad et al. 2015). Overexpression of CRT
in MCF-7 and MDA-MB-231 cells has no effect on autophagy,
but interestingly, the combination of TSP treatment and CRT over-
expression significantly induced autophagy in MCF-7 xenografts
(Chen et al. 2015). In vitro recombinant TcCRT bound to melano-
cytes, promoting the incorporation of human C1q and subsequent
macrophage phagocytosis of tumor cells (Aguilar-Guzman et al.
2014). CRT acts as a second general recognition ligand by binding
and activating LRP on the engulfing cell. The apoptotic cell creates
an environment where “don’t eat me” signals are rendered inactive
and “eat me” signals, including CRT and phosphatidylserine (PS),
congregate together and signal for removal (Gardai et al. 2005).
CRT presentation on the cell surface is an important hallmark of
immunogenic cell death, serving as the pro-phagocytic signal for
macrophages (Liu et al. 2016). The phospholipid-binding site of
CRT is a key anchor point for the cell surface expression of CRT
on apoptotic cells, and CRT acts as a PS-bridging molecule that
cooperates with other PS-binding factors to promote the phagocy-
tosis of apoptotic cells (Wijeyesakere et al. 2016). In the process
of tumor cell apoptosis induced by specific stimuli, CRT rapidly
translocates from the ER to the cell membrane. As a specific
ligand, CRT on the surface of apoptotic tumor cells could mediate
the recognition and clearance of apoptotic tumor cells by profes-
sional and non-professional phagocytes (Wu et al. 2013). CRT has
a multifaceted role in carcinogenesis.

9. CRT acts as a cancer diagnostic marker and an-
ti-cancer therapeutic target

CRT could serve as a biomarker to predict therapy-associated
immune responses, and tactics to expose CRT might improve the
clinical efficacy of many cancer therapies (Obeid et al. 2007).
CRT present on the surface of colonic and breast cancer cells
could be a useful biomarker for these cancers (Ramesh et al.
2016). Multivariate analysis demonstrated that CRT expression
is an independent prognostic factor in patients with advanced-
stage NB (Hsu et al. 2005). CRT is also a potential biomarker for,
and may contribute, to the malignant phenotypes of OSCC cells
(Chiang et al. 2013) and could be a diagnostic and prognostic
biomarker in lung cancer (Liu et al. 2012). Furthermore, detec-
tion of autoantibodies to CRT isoforms may have utility for the
early diagnosis of pancreatic cancer (Hong et al. 2004). The high
occurrence and specificity of serum anti-CRT autoantibodies in
the majority of patients with some gastrointestinal malignancies
provide evidence for their possible clinical relevance (Pekdrikova
et al. 2010). Urinary CRT may be useful for the diagnosis of
bladder urothelial cancer. Concomitant use of CRT, y-synuclein,
and soluble catechol-o-methyltransferase had higher sensitivity
for detection of bladder cancer than did CRT alone. Alteration of
CRT expression levels might affect bladder cancer progression in
vitro and in vivo (Kageyama et al. 2004; Lu et al. 2011; Iwaki
et al. 2004; Kageyama et al. 2009). Further studies of CRT may
be helpful in finding new drug targets for cancer chemotherapy
(Wang et al. 2006); for example, the interaction between CRT and
the MEK/ERK pathway might provide new ideas for gene-targeted
chemotherapy in pancreatic cancer (Sheng et al. 2014). Mouse
melanoma cells coated with a recombinant fusion protein of mouse
CRT and virus G protein-coupled receptor induced specific anti-
tumor immunity though the activation of dendritic cells (DCs).
These results may provide an experimental basis for the develop-
ment of new tumor vaccines (Wu et al. 2013). Combined vacci-
nation with CRT/human papillomavirus (HPV) E6 and CRT/E7
DNA generated significantly better therapeutic anti-tumor effects
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against E6- and E7-expressing tumors than did vaccination with
either CRT/E6 DNA or CRT/E7 DNA alone (Peng et al. 2006).
Vasostatin is an anti-angiogenic chemotherapy, and delivery of
vasostatin by recombinant pseudotype adeno-associated virus 2/5
has been used as a gene therapy approach for lung cancer (Jazow-
iecka-Rakus et al. 2006; Cai et al. 2008). Depending on the signal
transduction pathway, tumor cells responding to chemotherapy
or radiotherapy can express ‘danger’ or ‘eat me’ signals, such as
CRT, on the cell surface (Tesniere et al. 2008). Vaccination with a
human CRT-E6-E7-L2 DNA vaccine induced a potent E6/E7-spe-
cific CD8+ T cell immune response, resulting in a significant
therapeutic effect against E6/E7-expressing tumor cells (Kim et
al. 2008). The MHC CIITA is a master regulator of MHC class II
expression and also induces expression of class I molecules. The
combination of CIITA DNA with CRT/E6 and the invariant chain
(Ii) linked to the pan HLA-DR-reactive epitope (Ii-PADRE) DNA
vaccines represents a potentially effective means to combat tumors
in the clinical setting (Kim et al. 2008). Tumors that possess an
intrinsic defect in the CRT-translocating machinery become
resistant to anthracycline chemotherapy due to their incapacity to
elicit an anti-cancer immune response (Panaretakis et al. 2008).
Treatment of tumor-bearing mice with chemoimmunotherapy,
combining cisplatin and CRT/E7 DNA, generated the highest
E7-specific CD8+ T cell immune response and produced the
greatest anti-tumor effects (Tseng et al. 2008). The combination
of bortezomib and CRT/E7 generated more potent E7-specific
CD8+ T cell immune responses and better therapeutic effects
against TC-1 tumors in tumor-bearing mice compared to mono-
therapy (Tseng et al. 2008). Death receptor 5 (DR5) and CRT/
E7 administered via gene gun resulted in further enhancement of
the E7-specific immune response and anti-tumor effects (Tseng
et al. 2008). CRT-mediated acetylation could hold a key to the
design of drugs targeting protein acetylation for improving cancer
therapy (Dwarakanath et al. 2008). Anti-cancer activity of targeted
proapoptotic peptides and chemotherapy is greatly improved by
targeted cell surface CRT-inducer peptides (Obeid et al. 2009). 7,
8-Diacetoxy-4-methylcoumarin-induced death of human tumor
cells is influenced by CRT. Thus, targeting the CRT transacetylase
system may be an attractive approach for increasing the efficacy
of anti-cancer therapies (Verma et al. 2011). Blockade or knock-
down of CRT suppressed the phagocytosis of anthracycline-treated
tumor cells by DCs and abolished their immunogenicity in mice.
These data identify CRT as a key feature determining anti-cancer
immune responses and delineate a possible strategy for immuno-
genic chemotherapy (Obeid et al. 2007). In tumor vaccine models,
drugs that induced cell surface CRT conferred enhanced tumor
protection in an extracellular CRT-dependent manner (Raghavan
et al. 2013). Thus, CRT treatment can render tumor cells more
vulnerable to immunotherapy and improve the therapeutic efficacy
of immunotherapy (Wang et al. 2012). Pre-apoptotic exposure to
CRT is required for immunogenic cell death. PDT with glycocon-
jugated chlorin induced immunogenic cell death, and this effect
was directed by CRT expression and translocation (Tanaka et al.
2016). Human cancers that are incapable of activating the CRT
exposure pathway are refractory to the immune-mediated compo-
nent of anti-cancer therapies (Zitvogel et al. 2010). The most
efficient anti-tumor treatments are those that induce immunogenic
cell death, which strongly depends on the quantity of CRT exposed
at the cell membrane after immunogenic treatment. ERp57 serves
as a new molecular marker of immunogenicity and as a key protein
that controls immunogenicity by controlling CRT exposure (Obeid
et al. 2008).

10. CRT may play a role in host immunity

CRT has several functions in the immune response. CRT has been
shown to bind to peptides brought into the ER by antigen process-
ing-associated transporters (Spee et al. 1997). CRT preparations
purified from tumors elicit specific immunity to the tumor from
which the CRT was isolated. The specificity of this effect was
attributed to the peptides associated with the CRT molecule. CRT
molecules can be complexed in vitro to unglycosylated peptides
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and used to elicit a peptide-specific CD8+ T cell response exoge-
nous administration (Basu et al. 1999). CRT acted as an adjuvant
to promote DC maturation, which induced CTL development and
enhanced MAGE-A3-specific CTL cytotoxicity against non-small
cell lung cancer (Liu et al. 2016). Under defined conditions during
inflammation, CRT released from neutrophils not only induces
an antigenic reaction but also interferes with Clqg-mediated
inflammatory processes (Kishore et al. 1997). Dying tumor cells
can elicit a potent immune response by exposing the CRT/ERp57
complex on the cell surface, even before the cells manifest any
signs of apoptosis (Panaretakis et al. 2009). CRT deficiency might
be involved in the low HLA-G surface expression of 5-aza-2'-de-
oxycytidine-treated OCM-1A melanoma cells (Yan et al. 2005).
Proteomic analyses of anthracycline-treated tumor cells have
recently revealed the critical involvement of CRT in mediating the
immunogenicity of dying tumor cells (Apetoh et al. 2007). The
pre-apoptotic translocation of intracellular CRT to the plasma
membrane surface is critical for immunogenic cell death (Obeid et
al. 2007). In the ER, CRT facilitates the folding of major histocom-
patibility complex (MHC) class I molecules and their assembly
factor tapasin, thereby influencing antigen presentation to CTL
(Pinto et al. 2013; Raghavan et al. 2013). CRT also participates
in the reactions yielding assembly of peptides onto nascent MHC
class I molecules. CRT-bound peptides can be re-presented on
DC class I molecules for recognition by CD8+ T cells (Nair et
al. 1999). MHC class I molecules expressed in a CRT-deficient
cell line (K42) assembled normally with B2-microglobulin (Gao
et al. 2002). CRT-deficient mice displayed a lower threshold of T
cell receptor activation, resulting in enhanced secretion of inflam-
matory cytokines (Porcellini et al. 2006). Recent research has
demonstrated that a CRT homolog from disk abalone (AbCALR)
can be stimulated by pathogenic signals, and thus might play a role
in host immunity (Udayantha et al. 2016).

Acknowledgements: The present study was sponsored by the National
Natural Scientific Foundation of China (81400117), the Hunan
Provincial Natural Science Foundation of China (2015JJ4042),
China Postdoctoral Science Foundation (2014M562115), Hunan
Provincial Postgraduate Students Scientific Research Innovation
Project (CX2016B473) and the returned personnel Initial Funding
of University of South China (2014XQD46).

Conflicts of interest: None declared.

References

Aguilar-Guzmén L, Lobos-Gonzélez L, Rosas C, Vallejos G, Falcén C, Sosoniuk E,
Coddou F, Leyton L,Lemus D, Quest AF, Ferreira A (2014) Human survivin and
Trypanosoma cruzi calreticulin act in synergy against amurine melanoma in vivo.
PLoS One 9: 95457.

Alfonso P, Niifiez A, Madoz-Gurpide J, Lombardia L, Sanchez L, Casal JI (2005)
Proteomic expression analysis of colorectal cancer by two-dimensional differential
gel electrophoresis. Proteomics 5: 2602-2611.

Andrici J, Farzin M, Clarkson A, Sioson L, Sheen A, Watson N, Toon CW, Koleth M,
Stevenson W, Gill AJ (2016) Mutation specific immunohistochemistry is highly
specific for the presence of calreticulin mutations in myeloproliferative neoplasms.
Pathology 48: 319-24.

Apetoh L, Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Piacentini M, Kroemer
G, Zitvogel L (2007) Immunogenic chemotherapy: discovery of a critical protein
through proteomic analyses of tumor cells. Cancer Genomics Proteomics 4: 65-70.

Banerjea A, Ahmed S, Hands RE, Huang F, Han X, Shaw PM, Feakins R, Bustin SA,
Dorudi S (2004) Colorectal cancers with microsatellite instability display mRNA
expression signatures characteristic of increased immunogenicity. Mol Cancer 3:
21.

Banjerdpongchai R, Kongtawelert P, Khantamat O, Srisomsap , Chokchaichamnankit
D, Subhasitanont P, Svasti J (2010) Mitochondrial and endoplasmic reticulum
stress pathways cooperate in zearalenone-induced apoptosis of human leukemic
cells. J Hematol Oncol 3: 50.

Basu S, Srivastava PK (1999) Calreticulin, a peptide-binding chaperone of the endo-
plasmic reticulum, elicits tumor- and peptide-specific immunity. J Exp Med 189:
797-802.

Bergner A, Kellner J, Tufman A, Huber RM (2009) Endoplasmic reticulum Ca?*-ho-
meostasis is altered in small and non-small cell lung cancer cell lines. J Exp Clin
Cancer Res 28: 25.

Briinagel G, Shah U, Schoen RE, Getzenberg RH (2003) Identification of calreticulin
as nuclear matrix protein associated with human colon cancer. J Cell Biochem 89:
238-243.

507



REVIEW

Cai KX, Tse LY, Leung C, Tam PK, Xu R, Sham MH (2008) Suppression of lung
tumor growth and metastasis in mice by adeno-associated virus-mediated expres-
sion of vasostatin. Clin Cancer Res 14: 939-949.

Cao C, Han Y, Ren Y, Wang Y (2009) Mitoxantrone-mediated apoptotic B16-F1 cells
induce specific anti-tumor immune response. Cell Mol Immunol 6: 469-45.

Cathro HP, Smolkin ME, Theodorescu D, Jo VY, Ferrone S, Frierson HF Jr (2010)
Relationship between HLA class I antigen processing machinery component
expression and the clinicopathologic characteristics of bladder carcinomas. Cancer
Immunol Immunother 59: 465-472.

Cha-Molstad H, Sung KS, Hwang J, Kim KA, Yu JE, Yoo YD, Jang JM, Han DH,
Molstad M, Kim JG, Lee YJ, Zakrzewska A, Kim SH, Kim ST, Kim SY, Lee HG,
Soung NK, Ahn JS, Ciechanover A, Kim BY, Kwon YT (2015) Amino-terminal
arginylation targets endoplasmic reticulum chaperone BiP for autophagy through
p62 binding. Nat Cell Biol 17: 917-929.

Chang HH, Lee H, Hu MK, Tsao PN, Juan HF, Huang MC, Shih YY, Wang BJ, Jeng
YM, Chang CL, Huang SF, Tsay YG,Hsieh FJ, Lin KH, Hsu WM, Liao YF (2010)
Notchl expression predicts an unfavorable prognosis and serves as a therapeutic
target of patients with neuroblastoma. Clin Cancer Res 16: 4411-4420.

Chao MP, Jaiswal S, Weissman-Tsukamoto R, Alizadeh AA, Gentles AJ, Volkmer J,
Weiskopf K, Willingham SB, Raveh T, Park CY, Majeti R, Weissman IL (2010)
Calreticulin is the dominant pro-phagocytic signal on multiple human cancers and
is counterbalanced by CD47. Sci Transl Med 2: 63-94.

Chen B, Wu Z, Xu J, Xu Y (2015) Calreticulin binds to Fas ligand and inhibits
neuronal cell apoptosis induced by ischemia-reperfusion injury. Biomed Res
Int 2015: 895284.

Chen CN, Chang CC, Su TE, Hsu WM, Jeng YM, Ho MC, Hsieh FJ, Lee PH, Kuo ML,
Lee H, Chang KJ (2009) Identification of calreticulin as a prognosis marker and
angiogenic regulator in human gastric cancer. Ann Surg Oncol 16: 524-533.

Chen CN, Su TE, Lu YC, Lee H (2007) Calreticulin regulates cell proliferation and
migration in gastric cancer cell line AGS. FASEB J 21: 928-926.

Chen Q, Fang X, Jiang C, Yao N, Fang X (2015) Thrombospondin promoted anti-
tumor of adenovirus-mediated calreticulin in breast cancer: Relationship with anti-
CD47. Biomed Pharmacother 73: 109-115.

Chiang WF, Hwang TZ, Hour TC, Wang LH, Chiu CC, Chen HR, Wu YJ, Wang CC,
Wang LF, Chien CY, Chen JH, Hsu CT, Chen JY (2013) Calreticulin, an endo-
plasmic reticulum-resident protein, is highly expressed and essential for cell prolif-
eration and migration in oral squamous cell carcinoma. Oral Oncol 49: 534-541.

Clinton A, McMullin MF (2016) The calreticulin gene and myeloproliferative
neoplasms. J Clin Pathol pii: jclinpath-2016-203899.

Ciplys E, Zitkus E, Gold LI, Daubriac J, Pavlides SC, Hgjrup P, Houen G, Wang
WA, Michalak M, Slibinskas R (2015) High-level secretion of native recombinant
human calreticulin in yeast. Microb Cell Fact 14: 165.

Coppolino MG, Woodside MJ, Demaurex N, Grinstein S, St-Arnaud R, Dedhar S
(1997) Calreticulin is essential for integrin-mediated calcium signalling and cell
adhesion. Nature 386: 843-847.

Corazzari M, Lovat PE, Armstrong JL, Fimia GM, Hill DS, Birch-Machin M, Redfern
CP, Piacentini M (2007) Targeting homeostatic mechanisms of endoplasmic retic-
ulum stress to increase susceptibility of cancer cells to fenretinide-induced apop-
tosis: the role of stress proteins ERdj5 and ERp57. Br J Cancer 96: 1062-1071.

Daitoku S, Takenaka K, Yamauchi T, Yurino A, Jinnouchi F, Nunomura T, Eto T,
Kamimura T, Higuchi M, Harada N, Saito N, Miyamoto T, Iwasaki H, Akashi K
(2016) Calreticulin mutation does not contribute to disease progression in essential
thrombocythemia by inhibiting phagocytosis. Exp Hematol 44: 817-825.

Das A, Banik NL, Ray SK (2007) Garlic compounds generate reactive oxygen species
leading to activation of stress kinases and cysteine proteases for apoptosis in
human glioblastoma T98G and U87MG cells. Cancer 110: 1083-1095.

De Boo S, Kopecka J, Brusa D, Gazzano E, Matera L, Ghigo D, Bosia A, Riganti C
(2009) iNOS activity is necessary for the cytotoxic and immunogenic effects of
doxorubicin in human colon cancer cells. Mol Cancer 8: 108.

Dupuis M, Schaerer E, Krause KH, Tschopp J (1993) The calcium-binding protein
calreticulin is a major constituent of lytic granules in cytolytic T lymphocytes. J
Exp Med 177: 1-7.

Dwarakanath BS, Verma A, Bhatt AN, Parmar VS, Raj HG (2008) Targeting protein
acetylation for improving cancer therapy. Indian J Med Res 128: 13-21.

Eilon GF, Weisenthal L, Stupecky M, Landucci G, Slater LM (2009) Antineoplastic
activity of idazoxan hydrochloride. Cancer Chemother Pharmacol 64: 1157-1163.

Fadel MP, Szewczenko-Pawlikowski M, Leclerc P, Dziak E, Symonds JM, Blaschuk
O, Michalak M, Opas M (2001) Calreticulin affects beta-catenin-associated path-
ways. J Biol Chem 276: 27083-27089.

Fraiman YS, Cuka N, Batista D, Vuica-Ross M, Moliterno AR (2016) Development
of paroxysmal nocturnal hemoglobinuria in CALR-positive myeloproliferative
neoplasm. J Blood Med 7: 107-110.

Fukumoto R, Andresen V, Bialuk I, Cecchinato V, Walser JC, Valeri VW, Nauroth JM,
Gessain A, Nicot C, Franchini G (2009) In vivo genetic mutations define predom-
inant functions of the human T-cell leukemia/lymphoma virus p12I protein. Blood
113: 3726-3734.

Gao B, Adhikari R, Howarth M, Nakamura K, Gold MC, Hill AB, Knee R, Michalak
M, Elliott T (2002) Assembly and antigen-presenting funtion of MHC class I mole-
cules in cells lacking the ER chaperone calreticulin. Immunity 16: 99-109.

Garbati MR, Welgan CA, Landefeld SH, Newell LF, Agarwal A, Dunlap JB, Chour-
asia TK, Lee H, Elferich J, Traer E, Rattray R, Cascio MJ, Press RD, Bagby GC,
Tyner JW, Druker BJ, Dao KH (2016) Mutant calreticulin-expressing cells induce
monocyte hyperreactivity through a paracrine mechanism. Am J Hematol 91:
211-219.

Gardai SJ, McPhillips KA, Frasch SC, Janssen W], Starefeldt A, Murphy-Ullrich JE,
Bratton DL, Oldenborg PA, Michalak M, Henson PM (2005) Cell-surface calretic-
ulin initiates clearance of viable or apoptotic cells through trans-activation of LRP
on the phagocyte. Cell 123: 321-334.

508

Goicoechea S, Pallero MA, Eggleton P, Michalak M, Murphy-Ullrich JE (2002) The
anti-adhesive activity of thrombospondin is mediated by the N-terminaldomain of
cell surface calreticulin. J Biol Chem 277: 37219-37228.

Gold LI, Eggleton P, Sweetwyne MT, Van Duyn LB, Greives MR, Naylor SM,
Michalak M, Murphy-Ullrich JE (2010) Calreticulin: non-endoplasmic reticulum
functions in physiology and disease. FASEB J 24: 665-683.

Gold LI, Rahman M, Blechman KM, Greives MR, Churgin S, Michaels J, Callaghan
MJ, Cardwell NL, Pollins AC, Michalak M, Siebert JW, Levine JP, Gurtner GC,
Nanney LB, Galiano RD, Cadacio CL (2006) Overview of the role for calretic-
ulin in the enhancement of wound healing through multiple biological effects.
J Investig Dermatol Symp Proc 11: 57-65.

Hayashida Y, Urata'Y, Muroi E, Kono T, Miyata Y, Nomata K, Kanetake H, Kondo T,
Thara'Y (2006) Calreticulin represses E-cadherin gene expression in Madin-Darby
canine kidney cells via Slug. J Biol Chem 281: 32469-32484.

Helbling D, Mueller BU, Timchenko NA, Hagemeijer A, Jotterand M, Meyer-Monard
S, Lister A, Rowley JD, Huegli B, Fey MF, Pabst T (2004) The leukemic fusion
gene AMLI-MDS1 EVII suppresses CEBPA in acute myeloid leukemia by acti-
vation of calreticulin. Proc Natl Acad Sci USA 101: 3312-3317.

Helbling D, Mueller BU, Timchenko NA, Schardt J, Eyer M, Betts DR, Jotterand
M, Meyer-Monard S, Fey MF, Pabst T (2005) CBFB-SMMHC is correlated with
increased calreticulin expression and suppresses the granulocytic differentiation
factor CEBPA in AML with inv(16). Blood 106: 1369-1375.

Hisaoka M, Matsuyama A, Nakamoto M (2012) Aberrant calreticulin expression is
involved in the dedifferentiation of dedifferentiated liposarcoma. Am J Pathol 180:
2076-2083.

Hong SH, Misek DE, Wang H, Puravs E, Giordano TJ, Greenson JK, Brenner DE,
Simeone DM, Logsdon CD, Hanash SM (2004) An autoantibody-mediated
immune response to calreticulin isoforms in pancreatic cancer. Cancer Res 64:
5504-5510.

Hsu WM, Hsieh FJ, Jeng YM, Kuo ML, Chen CN, Lai DM, Hsieh LJ, Wang BT, Tsao
PN, Lee H, Lin MT, Lai HS, Chen WJ (2005) Calreticulin expression in neuroblas-
toma--a novel independent prognostic factor. Ann Oncol 16: 314-321.

Huang Y, Hui K, Jin M, Yin S, Wang W, Ren Q (2016) Two endoplasmic reticulum
proteins (calnexin and calreticulin) are involved in innate immunity in Chinese
mitten crab (Eriocheir sinensis). Sci Rep 6: 27578.

Iwaki H, Kageyama S, Isono T, Wakabayashi Y, Okada Y, Yoshimura K, Terai
A, Arai Y, Iwamura H, Kawakita M, Yoshiki T (2004) Diagnostic potential in
bladder cancer of apanel of tumor markers (calreticulin, gamma-synuclein, and
catechol-o-methyltransferase) identified by proteomic analysis. Cancer Sci 95:
955-961.

Jazii FR, Najafi Z, Malekzadeh R, Conrads TP, Ziaee AA, Abnet C, Yazdznbod M,
Karkhane AA, Salekdeh GH (2006) Identification of squamous cell carcinoma
associated proteins by proteomics and loss of beta tropomyosin expression in
esophageal cancer. World J Gastroenterol 12: 7104-12.

Jazowiecka-Rakus J, Jarosz M, Szala S (2006) Combination of vasostatin gene
therapy with cyclophosphamide inhibits growth of B16 (F10) melanoma tumours.
Acta Biochim Pol 53: 199-202.

Johnson S, Michalak M, Opas M, Eggleton P (2001) The ins and outs of calreticulin:
from the ER lumen to the extracellular space. Trends Cell Biol 11: 122-129.

Kabbage M, Trimeche M, Bergaoui S, Hammann P, Kuhn L, Hamrita B, ben Nasr H,
Chaieb A, Chouchane L, Chahed K (2013) Calreticulin expression in infiltrating
ductal breast carcinomas: relationships with disease progression and humoral
immune response. Tumour Biol 34: 1177-1188.

Kageyama K, Thara'Y, Goto S, Urata 'Y, Toda G, Yano K, Kondo T (2002) Overexpres-
sion of calreticulin modulates protein kinase B/Akt signaling topromote apoptosis
during cardiac differentiation of cardiomyoblast H9c2 cells. J Biol Chem 277:
19255-19264.

Kageyama S, Isono T, Iwaki H, Wakabayashi Y, Okada Y, Kontani K, Yoshimura K,
Terai A, Arai Y, Yoshiki T (2004) Identification by proteomic analysis of calretic-
ulin as a marker for bladder cancer and evaluation of the diagnostic accuracy of its
detection in urine. Clin Chem 50: 857-866.

Kageyama S, Isono T, Matsuda S, Ushio Y, Satomura S, Terai A, Arai Y, Kawakita M,
Okada Y, Yoshiki T (2009) Urinary calreticulin in the diagnosis of bladder urothe-
lial carcinoma. Int J Urol 16: 481-486.

Kawabe S, Yokoyama Y (2010) Molecular cloning of calnexin and calreticulin in the
Pacific oyster Crassostreagigas and its expression in response to air exposure. Mar
Genomics 3: 19-27.

Kim D, Gambhira R, Karanam B, Monie A, Hung CF, Roden R, Wu TC (2008) Gener-
ation and characterization of a preventive and therapeutic HPV DNA vaccine.
Vaccine 26: 351-360.

Kim D, Hoory T, Monie A, Ting JP, Hung CF, Wu TC (2008) Enhancement of DNA
vaccine potency through coadministration of CIITA DNA with DNA vaccines via
gene gun. J Immunol 180: 7019-7027.

Kishore U, Sontheimer RD, Sastry KN, Zaner KS, Zappi EG, Hughes GR, Khamashta
MA, Strong P, Reid KB, Eggleton P (1997) Release of calreticulin from neutro-
phils may alter Cl1q-mediated immune functions. Biochem J 322: 543-550.

Krause KH, Michalak M (1997) Calreticulin. Cell 88: 439-443.

Kuraishi T, Manaka J, Kono M, Ishii H, Yamamoto N, Koizumi K, Shiratsuchi A, Lee
BL, Higashida H, Nakanishi Y (2007) Identification of calreticulin as a marker for
phagocytosis of apoptotic cells in Drosophila. Exp Cell Res 313: 500-510.

Liu CC, Leclair P, Monajemi M, Sly LM, Reid GS, Lim CJ (2016) a-Integrin expres-
sion and function modulates presentation of cell surface calreticulin. Cell Death
Dis 7: €2268.

Liu H, Peatman E, Wang W, Abernathy J, Liu S, Kucuktas H, Lu J, Xu DH, Klesius P,
Waldbieser G, Liu Z (2011) Molecular responses of calreticulin genes to iron over-
load and bacterial challenge in channel catfish (Ictalurus punctatus). Dev Comp
Immunol 35: 267-272.

Pharmazie 72 (2017)



REVIEW

Liu R, Gong J, Chen J, Li Q, Song C, Zhang J, Li Y, Liu Z, Dong Y, Chen L,
Jin B (2012) Calreticulin as a potential diagnostic biomarker for lung cancer.
Cancer Immunol Immunother 61: 855-864.

Liu X, Li J, Liu Y, Ding J, Tong Z, Liu Y, Zhou Y, Liu Y (2016) Calreticulin acts as
an adjuvant to promote dendritic cell maturation and enhances antigen-spe-
cific cytotoxic Tlymphocyte responses against non-small cell lung cancer cells.
Cell Immunol 300: 46-53.

Luana W, Li F, Wang B, Zhang X, Liu Y, Xiang J (2007) Molecular characteristics and
expression analysis of calreticulin in Chinese shrimp Fenneropenaeus chinensis.
Comp Biochem Physiol B Biochem Mol Biol 147: 482-491.

LuYC, Chen CN, Wang B, Hsu WM, Chen ST, Chang KJ, Chang CC, Lee H (2011)

Changes in tumor growth and metastatic capacities of J82 human bladder cancer cells
suppressed by down-regulation of calreticulin expression. Am J Pathol 179: 1425-
1433.

LuYC, Weng WC, Lee H (2015) Functional roles of calreticulin in cancer biology.
Biomed Res Int 2015: 526524.

Lwin ZM, Guo C, Salim A, Yip GW, Chew FT, Nan J, Thike AA, Tan PH, Bay
BH (2010) Clinicopathological significance of calreticulin in breast invasive ductal
carcinoma. Mod Pathol 23: 1559-1566.

Mans S, Banz Y, Mueller BU, Pabst T (2012) The angiogenesis inhibitor vasostatin
is regulated by neutrophil elastase-dependent cleavage of calreticulin in AML
patients. Blood 120: 2690-2699.

Martinho-Dias D, Leite-Moreira A, Castro-Chaves P (2016) Calreticulin in the heart:
from embryological development to cardiac pathology. Curr Mol Med 16: 12 -22.

Mehta AM, Jordanova ES, Kenter GG, Ferrone S, Fleuren GJ (2008) Association of
antigen processing machinery and HLA class I defects with clinicopathological
outcome in cervical carcinoma. Cancer Immunol Immunother 57: 197-206.

Michalak M, Corbett EF, Mesaeli N, Nakamura K, Opas M (1999) Calreticulin: one
protein, one gene, many functions. Biochem J 344: 281-292.

Michalak M, Groenendyk J, Szabo E, Gold LI, Opas M (2009) Calreticulin, a
multi-process  calcium-buffering chaperone of the endoplasmic reticulum.
Biochem J 417: 651-666.

Michalak M, Robert Parker JM, Opas M (2002) Ca* signaling and calcium binding
chaperones of the endoplasmic reticulum. Cell Calcium 32: 269-278.

Nair S, Wearsch PA, Mitchell DA, Wassenberg JJ, Gilboa E, Nicchitta CV (1999)

Calreticulin displays in vivo peptide-binding activity and can elicit CTL responses
against bound peptides. J Immunol 162: 6426-6432.

Nash PD, Opas M, Michalak M (1994) Calreticulin: not just another calcium-binding
protein. Mol Cell Biochem 135: 71-78.

Nauseet WM (2016) In the beginning and at the end: calreticulin. Blood 127: 3113-
3114.

Ni M, Lee AS (2007) ER chaperones in mammalian development and human diseases.
FEBS Lett 581: 3641-3651.

Obeid M (2009) Anticancer activity of targeted proapoptotic peptides and chemo-
therapy is highly improved by targeted cell surface calreticulin-inducer peptides.
Mol Cancer Ther 8: 2693-2707.

Obeid M (2008) ERP57 membrane translocation dictates the immunogenicity of
tumor cell death by controlling the membrane translocasion of calreticulin.
J Immunol 181: 2533-2543.

Obeid M, Panaretakis T, Joza N, Tufi R, Tesniere A, van Endert P, Zitvogel L, Kroemer
G (2007) Calreticulin exposure is required for the immunogenicity of gamma-irra-
diation and UVC light-induced apoptosis. Cell Death Differ 14: 1848-1850.

Obeid M, Panaretakis T, Tesniere A, Joza N, Tufi R, Apetoh L, Ghiringhelli F, Zitvogel
L, Kroemer G (2007) Leveraging the immune system during chemotherapy:
moving calreticulin to the cell surface converts apoptotic death from “silent” to
immunogenic. Cancer Res 67: 7941-7944.

Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini JL, Castedo
M, Mignot G, Panaretakis T, Casares N, Métivier D, Larochette N, van Endert P,
Ciccosanti F, Piacentini M, Zitvogel L, Kroemer G (2007) Calreticulin exposure
dictates the immunogenicity of cancer cell death. Nat Med 13: 54-61.

Obeid M, Tesniere A, Panaretakis T, Tufi R, Joza N, van Endert P, Ghiringhelli F,
Apetoh L, Chaput N, Flament C, Ullrich E, de Botton S, Zitvogel L, Kroemer G
(2007) Ecto-calreticulin in immunogenic chemotherapy. Immunol Rev 220: 22-34.

Ogino T, Shigyo H, Ishii H, Katayama A, Miyokawa N, Harabuchi Y, Ferrone S
(2006) HLA class I antigen down-regulation in primary laryngeal squamous cell
carcinoma lesions as a poor prognostic marker. Cancer Res 66: 9281-9299.

Ohashi K, Ouchi N, Sato K, Higuchi A, Ishikawa TO, Herschman HR, Kihara S, Walsh
K (2009) Adiponectin promotes revascularization of ischemic muscle through
acyclooxygenase 2-dependent mechanism. Mol Cell Biol 29: 3487-3499.

Okunaga T, Urata Y, Goto S, Matsuo T, Mizota S, Tsutsumi K, Nagata I, Kondo T,
TharaY (2006) Calreticulin, a molecular chaperone in the endoplasmic reticulum,
modulates radiosensitivity of human glioblastoma U251MG cells. Cancer Res 66:
8662-8671.

Opas M, Dziak E, Fliegel L, Michalak M (1991) Regulation of expression and intra-
cellular distribution of calreticulin, a major calcium binding protein of nonmuscle
cells. J Cell Physiol 149: 160-171.

Pallero MA, Elzie CA, Chen J, Mosher DF, Murphy-Ullrich JE (2008) Thrombos-
pondin 1 binding to calreticulin-LRP1 signals resistance to anoikis. FASEB J 22:
3968-3979.

Panaretakis T, Joza N, Modjtahedi N, Tesniere A, Vitale I, Durchschlag M, Fimia GM,
Kepp O, Piacentini M, Froehlich KU, van Endert P, Zitvogel L, Madeo F, Kroemer
G (2008) The co-translocation of ERp57 and calreticulin determines the immuno-
genicity of cell death. Cell Death Differ 15: 1499-1509.

Panaretakis T, Kepp O, Brockmeier U, Tesniere A, Bjorklund AC, Chapman DC,
Durchschlag M, Joza N, Pierron G, van Endert P, Yuan J, Zitvogel L, Madeo F,
Williams DB, Kroemer G (2009) Mechanisms of pre-apoptotic calreticulin expo-
sure in immunogenic cell death. Embo J 28: 578-590.

Park S, Huh HJ, Mun YC, Seong CM, Chung WS, Chung HS, Huh J (2015) Calre-
ticulin mRNA expression and clinicopathological characteristics in acute myeloid
leukemia. Cancer Genet 208: 630-635.

Pharmazie 72 (2017)

Pekarikova A, Sanchez D, Palova-Jelinkova L, Simsovd M, Benes Z, Hoffmanova
I, Drastich P, Janatkova I, Mothes T, Tlaskalovd-Hogenova H, Tuckové L (2010)
Calreticulin is a B cell molecular target in some gastrointestinal malignancies. Clin
Exp Immunol 160: 215-222.

Peng S, Tomson TT, Trimble C, He L, Hung CF, Wu TC (2006) A combination of
DNA vaccines targeting human papillomavirus type 16 E6 and E7 generates potent
antitumor effects. Gene Ther 13: 257-265.

Pinto RD, Moreira AR, Pereira PJ, dos Santos NM (2013) Molecular cloning and
characterization of sea bass (Dicentrarchus labrax, L.) calreticulin. Fish Shellfish
Immunol 34: 1611-1618.

Porcellini S, Traggiai E, Schenk U, Ferrera D, Matteoli M, Lanzavecchia A,
Michalak M, Grassi F (2006) Regulation of peripheral T cell activation by calretic-
ulin. J Exp Med 203: 461-471.

Prathyuman S, Sellappa S, Joseph S, Keyan KS (2010) Enhanced calreticulin expres-
sion triggers apoptosis in the MCF-7 cell line. Asian Pac J Cancer Prev 11: 1133-
1136.

Raghavan M, Wijeyesakere SJ, Peters LR, Del Cid N (2013) Calreticulin in the
immune system: ins and outs. Trends Immunol 34: 13-21.

Ramesh BS, Giorgakis E, Lopez-Davila V, Dashtarzheneha AK, Loizidou M (2016)
Detection of cell surface calreticulin as a potential cancer biomarker using near-in-
frared emitting gold nanoclusters. Nanotechnology 27: 285101.

Ruddat VC, Whitman S, Klein RD, Fischer SM, Holman TR (2005) Evidence for
downregulation of calcium signaling proteins in advanced mouse adenocarcinoma.
Prostate 64: 128-138.

Ryu SY, Hong GU, Kim DY, Ro JY (2012) Enolase 1 and calreticulin regulate the
differentiation and function of mousemast cells. Cell Signal 24: 60-70.

Sheng W, Chen C, Dong M, Zhou J, Liu Q, Dong Q, Li F (2014) Overexpression of
calreticulin contributes to the development and progression of pancreatic cancer.
J Cell Physiol 229: 887-897.

Sipione S, Ewen C, Shostak I, Michalak M, Bleackley RC (2005) Impared cytolytic
activity in calreticulin-deficient CTLs. J Immunol 174: 3212-3219.

Sgrensen V, Brech A, Khnykin D, Kolpakova E, Citores L, Olsnes S (2004) Deletion
mutant of FGFR4 induces onion-like membrane structures in the nucleus. J Cell
Sci 117: 1807-1819.

Spee P, Neefjes J (1997) TAP-translocated peptides specifically bind proteins in the
endoplasmic reticulum, including gp96, protein disulfide isomerase and calretic-
ulin. Eur J Immunol 27: 2441-2499.

Sun C, Zhang S, Li J (2015) Calreticulin gene mutations in myeloproliferative
neoplasms without Janus kinase 2 mutations. Leuk Lymphoma 56: 1593-1598.
Tanaka M, Kataoka H, Yano S, Sawada T, Akashi H, Inoue M, Suzuki S, Inagaki Y,
Hayashi N, Nishie H, Shimura T, Mizoshita T, Mori Y,Kubota E, Tanida S, Taka-
hashi S, Joh T (2016) Immunogenic cell death due to a new photodynamic therapy

(PDT) with glycoconjugated chlorin (G-chlorin). Oncotarget 7: 47242-47251.

Tesniere A, Panaretakis T, Kepp O, Apetoh L, Ghiringhelli F, Zitvogel L, Kroemer
G (2008) Molecular characteristics of immunogenic cancer cell death. Cell Death
Differ 15: 3-12.

Toquet C, Jarry A, Bou-Hanna C, Bach K, Denis MG, Mosnier JF, Laboisse CL
(2007) Altered Calreticulin expression in human colon cancer: maintenance of
Calreticulin expression is associated with mucinous differentiation. Oncol Rep 17:
1101-1107.

Tseng CW, Hung CF, Alvarez RD, Trimble C, Huh WK, Kim D, Chuang CM, Lin
CT, Tsai YC, He L, Monie A, Wu TC (2008) Pretreatment with cisplatin enhances
E7-specific CD8+ T-Cell-mediated antitumor immunity induced by DNA vaccina-
tion. Clin Cancer Res 14: 3185-3192.

Tseng CW, Monie A, Trimble C, Alvarez RD, Huh WK, Buchsbaum DJ, Straughn JM
Jr, Wang MC, Yagita H, Hung CF, Wu TC (2008) Combination of treatment with
death receptor 5-specific antibody with therapeutic HPV DNA vaccination gener-
ates enhanced therapeutic anti-tumor effects. Vaccine 26: 4314-4319.

Tseng CW, Monie A, Wu CY, Huang B, Wang MC, Hung CF, Wu TC (2008) Treat-
ment with proteasome inhibitor bortezomib enhances antigen-specific CD8+
T-cell-mediated antitumor immunity induced by DNA vaccination. J Mol Med 86:
899-908.

Tufi R, Panaretakis T, Bianchi K, Criollo A, Fazi B, Di Sano F, Tesniere A, Kepp O,
Paterlini-Brechot P, Zitvogel L, Piacentini M, Szabadkai G, Kroemer G (2008)
Reduction of endoplasmic reticulum Ca** levels favors plasma membrane surface
exposure of calreticulin. Cell Death Differ 15: 274-282.

Udayantha HM, Godahewa GI, Bathige SD, Wickramaarachchi WD, Umasuthan N,
De Zoysa M, Jeong HB, Lim BS, Lee J (2016) A molluscan calreticulin ortholog
from Haliotis discus discus: Molecular characterization and transcriptional
evidence for its role in host immunity. Biochem Biophys Res Commun 474: 43-50.

Verma A, Bhatt AN, Farooque A, Khanna S, Khaitan D, Arya MB, Arya A, Dhawan
A, Raj HG, Saluja D, Prasad AK, Parmar VS, Dwarakanath BS (2011) 7,8-Diac-
etoxy-4-methylcoumarin induced cell death in human tumor cells is influ-
enced by calreticulin. Biochimie 93: 497-505.

Wang HT, Lee HI, Guo JH, Chen SH, Liao ZK, Huang KW, Torng PL, Hwang LH
(2012)Calreticulin promotes tumor lymphocyte infiltration and enhances the anti-
tumor effects of immunotherapy by up-regulating the endotjelial expression of adhe-
sion molecules. Int J Cancer 130: 2892-2902.

Wang WA, Groenendyk J, Michalak M (2012) Calreticulin signaling in health and
disease. Int J Biochem Cell Biol 44: 842-6.

Wang YJ, Zhang GY, Xiao ZQ, Wang HM, Chen ZC (2006) Preliminary proteomic
analysis of indomethacin’s effect on tumor transplanted with colorectal cancer cell
in nude mice. J Biochem Mol Biol 39: 171-177.

Weng WC, Lin KH, Wu PY, Lu YC, Weng YC, Wang BJ, Liao YF, Hsu WM, Lee
WT, Lee H (2015) Calreticulin regulates VEGF-A in neuroblastoma cells. Mol
Neurobiol 52: 758-770.

Wijeyesakere SJ, Bedi SK, Huynh D, Raghavan M (2016) The C-terminal acidic
region of calreticulin mediates phosphatidylserine binding and apoptotic cell
phagocytosis. J Immunol 196: 3896-3909.

509



REVIEW

Wu H, Han Y, Qin Y, Cao C, Xia Y, Liu C, Wang Y (2013) Whole-cell vaccine coated
with recombinant calreticulin enhances activation of dendritic cells and induces
tumour-specific immune responses. Oncol Rep 29: 529-534.

Yang Y, Li XJ, Chen Z, Zhu XX, Wang J, Zhang LB, Qiang L, Ma Y], Li ZY, Guo QL,
You QD (2012) Wogonin induced calreticulin/annexin Al exposure dictates the
immunogenicity of cancer cells in a PERK/AKT dependent manner. PLoS One.
7:e50811.

Yan WH, Lin AF, Chang CC, Ferrone S (2005) Induction of HLA-G expression in a
melanoma cell line OCM-1A following the treatment with 5-aza-2’-deoxycytidine.
Cell Res 15: 523-531.

510

Yi L, Shan J, Chen X, Li G, Li L, Tan H, Su Q (2016) Involvement of calreticulin in
cell proliferation, invasion and differentiation in diallyl disulfide-treated HL-60
cells. Oncol Lett 12: 1861-1867.

Yoon GS, Lee H, Jung Y, Yu E, Moon HB, Song K, Lee I (2000) Nuclear matrix of
calreticulin in hepatocellular carcinoma. Cancer Res 60: 1117-1120.

Zamanian M, Veerakumarasivam A, Abdullah S, Rosli R (2013) Calreticulin and
cancer. Pathol Oncol Res 19: 149-154.

Zitvogel L, Kepp O, Senovilla L, Menger L, Chaput N, Kroemer G (2010) Immuno-
genic tumor cell death for optimal anticancer therapy: the calreticulin exposure
pathway. Clin Cancer Res 16: 3100-3104.

Pharmazie 72 (2017)



