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Abstract
Secreted frizzled-related proteins (SFRP) are glycoproteins containing a so-called frizzled-like cysteine-rich domain. This do-
main enables them to bind to Wnt ligands or frizzled (FzD) receptors, making potent regulators of Wnt signaling. As Wnt
signaling is often altered in cancer, it is not surprising thatWnt regulators such as SFRP proteins are often differentially expressed
in the tumor microenvironment, both in a metastatic and non-metastatic setting. Indeed, SFRP2 is shown to be specifically
upregulated in the tumor vasculature of several types of cancer. Several studies investigated the functional role of SFRP2 in the
tumor vasculature, showing that SFRP2 binds to FzD receptors on the surface of tumor endothelial cells. This activates down-
streamWnt signaling and which is, thereby, stimulating angiogenesis. Interestingly, not the well-known canonical Wnt signaling
pathway, but the noncanonical Wnt/Ca2+ pathway seems to be a key player in this event. In tumor models, the pro-angiogenic
effect of SFRP2 could be counteracted by antibodies targeting SFRP2, without the occurrence of toxicity. Since tumor angio-
genesis is an important process in tumorigenesis and metastasis formation, specific tumor endothelial markers such as SFRP2
show great promise as targets for anti-cancer therapies. This review discusses the role of SFRP2 in noncanonical Wnt signaling
and tumor angiogenesis, and highlights its potential as anti-angiogenic therapeutic target in cancer.
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Abbreviations
APC Adenomatous polyposis coli
CAM Chick chorioallantoic membrane
CRC Colorectal cancer
CRD Cysteine-rich domain
CYR Cysteine-rich angiogenic inducer
DAAM Dishevelled-associated activator of

morphogenesis
DAG Diacylglycerol
DvL Dishevelled protein
Fz Frizzled-like
FzD Frizzled
HCC Hepatocellular carcinoma
JNK c-Jun N-terminal protein kinase
LRP Low-density lipoprotein receptor–related protein

MMPs Matrix metalloproteinases
NFAT Nuclear factor of activated T cells
NTR Netrin domain
PCP Planar cell polarity
PLC Phospholipase C
ROCK Rho-associated protein kinase
Ror Receptor tyrosine kinase–like orphan receptor
SARP Secreted apoptosis-related protein
SDF Stromal cell–derived factor
SFRP Secreted frizzled-related protein
TEC Tumor endothelial cell
VEGF Vascular endothelial growth factor
Wnt Wingless-related integration site
β-TrCp F-box β-transducing repeat-containing protein

1 Introduction

The secreted frizzled-related protein (SFRP) family consists of
five secreted glycoproteins: SFRP1, SFRP2, SFRP3, SFRP4,
and SFRP5 (Fig. 1). From a phylogenetic perspective, SFRP1,
SFPR2, and SFRP5 form an SFRP subfamily based on their
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sequence similarities [1]. All five family members contain a
signal peptide, a netrin domain (NTR), and a frizzled-like
cysteine-rich domain (Fz/CRD) (Fig. 1). The signal peptide
is important in the secretion process of SFRP2 and is likely to
be absent in the mature secreted protein. The C-terminal NTR
domain contains six conserved cysteine residues, able to form
a total of three disulfide bridges. This domain shows homol-
ogy to the netrin domain found in complement proteins C3,
C4, C5, type I procollagen C-proteinase enhancer proteins,
and tissue inhibitors of metalloproteinases [2]. The Fz/CRD
domain present in SFRP proteins is highly similar to the ex-
tracellular Wnt binding domain of FzD receptors [3], enabling
binding between SFRP proteins to Wnt ligands. The SFRP
family is known to be involved in the regulation of
Wingless-related integration site (Wnt) signaling, an impor-
tant pathway not only in embryonic development, tissue re-
generation, and cell proliferation, but also in carcinogenesis
[4]. This pathway is activated by binding of soluble Wnt li-
gands to frizzled (FzD) receptors on the cell surface, and
eventually leads to the transcription of Wnt target genes.

Although overactivation of the Wnt signaling pathway is
inextricably linked to cancer initiation and progression, it also
plays an important role in the tumor vasculature. Interestingly,
SFRP2 is described to be overexpressed in the tumor vascu-
lature of breast cancer tissues [5]. In addition, SFRP2-directed
ultrasound imaging clearly shows specific signal in the tumor
vasculature, while normal vessels are not visualized [6].
Proteins such as SFRP2, that seem to be specifically
(over)expressed in the tumor vasculature, show great promise
as therapeutic targets in the fight against cancer [7–9]. To
enhance insight in oncogenic role of SFRP2, we performed
a literature study about SFRP2 in Wnt signaling and tumor
angiogenesis.

2 SFRP2 and Wnt signaling

More than four decades ago, studies on mutagenesis of the
Wingless gene in Drosophila melanogaster showed develop-
ment defects in the wings of the fruit fly [10, 11]. A few years
later, a new oncogene Int1 was identified to be involved in
mouse mammary tumor formation [12]. Subsequently, it was

discovered that the highly conserved Int1 was already known
as Wingless, and is therefore currently referred to as Wnt1
[13]. Twenty-three years after the discovery of Wingless,
SFRP2 was discovered in a cDNA screen for secreted and
transmembrane proteins in bone marrow stromal cells [14].
In this screen, Shirozu et al. identified a new protein which
was named stromal cell–derived factor (SDF)-5. The C-
terminal end of SDF-5 showed high similarity to the
Frizzled gene of Drosophila, and the protein was therefore
later renamed an SFRP. One year later, Melkonyan et al. dis-
covered the presence of an anti-apoptotic protein in the culture
medium of quiescent mouse embryonic cells [15]. This pro-
tein was initially named secreted apoptosis-related protein
(SARP)-1, but it turned out to be the same protein, which is
now referred to as SFRP2. The human SFRP2 gene is located
on chromosome 4q31.3 and encodes a 295-aa protein [16].

Members of the SFRP family were initially described to be
antagonists ofWnt signaling, due to their sequestration ofWnt
ligands, which prevents binding of Wnt ligands to FzD recep-
tors. However, many researchers have proposed an additional
agonistic effect on Wnt signaling by direct binding to FzD
receptors or by influencing theWnt activating effect of soluble
Wnt ligands.

2.1 SFRP2 and canonical Wnt signaling

The canonicalWnt signaling pathway, also known as theWnt/
β-catenin pathway, plays an important role in embryogenesis,
cell growth, and proliferation [10]. In short, in the absence of
Wnt ligand binding, a destruction complex is present in an
active formation in the cytoplasm (Fig. 2). This destruction
complex consists of several proteins including the dishevelled
protein (DvL), Axin, and adenomatous polyposis coli (APC),
and is responsible for the degradation of β-catenin in the ab-
sence of Wnt ligand binding. β-catenin degradation is initiat-
ed by its ubiquitination by the enzyme F-box β-transducing
repeat-containing protein (β-TrCp), which eventually results
in proteasomal degradation of β-catenin (Fig. 2a).

Several Wnt ligands are able to induce canonical Wnt sig-
naling, such as Wnt3a, Wnt4, Wnt6, Wnt9A, and Wnt10B
[17]. In the situation whereWnt ligands bind to FzD receptors,
the low-density lipoprotein receptor–related proteins (LRP)

Fig. 1 The SFRP family members contain a signal peptide (green), frizzled-like cysteine-rich domain (Fz/CRD; blue), and netrin domain (NTR; purple).
Synonyms for each protein are indicated between brackets
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become phosphorylated (Fig. 2b). This eventually leads to a
translocation of the destruction complex towards the FzD re-
ceptor near the cell membrane. Consequently, DvL can bind
to LRP and becomes activated, preventing the activation of
the destruction complex. This means that the β-TrCp is not
able to ubiquitinate β-catenin, and β-catenin is consequently
not degraded in the proteasome. Therefore, β-catenin can

translocate to the nucleus and induce transcription of target
genes, involved in a variety of processes such as proliferation,
differentiation, migration, and apoptosis (Fig. 2b) [10, 18].

SFRP2 can function as Wnt antagonist, indicated by the
fact that mesenchymal stem cells overexpressing SFRP2 show
decreased Wnt activity, observed by lower levels of β-catenin
[19]. The most likely mechanism of Wnt antagonism is the

Fig. 2 SFRP2 and the canonicalWnt signaling pathway. a In the absence
of Wnt ligands, an activated destruction complex consisting of proteins
such as DvL and APC enables β-catenin ubiquitination by β-TrCP and
subsequent degradation of β-catenin in the proteasome. b When Wnt
ligands binds to FzD receptors, LRP becomes phosphorylated and the
destruction complex moves towards the plasma membrane. By this
means, the destruction complex remains inactive and, therefore, β-
catenin is not ubiquitinated and degraded. Finally, β-catenin translocates
to the nucleus and transcription of Wnt target genes is initiated. c Several
studies suggest that the effect of SFRP2 onWnt signaling is dependent on

the concentration. High concentrations are described to drive towards
Wnt antagonism. SFRP2 is able to sequester Wnt ligands and prevent
binding to FzD receptors. d At low concentrations of SFRP2, SFRP2 is
able to synergize withWnt ligands, enhancing their ability to activateWnt
signaling. Interestingly, SFRP2 is also described to directly bind to FzD
receptors, activating the signaling cascade. The agonistic effect of SFRP2
might also be context dependent, where the expression of FzD5 is crucial
for SFRP2 to function as potent Wnt activator. This figure was prepared
using Servier Medical Art under a Creative Commons Attribution 3.0
Unported License
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sequestering of soluble Wnt ligands, preventing their binding
to FzD receptors.Wawrzak et al. have shown that both SFRP1
and SFRP2 are able to bind Wnt3a, a Wnt ligand able to
activate the canonical Wnt signaling pathway [20]. This data
further confirms the potential suppressive role of SFRP2.
Direct binding between SFRP2 and Wnt3a was also con-
firmed by Hua et al. [21]; this binding is mediated via the
Fz/CRD domain of SFRP2. Exposing enteroendocrine L cells
to both Wnt3a and SFRP2 results in a potent inhibition of
Wnt3a activity [20, 22]. While SFPR2 alone did not affect
the accumulation of β-catenin, combining SFRP2 with
Wnt3a diminished the accumulation observed in single treat-
ment with Wnt3a [20]. Since Wnt3a is an activator of the
canonical Wnt signaling pathway, several papers reported
the effect on proliferation after Wnt3a and SFRP2 exposure.
When Wnt3a expression was introduced in the neural tube of
chick embryos, a significant increase in proliferation was ob-
served compared to embryos that were not electroporated with
the Wnt3a gene [22]. In contrast, when both Wnt3a and
SFRP2 were co-expressed, no effect on proliferation was ob-
served. The same inhibitory effect on Wnt signaling is de-
scribed for Wnt1, Wnt4, and Wnt9a in COS7, a fibroblast cell
line derived from monkey kidneys [23]. These data indicate
that SFRP2 is able to inhibit Wnt3a-mediated canonical Wnt
signaling in vitro and in vivo, likely by sequestering Wnt li-
gands and inhibiting their binding to FzD receptors (Fig. 2c).

Since Wnt3a was also shown to be upregulated in response
to hypoxia, Zhang et al. tested the effect of SFRP2 on Wnt3a
activity in H9C2 cells under hypoxia [24]. Incubation of these
rat embryonic heart-derived myoblasts with recombinant
Wnt3a resulted in increased caspase activity, demonstrating
the apoptotic effect of Wnt3a. Both the caspase activity and
the nuclear β-catenin levels were greatly reduced in the pres-
ence of SFRP2. These data indicate that the anti-apoptotic
function of SFRP2 might, at least partly, be explained by
inhibition of the canonical Wnt signaling pathway.

Besides its well-known role as Wnt signaling antagonist,
several studies propose an agonistic effect of SFRP2 on the
Wnt signaling pathway (Fig. 2d). In primary cultures of intes-
tinal epithelium, the presence of SFPR2 clearly induced the
expression of the cell cycle regulators C-myc and cyclin D1,
and consequently cell proliferation [25]. The same effect was
observed for primary cultures exposed to SFRP2 and Wnt3a,
or Wnt3a alone. These data suggest that SFRP2 is a positive
regulator of Wnt signaling, likely by direct binding to FzD
receptors (Fig. 2d). To further confirm the agonistic role of
SFRP2, Mastri et al. treated cardiac fibroblasts with recombi-
nant SFRP2, in the presence or absence of an anti-SFPR2
antibody [26]. While recombinant SFRP2 strongly enhanced
Axin2 and Wnt3a gene expression and nuclear β-catenin ac-
cumulation, the addition of anti-SFPR2 antibodies abrogated
this effect. These antibodies reduced apoptosis and enhanced
angiogenesis after myocardial infarction [26, 27]. Activation

of Wnt signaling by SFRP2 is also observed in endometriosis,
in which SFRP2 is highly upregulated compared to normal
endometrium [28]. When SFRP2 expression was diminished
in primary cultured extraovarian endometriotic cells, β-
catenin levels were significantly reduced compared to control
cells. Furthermore, SFRP2 can also enhanceWnt signaling by
potentiating the Wnt activating effect of Wnt3a (Fig. 2d).
Treatment of HEK293 human embryonic kidney cells with
both SFRP2 and Wnt3a significantly increased β-catenin ac-
cumulation and LRP6 receptor phosphorylation compared to
treatment with Wnt3a alone [21, 29]. Importantly, recombi-
nant SFRP2 alone did not affect the amount of β-catenin in
this embryonic kidney cell line. This agonistic activity was
also confirmed in other cells such as C2C12murinemyoblasts
[21].

In order to learn more about the functional role of SFRP2 in
canonical Wnt signaling, several different Sfrp2−/− mice were
generated. When comparing activated β-catenin levels in the
intestine of WT or Sfrp2−/− mutant mice, lack of SFRP2 re-
sults in reduced Wnt activity [30]. This agonistic effect of
SFRP2 was further confirmed in vitro, whereby transfection
of COS7 cells with a low concentration of SFRP2 strongly
activatedWnt signaling. Interestingly, transfection with a high
dose of SFRP2 resulted in the inhibition of Wnt signaling
[30]. This suggests that the antagonistic or agonistic effect of
SFRP2 might depend on the expression level (Fig. 2c, d).
Xavier et al. further investigated SFRP2 as a double-edged
sword in canonical Wnt signaling [31]. Indeed, they con-
firmed the hypothesis regarding its concentration-dependent
effect: treatment of mouse mammary epithelial cells and L
cells with a low concentration of SFRP2 resulted in a strong
increase in signaling compared to Wnt3a alone, an effect that
was heavily reduced at a high SFRP2 concentration.
However, when they repeated the same experiment using
HEK293/STF cells—kidney cells that are adapted to express
luciferase upon canonical Wnt signaling—all tested concen-
trations of SFRP2 were able to enhance Wnt signaling [31].
They propose that the concentration-dependent effects ob-
served in different cellular contexts might be explained by
differences in Wnt receptor expression. Indeed, when L cells
were molecularly adapted to express FzD5, a receptor usually
not expressed on parental L cells, all concentrations were able
to increase the Wnt3a signaling pathway (Fig. 2d). However,
further research is needed to investigate the exact mechanisms
behind the concentration- and context-dependent effects of
SFRP2 on Wnt signaling.

2.2 SFRP2 and noncanonical Wnt signaling

In contrast to the canonical Wnt signaling pathway, the non-
canonical pathways are independent of β-catenin and can be
activated by several Wnt ligands, including Wnt5a, Wnt5B,
and Wnt16 [17]. Noncanonical Wnt signaling is divided in
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two different pathways: the noncanonical planar cell polarity
(PCP) pathway and the Wnt/Ca2+ pathway. In the PCP path-
way, binding of Wnt ligands to the receptor tyrosine kinase–
like orphan receptor (Ror)-FzD receptor complex leads to the
recruitment of dishevelled (DvL) (Fig. 3a) [18]. Activated
DvL can form a complex with the DvL-associated activator
of morphogenesis (DAAM)-1, which eventually allows the
GTPase activity of Rho to activate the Rho-associated protein
kinase (ROCK). In parallel, DvL can also signal via the small
Rac GTPase, leading to c-Jun N-terminal protein kinase
(JNK) activation. This signaling cascade leads to cytoskeletal
rearrangements and changes in cell motility. Brinkmann et al.
investigated the effect of SFRP2 on the Wnt/PCP pathway
[32]. Firstly, they showed that Ror2 and SFPR2 can form a
complex in medium of HEK293T cells. Next, HEK293T cells
were co-transfected with SFRP2, Ror2, or both, and cells were
stimulated with Wnt5a. When both SFRP2 and Ror2 were
present, more Wnt5a co-precipitated with Ror2. They finally
conclude that SFRP2 stabilizes the Wnt5a-Ror2 complex, ac-
tivating downstream signaling via the Ror2 receptor, enhanc-
ing cell movements during gastrulation [32]. The agonistic
effect of SFRP2 on the Wnt/PCP pathway is also shown in a
totally different cellular context, namely dopamine neurons
[33]. In immortalized neuronal SN4741 cells, a low concen-
tration of SFRP2 was able to increase Rac1 activity and pro-
mote neuron differentiation.

The second type of noncanonical Wnt signaling, the Wnt/
Ca2+ pathway, is also initiated upon binding ofWnt ligands to
FzD receptors (Fig. 3b). Receptor binding triggers the activa-
tion of phospholipase C (PLC), allowing the hydrolyzation of
PIP2 into diacylglycerol (DAG) and IP3 [34]. IP3 initiates the
release of intracellular calcium from the endoplasmic reticu-
lum, activating several calcium-dependent signaling mole-
cules such as calcineurin. Finally, calcineurin dephosphory-
lates the nuclear factor of activated T cells (NFAT) which then

translocates to the nucleus and regulates gene expression. The
Wnt/Ca2+ pathway can enhance not only cell proliferation, but
also inflammation and metastasis formation in cancer. When
murine 2H11 endothelial cells were treated with recombinant
SFRP2, a substantial increase in nuclear NFATc3 levels and
intracellular calcium influx was observed [35]. These effects
were diminished when FzD5 expression was silenced, sug-
gesting a critical role for FzD5 on the activation of the Wnt/
Ca2+ pathway by SFRP2.

3 The functional role of SFRP2 in embryonic
development

Several research groups have developed Sfrp2−/− homozygous
mutant mice to study the function of secreted frizzled-related
protein 2 in embryogenesis. Satoh et al. showed that Sfrp2−/−

mutants have a normal and healthy phenotype. However, in a
small percentage of mice, hindlimb syndactyly occurred,
meaning that two or more digits are fused together [1].
Morello et al. confirmed the observation that Sfrp2−/− mice
are viable, fertile, and have a normal lifespan compared to
WT mice [23]. However, again, skeletal defects were ob-
served, including shortening of their extremities and toes, also
known as brachydactyly. In addition, Sfrp2 mutants show a
kinked tail deformity, which was variable ranging from a
small bend to a strong twist in the tail [36].

Deletion of Sfrp1 was not lethal either, but when both
the Sfrp1 and Sfrp2 genes were deleted, no pups could be
recovered due to pre-natal lethality. These pups died around
E16.5, and had defects in limb outgrowth and showed extra
digits [1]. This indicates that both proteins are functionally
redundant in embryonic development. This redundancy is fur-
ther confirmed by the fact that expression of SFPR1 is slightly
upregulated in the distal limbs of Sfrp2mutant mice [36]. The

Fig. 3 SFRP2 and noncanonical
Wnt signaling. a The Wnt/PCP
pathway is characterized by the
recruitment of DvL upon Wnt
binding. Via two parallel signal-
ing pathways, ROCK and JNK
become activated. b In the Wnt/
Ca2+ pathway, a cascade via sev-
eral molecules eventually leads to
the release of calcium from the
endoplasmic reticulum. In turn,
this activates calcineurin to de-
phosphorylate NFAT and regu-
lates gene transcription. This fig-
ure was prepared using Servier
Medical Art under a Creative
Commons Attribution 3.0
Unported License
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formation and proper closure of the neural tube are critical
during embryonic development of the central nervous system.
In Sfrp1−/−Sfrp2−/− mice, neural tube defects were detected
from E10.5, including the enlargement of the dorsal neural
tube, likely contributing to the observed pre-natal death [37].
These defects could only be observed if both Sfrp genes were
completely deleted, indicating their importance in neural tube
closure. In another study, Sfrp1−/−Sfrp2−/− mice show a dis-
turbed sexual development, as observed by smaller testes and
an abnormal location in de abdominal cavity, more closely
located to the kidneys [38]. In females, ovaries are misshaped
and are positioned abnormally, as compared to control litter-
mates [38].

4 The functional role of SFRP2 in cancer

Overactivation of the Wnt signaling pathway is linked to can-
cer initiation, progression, and metastasis formation. For ex-
ample, active Wnt signaling can provide cells with a growth
advantage and suppress their differentiation process [39]. In
colorectal cancer (CRC), the majority of cases present with
overactivation of the canonical Wnt signaling pathway caused
bymutations of, e.g., adenomatous polyposis coli (APC) orβ-
catenin [39]. Mutations inβ-catenin are also often observed in
many other cancer types, such as hepatocellular carcinoma
(HCC), gastric carcinoma, ovarian carcinoma, and melanoma
[39, 40]. These gain-of-function mutations disrupt phosphor-
ylation sites and make β-catenin often refractory to
proteasomal degradation. On the other hand, mutations of β-
catenin or APC are uncommon in lung cancer [41].
Hyperactivation of the Wnt signaling pathway in this type of
cancer is a result of overexpression of DvL proteins or down-
regulation of Wnt antagonists, eventually leading to an in-
crease of β-catenin. Noncanonical pathways are also likely
to be involved in tumorigenesis. The noncanonical PCP and
Wnt/Ca2+ signaling pathways are involved in cell motility and
cell proliferation, respectively. However, there is a high need
for further research in this field to fill in the large information
gaps that currently exist [41].

As suggested earlier, the effect of SFRP2 onWnt signaling
seems to be context dependent. In cervical cancer cell lines,
overexpression of SFRP2 was found to decrease nuclear β-
catenin levels, and consequently downregulated gene expres-
sion of the cell cycle regulators C-myc and Cyclin D1 [42].
Similarly, overexpression of SFRP2 in oral squamous cell
carcinoma cells leads to a downregulation of Cyclin D1 ex-
pression [43]. Using a different approach, the treatment of
melanoma cells with recombinant SFRP2 also inhibited the
expression of β-catenin [44]. Further investigations are need-
ed to see whether a difference in Wnt receptor expression can
be observed. Nevertheless, being a key player in the Wnt
signaling pathway, SFRP2 is able to influence several

branches of tumorigenesis. However, evidence is quite con-
tradictory, describing both tumor promoting and suppressive
roles.

4.1 SFRP2 as a tumor suppressor

Many studies have investigated SFRP2 downregulation by
promotor hypermethylation in several types of cancer. The
S FRP 2 p r om o t o r h a s b e e n d e s c r i b e d t o b e
(hyper)methylated in bladder cancer [45], breast cancer [46],
cervical cancer [47], CRC [48], esophageal cancer [49], gall-
bladder cancer [50], gastric cancer [51], HCC [52], lung can-
cer [53], ovarian cancer [54], pancreatic cancer [55], prostate
cancer [56], endometrial cancer [57], osteosarcoma [58], oral
carcinoma [43], skin cancer [59], and brain tumors [60].

Similarly, SFRP2 mRNA was decreased in osteosarcoma
cell lines compared to primary osteoblast cells [58]. A reduced
expression has also been observed in pituitary adenoma [61],
choriocarcinoma [62], non-small-cell lung carcinoma [63],
and glioblastoma [64] compared to their healthy counterparts.
When comparing subgroups within the same cancer type, ex-
pression of SFRP2 was found to be lower in high grade-, as
compared to low grade glioma [64, 65]. SFRP2 expression
also seems to be involved in tumor aggressiveness and inva-
siveness, indicated by the largest SFRP2 downregulation in
aggressive [66] and invasive [61] pituitary adenoma compared
to their less aggressive or invasive tumor types, respectively.

The fact that SFRP2 is found to be downregulated in a large
number of tumor types suggests a tumor suppressor role of the
glycoprotein [67]. Indeed, low expression of SFRP2 was as-
sociated with a poor clinical outcome in glioblastoma patients
[64].

The relationship between SFRP2 expression and tumor
growth was further explored in murine tumor models. When
nude mice were subcutaneously inoculated with oral squa-
mous cell carcinoma cells or gastric cancer cells overexpress-
ing SFRP2, tumor size was greatly reduced compared to con-
trol cells [43, 51]. In an orthotopic model of glioblastoma,
overexpression of SFRP2 was also associated with reduced
tumor growth and prolonged survival of mice [64]. In a re-
versed approach, when SFRP2 expression was silenced in
choriocarcinoma cells, subcutaneous xenografts grew signifi-
cantly larger compared to those from cells expressing SFRP2
[62]. Together, these data provide evidence that SFRP2 can
function as a tumor suppressor.

4.2 SFRP2 as a tumor promotor

On the contrary, (over)expression of SFRP2 in cancer cell
lines and tumor tissues has also been described. Canine mam-
mary tumor cell lines have an abundant SFRP2 expression,
while this was not observed in normal mammary gland cells
[68]. Similarly, SFRP2 expression was significantly higher in
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osteosarcoma tumors compared to mesenchymal stem cells
[69]. In bone marrow samples from multiple myeloma pa-
tients, SFRP2 could be detected in 10/14 specimens, while
only 1/5 bone marrow samples from patients without bone
lesions scored positive for SFRP2 expression [70]. When in-
vestigating the levels of SFRP2 in serum of breast cancer
patients [71], levels were found to be elevated in patients, as
compared to controls. High levels of SFRP2 in serum were
associated with a poor prognosis. So, in the context of breast
cancer, SFRP2 levels in serum may be a promising biomarker
and prognostic prediction tool. The relationship between
SFRP2 expression and poor survival in breast cancer was
further confirmed by Hill et al. [72] and Mohammed et al.
[73]. A similar correlation between protein expression and
prognosis was observed in osteosarcoma [74] and CRC pa-
tients [75]. This further confirms that SFRP2 can play a role as
tumor promotor.

Direct proof for the tumor promoting effect of SFRP2 can
be obtained from in vivo tumor mouse models. Yamamura
et al. transfected renal carcinoma cells with SFRP2 and mon-
itored their tumor growth potential in nude mice [76]. SFRP2-
overexpressing cells generated significantly larger tumors
compared to regular renal carcinoma cells, consistent with
activated Wnt signaling. Similarly, glioma cells that were ex-
perimentally designed to overexpress SFRP2 did generate
larger xenografts in athymic mice compared to their non-
mutated counterparts [77]. Switching to another approach,
treatment of angiosarcoma or breast cancer, using an anti-
SFRP2 antibody, results in a significant tumor growth inhibi-
tion [78, 79]. Treated tumors displayed no differences in pro-
liferation, but apoptosis was greatly enhanced, as compared to
control tumors [79]. Even though this study did not investigate
the effect on the Wnt signaling pathway in vivo, their in vitro
data suggest that SFRP2 antagonism results in a reduced level
of nuclear β-catenin, unmasking SFRP2 as a Wnt agonist in
this setting [78]. Xiao et al. did confirm this agonistic effect on
Wnt signaling in lung cancer cell lines [80].

4.3 SFRP2 in metastasis formation

Asmentioned earlier,Wnt signaling can also play a major role
in the formation of metastasis. Indeed, in late stage cancers,
Wnt5a is often upregulated and is known to promote invasion
and metastasis formation in breast cancer, melanoma, and
gastric cancer [81]. This highlights the role of the noncanon-
ical PCP signaling pathway in this process. Similar effects
have been described for the noncanonical Wnt/Ca2+ signaling
pathway in the context of melanoma [82].

Specifically looking at SFRP2, Techavichit et al. compared
the expression levels in both cell lines and tissues samples of
metastatic and non-metastatic osteosarcoma, and hit upon a
significantly higher SFRP2 expression in metastatic tumors
[69]. While overexpression of SFRP2 in osteosarcoma cells

did not significantly affect primary tumor growth, a larger
number of lung metastases occurred [69]. Similar pro-
metastatic effects of SFRP2 were also observed for breast
cancer cells [83] and melanoma cells [44]. These data indicate
that SFRP2 is a potent stimulator of cell migration and inva-
sion. Montagner et al. investigated which mechanism was
responsible for the pro-metastatic effect in melanoma and
did not see any effect on canonical Wnt signaling when cells
were depleted of SFRP2 [83].

5 SFRP2 is an activator of tumor angiogenesis

The generation of a tumor vasculature is a crucial process in
tumor progression, providing tumor cells with nutrients and
oxygen [84]. However, the newly developed blood vessels in
the tumor microenvironment also provide a route for dissem-
ination of cancer cells and, subsequently, metastasis formation
[85]. Indeed, it has been shown that the microvessel density
within a tumor correlates with its metastatic potential [86].
Furthermore, tumor angiogensis is also involved in the further
outgrowth of metastases [87].

The Wnt signaling cascade promotes this process of tumor
angiogenesis and endothelial cell survival [88, 89]. Enhanced
active β-catenin levels in tumor cells lead to the overexpres-
sion of vascular endothelial growth factor (VEGF), an impor-
tant pro-angiogenic factor, stimulating blood vessel formation
[90, 91]. In addition, proteolytic matrix metalloproteinase en-
zymes (MMPs) are upregulated by canonical Wnt signaling,
leading to extracellular matrix degradation during blood ves-
sel formation [92]. The β-catenin-independent Wnt/PCP and
Wnt/Ca2+ signaling pathways have also been linked to tumor
angiogenesis. Defects in the PCP pathway lead to disrupted
cell growth and migration of endothelial cells [81], while the
Ca2+-dependent pathway is involved in the proliferation of
endothelial cells and subsequent capillary formation [92, 93].

Several research groups have investigated the upregulation
of specific proteins on the tumor vasculature, which might
function as promising therapeutic targets in anti-cancer thera-
pies [8, 94–97]. In the vasculature of breast tumors, a signif-
icant increase in SFRP2 expression was observed compared to
normal breast tissue [5]. Using an anti-SFRP2 antibody, a
clear vessel staining was also observed in tissue sections of
angiosarcoma, prostate cancer, HCC, CRC, renal cell carcino-
ma, lung cancer, ovarian cancer, and pancreatic cancer [6, 98].
Indeed, treatment of mice with an anti-SFRP2 antibody shows
specific antibody binding to the tumor vasculature but not
normal vessels [6, 78].

The upregulation of SFRP2 in the tumor vasculature sug-
gests a link between SFRP2 and tumor angiogenesis.
Courtwright et al. were the first to describe a pro-angiogenic
effect of SFRP2 [98]. Using a chick chorioallantoic membrane
(CAM) assay [99], they observed a large increase in the
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number of branch points and tube length when the membrane
was exposed to SFRP2. In a broad range of in vitro experi-
ments, they also showed a beneficial effect on endothelial cell
survival and migration. At the genome level, treatment of
endothelial cells with SFRP2 upregulates several pro-
angiogenic genes such as VEGF-C and cysteine-rich angio-
genic inducer (CYR)-61 [74]. Pro-angiogenic data were also
be obtained from in vivo mouse models, in which melanoma
tumors treated with recombinant SFRP2 showed enhanced
angiogenesis, which could be reversed by the addition of an
anti-SFRP2 antibody [44].

Interestingly, SFRP2-treated endothelial cells do also ex-
hibit increased nuclear NFATc3 levels [98, 100], while treat-
ment of endothelial cells with an anti-SFPR2 antibody blocks
NFATc3 activation [78]. These data provide evidence that the
Wnt/Ca2+ pathway plays an important role in the pro-
angiogenic effect of SFRP2. This concept was further inves-
tigated by Peterson et al., showing that the FzD5 receptor is
crucial for SFRP2 mediated Wnt/Ca2+ signaling [35].
Endothelial cells lacking this receptor showed reduced intra-
cellular calcium release, no nuclear NFATc3 accumulation,
and reduced tube formation upon SFRP2 stimulation. In sum-
mary, the pro-angiogenic effect of SFPR2 is largely dependent
on noncanonical Wnt/Ca2+ signaling, likely via direct binding
to the FzD5 receptor on tumor endothelial cells (Fig. 4).

6 SFRP2 as a therapeutic target in tumor
angiogenesis

The secreted glycoprotein SFRP2 is known to regulate Wnt
signaling, both via the canonical and noncanonical pathways.
It is therefore not unexpected that this protein plays important
roles in embryonic development and cancer initiation and me-
tastasis formation. A major recent finding is the upregulation

of SFRP2 in the tumor vasculature, suggesting it being a spe-
cific marker of tumor endothelial cells [5]. The upregulation
of SFRP2 can enhance noncanonical Wnt/Ca2+ signaling,
resulting in enhanced tumor angiogenesis, a crucial step in
tumorigenesis [87]. Therefore, targeting of SFRP2 with anti-
SFRP2 antibodies or small molecules can disrupt this process,
making it a promising approach in anti-cancer therapy.

However, besides upregulation on the tumor vessels, it is
important that target candidates are absent or only limitedly
expressed on regular blood vessels or other tissues to prevent
toxicity. The studies of Fontenot [78] and Garcia [79] provide
valuable information on the potential use of anti-SFRP2 anti-
bodies to reduce tumor growth and tumor angiogenesis.
Importantly, they did not observe any weight loss or patho-
logical abnormalities in mice treated with these antibodies,
suggesting that targeting SFRP2 is a safe anti-cancer strategy.
Likewise, molecular imaging in mice using a SFRP2-targeted
contrast agent showed specific imaging of the tumor vessels
which enhanced by increasing tumor size [6]. This provides
evidence that SFRP2 expression is specific for blood vessels
in the tumor.

7 Conclusion

The glycoprotein SFRP2 is shown to be a key player in the
process of tumor angiogensis, an important process in tumor
formation and progression. This tumor promoting effect can
likely be contributed to the upregulation SFRP2 on the tumor
vasculature and, consequently, activation of the noncanonical
Wnt/Ca2+ pathway. We believe that vaccination against spe-
cific tumor endothelial markers is a promising approach to
treat or even prevent cancer [101]. Due to its specific expres-
sion on the tumor vasculature and the absence of toxicity
when treating mice with anti-SFPR2 antibodies, we propose

Fig. 4 SFRP2 overexpression in
tumor endothelium leads to
enhanced tumor angiogenesis via
the Wnt/Ca2+ signaling pathway.
SFRP2 is overexpressed on tumor
endothelial cells (TEC) in several
types of cancer. SFRP2 can di-
rectly bind to an FzD5 receptor,
activating the Wnt/Ca2+ pathway.
Eventually, the transcription fac-
tor NFATc3 will activate several
gene transcription events, leading
to enhanced tumor angiogenesis.
This figure was prepared using
Servier Medical Art under a
Creative Commons Attribution
3.0 Unported License
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SFRP2 might be a valuable target for vaccination. We previ-
ously showed that vaccination against tumor endothelial cell
markers leads to the production of target specific antibodies,
which are efficient in reducing tumor growth and tumor vessel
density in mouse models [9, 101, 102]. Future studies are
needed to confirm the potential anti-angiogenic effect of vac-
cination against SFRP2 in solid tumors.
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