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Introduction

As one of the leading causes of human death, cancer 
remains a major health problem worldwide.1 An under-
standing of molecular changes in cancer development 
is important to reveal new biomarkers and targets for 
diagnosis and treatment of the disease. Heparan sul-
fate proteoglycans (HSPGs), which are mainly found 
at the cell surface and in the extracellular matrix, have 
gained increased scientific interest due to their roles in 
malignant transformation.2,3

Glypicans, one of the HSPG families, are comprised 
of three key features: a 60- to 70-kDa core protein, 
heparan sulfate (HS) chains, and a glycosylphosphati-
dylinositol (GPI) linkage that anchors glypicans to the 
cell surface.4 The core protein is predicted to form a 
conserved tertiary structure due to seven intramolecu-
lar disulfide bridges caused by 14 conserved cysteine 
residues. There are six glypican family members in 
humans, referred to as glypican-1 (GPC1) through 
glypican-6 (GPC6). In addition to the difference in the 
primary sequences of their protein cores, they have 
various numbers of HS chains. Glypicans play impor-
tant roles in development by modulating morphogen 
gradient formation5 and cell growth by regulating 

Wnt6–8 and other signaling pathways. Glypicans are 
abnormally expressed in multiples types of cancer and 
are crucial for cancer cell growth and progression.9–11 
For example, GPC212,13 and GPC314,15 have highly 
specific expression in pediatric cancers and hepato-
cellular carcinoma (HCC), respectively. In particular, 
GPC1, GPC2, and GPC3 have been studied as poten-
tial diagnostic tools and therapeutic targets. This 
review will summarize the latest findings related to the 
expression and functions of glypicans in cancers and 
will emphasize their potentials as emerging biomark-
ers and promising therapeutic targets to fight cancer.

GPC1

The GPC1 gene on chromosome 2q37 encodes the 
GPC1 protein, consisting of a 558-amino-acid core 
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protein and three predicted HS chains attached at 
S486, S488, and S490 (UniProtKB/Swiss-Prot P35052). 
GPC1 has both a membrane-anchored form and a 
secreted soluble form.16 It is mainly expressed in the 
neural and skeletal systems during embryonic develop-
ment and is expressed at low levels in adult tissues.17 
GPC1 is involved in cancer development through inter-
actions with growth factors such as fibroblast growth 
factor-2 (FGF-2),18,19 vascular endothelial growth fac-
tor (VEGF),20,21 and transforming growth factor beta 
(TGF-β).22

GPC1 Expression in Cancer

Many studies have shown that GPC1 is upregulated 
in a variety of human cancers. In 1998, Kleeff et al.23 
reported that GPC1 was strongly expressed in 
human pancreatic cancer, by both the cancer cells 
and the adjacent fibroblasts, whereas its expression 
was low in normal pancreas and in chronic pancre-
atitis. Furthermore, high GPC1 expression is signifi-
cantly related to the perineural invasion of pancreatic 

cancer and is associated with poor patient prognosis.24 
They also observed strong GPC1 immunoreactivity 
in the fibroblasts surrounding the cancer cells. More 
recently, Lu et  al.25 systematically evaluated GPC1 
expression in large-scale clinical samples and 
detected GPC1 protein in 59.7% (111/186) of pancre-
atic tumor tissues. However, GPC1 protein was rarely 
found in normal and adjacent non-cancerous pan-
creas. They also reported that GPC1 was elevated in 
63.6% (34/55) of early-stage cases of pancreatic 
cancer.

We isolated a high-affinity monoclonal antibody 
(MAb), HM2, that recognizes the C-lobe of GPC1 by 
mouse hybridoma technology.26 The HM2 antibody 
was used to detect GPC1 protein expression in tissues 
by immunohistochemistry (IHC). As shown in Fig. 1, 
the GPC1 protein is highly expressed in pancreatic 
tumor tissue compared with normal pancreas, which is 
consistent with reports described above. Interestingly, 
we also detected GPC1 expression in surrounding 
fibroblasts, which may promote tumor metastasis and 
angiogenesis by interacting with growth factors.

Figure 1.  The protein expression of GPC1, GPC2, and GPC3 in cancers. GPC1 protein level is increased in PDAC tissue compared 
with normal pancreas as determined by IHC using the GPC1-specific mouse monoclonal antibody (MAb) HM2. GPC2 protein is pre-
sented in NB tissue but not in normal peripheral nerve tissue as determined by IHC using the anti-GPC2 mouse MAb CT3. GPC3 is 
overexpressed in HCC tissue compared with normal liver tissue using the GPC3-specific mouse MAb YP7 by IHC. Images were obtained 
under 20 × magnification. Scale bar = 200 µm. Abbreviations: HCC, hepatocellular carcinoma; IHC, immunohistochemistry; NB, neuro-
blastoma; PDAC, pancreatic ductal adenocarcinoma.
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The overexpression of GPC1 has also been 
described in other cancer types, including breast 
cancer27 and glioma,28 and is associated with a poor 
prognosis in glioblastomas.29 Suhovskih et al.30 showed 
that GPC1 localization was altered, from the epithelial 
cells in normal prostate tissues, to the stroma surround-
ing prostate tumors. A recent report demonstrated that 
the expression of GPC1 and α3(V) collagen, an impor-
tant factor for mammary tumor progression, was tightly 
associated in breast cancer.31 These findings suggest 
that the protumor roles of GPC1 may be mediated by 
interaction with tumor microenvironment in certain 
types of cancer. Moreover, 98.8% of esophageal squa-
mous cell carcinoma (ESCC) tissues demonstrated an 
elevated expression of GPC1 in the IHC assessment of 
175 ESCC patients, and the overexpression of GPC1 is 
associated with poor prognosis and chemoresistance in 
ESCC.32 In addition, Matsuzaki et  al.33 detected high 
levels of GPC1 in nearly 50% of uterine cervical cancer 
cases.

Multiple studies have been conducted to reveal the 
underlying mechanisms of upregulation of GPC1 in 
various cancers. Tanaka et  al.34 reported that KRAS 
and ecotropic viral integration site 1 (EVI1), two known 
drivers of pancreatic carcinogenesis, positively regu-
lated GPC1 expression. Another possible mechanism 
is the promoter hypomethylation in the GPC1 gene in 
pancreatic cancer, as the methylation status of GPC1 
was inversely correlated with its mRNA levels in pan-
creatic tumor tissues, which explains the reexpression 
of GPC1 in pancreatic cancer.25

In addition to its membrane-anchored form, GPC1 
also has a secreted soluble form and can be detected 
in the peripheral blood system. Several studies have 
been carried out to explore its potential as a clinical 
biomarker. In 2015, Melo et  al.35 first reported that 
GPC1 was enriched in cancer cell–derived exosomes 
and detected in the early stages of pancreatic cancer 
with 100% sensitivity and specificity. Nevertheless, 
some recent studies yielded controversial results. They 
found that high levels of serum GPC1 may be able to 
determine pancreatic tumor size and disease burden, 
but were unable to distinguish pancreatic cancer from 
benign pancreatic disease.36,37 The discrepancies 
might originate from different technical approaches to 
measure exosomal GPC1 levels. Therefore, more thor-
ough studies will be necessary to establish whether 
GPC1 in the blood can be a biomarker for pancreatic 
cancer and other cancers.

GPC1 Signaling in Cancer

One of the altered cellular activities induced by GPC1 
might be through its modulation of the FGF-2 signal-
ing pathway, which is known to regulate cell growth 

and survival.38 Qiao et al.18 showed that GPC1 expres-
sion enhanced the growth of brain endothelial cells by 
promoting FGF-2 signaling. GPC1 also modulates 
VEGF signaling, a key factor for angiogenesis.39 
Whipple et al.21 generated a GPC1 null mouse model 
of pancreatic cancer and found these mice exhibited 
suppressed angiogenesis in conjunction with the 
decreased mRNA expression of VEGF-A. In addition, 
GPC1 is reported to modulate the TGF-β signaling 
pathway. Downregulation of GPC1 attenuated TGF-
β1-induced cell growth inhibition and Smad 2 phos-
phorylation in pancreatic cancer cells.22 Kayed et al.40 
further elucidated the role of GPC1 in the TGF-β sig-
naling pathway, in which they found GPC1 downregu-
lation led to an altered response toward TGF-β1, 
activin-A, and BMP2 in terms of growth, p21 induction, 
and Smad2 phosphorylation, resulting in pancreatic 
cancer cell growth inhibition. Moreover, GPC1 was 
found to be involved in the activation of the epidermal 
growth factor receptor (EGFR) signaling pathway in 
response to EGFR ligands, including heparin-binding 
epidermal growth factor–like growth factor (HB-EGF) 
in ESCC cells.41 Finally, Li et al.42 further demonstrated 
that GPC1 promotes ESCC cell proliferation by regu-
lating the PTEN/Akt/β-catenin pathways. The involve-
ment of GPC1 in the signaling pathways described 
above is associated with the membrane-bound form 
of GPC1; whether these activities might be counter-
acted by the soluble form of GPC1 warrants further 
investigations.

GPC1 as a Target of Therapy

The anti-GPC1 antibody (clone 1–12) was isolated 
from chicken and recognized both human and mouse 
GPC1.41 It induced 70% tumor growth inhibition in 
both ESCC xenograft models and patient-derived 
tumor (PDX) xenograft models in immunodeficient 
mice. The same research group then isolated another 
anti-GPC1 mouse MAb, clone 01a033, and developed 
an antibody–drug conjugate (ADC) by conjugating the 
MAb with monomethyl auristatin F.33 The GPC1-ADC 
showed potent tumor growth inhibition in xenograft 
models of uterine cervical cancer and pancreatic 
cancer.33,43

Chimeric antigen receptor (CAR) T-cell therapy tar-
geting CD19 has shown a remarkable response rate 
exceeding 80% against B-cell malignancies.44,45 This 
success has led to many studies evaluating the effi-
cacy of CAR T-cell therapy in solid tumors. Kato et al.46 
developed GPC1-specific human and murine CAR 
T-cells generated from the anti-human/mouse GPC1 
antibody (clone 1–12) and demonstrated their antitu-
mor effects in xenogeneic and syngeneic solid tumor 
mouse models without showing any obvious adverse 
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effects. This study shows the potential of GPC1 as an 
immunotherapeutic target for solid tumors.

GPC2

The GPC2 gene is located on chromosome 7q22, 
which encodes the GPC2 protein consisting of a 
579-amino-acid core protein and five predicted HS 
chains at S55, S92, S155, S500, and S502 (UniProtKB/
Swiss-Prot Q8N158). GPC2 is exclusively expressed in 
the developing nervous system.47 GPC2 is expressed 
on neuronal growth cones, making it likely that it func-
tions in axon growth and guidance.48 After axonal 
growth has completed, GPC2 is no longer expressed in 
the nervous system.49

GPC2 Expression in Cancer

Orentas et al.50 initially reported that GPC2 is highly 
expressed at the mRNA level in at least eight different 
pediatric cancers. In particular, GPC2 has been highly 
expressed in neuroblastoma. We and the Maris group 
showed that GPC2 protein was highly expressed in 
several neuroblastoma cell lines by Western blot.12,13 
GPC2 was detected at the cell surface, shown by IHC, 
in a majority of neuroblastoma tumors, but is not 
detectable in adult tissues,12,13 making its expression 
tumor-specific. Moreover, integration of clinical and 
genomic information from neuroblastoma patients 
revealed a correlation between high GPC2 expression 
and poorer neuroblastoma prognosis, including poorer 
overall survival.12

We also generated a panel of mouse anti-human 
GPC2 MAbs.51 Among five hybridoma clones, CT3 
demonstrated the best binding affinity to cell surface 
GPC2 by flow cytometry. As shown in Fig. 1, GPC2 is 
uniformly overexpressed in neuroblastoma compared 
with normal peripheral nerve tissue as determined by 
IHC using the CT3 antibody. Moreover, the CT3 anti-
body showed the most restricted expression in human 
normal tissues by IHC among five hybridoma clones. 
These observations suggest that the CT3 antibody 
could be useful for neuroblastoma diagnosis.

In clinical settings, neuroblastoma prognosis is 
partially determined by the status of the oncogene 
MYCN, which encodes the protein N-Myc, where the 
presence of MYCN amplification stratifies neuroblas-
toma cases into a high-risk group.52 Neuroblastoma 
tumors already designated as high-risk had signifi-
cantly higher GPC2 mRNA expression.13 In addition, 
neuroblastoma cell lines that have high GPC2 protein 
expression also have high N-Myc protein expression; 
neuroblastoma cell lines that are GPC2 low-expressing 
do not express N-Myc, further supporting a possible 

biological connection between GPC2 and MYCN in 
neuroblastoma.12

Several other pediatric cancers displayed increased 
GPC2 levels similar to those of neuroblastoma, includ-
ing medulloblastoma and retinoblastoma.13 In par-
ticular, group 4 medulloblastoma had GPC2 mRNA 
expression significantly higher than the other groups.13 
This group can also have MYCN amplification, where 
MYCN-amplified cases have a significantly worse out-
come.53 In addition, MYCN amplification is also fre-
quently associated with retinoblastoma.54

GPC2 Signaling in Cancer

Glypicans are known to regulate Wnt/β-catenin signal-
ing to affect cell growth and proliferation.6–8 It has been 
shown that β-catenin can activate the N-Myc promoter 
during embryonic development.55 It is possible that 
GPC2 functions as a modulator of Wnt signaling, act-
ing to regulate MYCN in neuroblastoma pathogenesis. 
Indeed, we found that GPC2 could interact with 
Wnt3a.12 We demonstrated that genetic silencing of 
GPC2 inhibited neuroblastoma cell growth by down-
regulating Wnt/β-catenin signaling to suppress N-Myc 
expression, indicating that neuroblastoma may be 
addicted to GPC2 for viability and proliferation. Bosse 
et al.13 found that depleting GPC2 in neuroblastoma 
cell lines decreased cell proliferation, whereas overex-
pressing GPC2 increased cell proliferation. In addition, 
a pathway analysis showed that the Wnt signaling 
pathway is GPC2-associated.13

GPC2 as a Target of Therapy

The tumor-specific expression of GPC2 makes it 
attractive as a therapeutic target, as off-target effects 
can be avoided. Tumor escape through downregula-
tion of a tumor antigen is a common problem in immu-
notherapy.56 As neuroblastoma cell proliferation might 
be dependent on GPC2, a tumor would likely not be 
able to downregulate its expression. This further sup-
ports GPC2 as a promising therapeutic target.

We have developed several antibody-based thera-
peutics that target GPC2 for the treatment of neuroblas-
toma. First, anti-GPC2 human single-domain antibodies 
(e.g., LH7) were isolated via phage display technology. 
Immunotoxin constructed from LH7 and a 38-kDa frag-
ment of Pseudomonas exotoxin (PE-38) inhibited 
neuroblastoma tumor growth in mice.12 Moreover, the 
GPC2-targeted CAR T-cells we produced with LH7 
were able to eliminate tumors in a disseminated neuro-
blastoma mouse model.12

Bosse et al.13 developed an ADC that targets GPC2. 
They screened a human Fab phage display library 
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with GPC2 and found D3-GPC2-Fab binds GPC2 with 
high affinity. The ADC was constructed using D3-GPC2-
IgG1, a human IgG1 converted from D3-GPC2-Fab, 
and pyrrolobenzodiazepine, a DNA-damaging agent 
frequently used in cancer treatment. When tested in 
seven neuroblastoma cell lines, the D3-GPC2-PBD 
ADC induced cytotoxicity in an antigen-dependent 
manner. The ADC also showed antitumor efficacy in a 
neuroblastoma mouse model.

GPC3

The GPC3 gene is on chromosome Xq26 and encodes 
the GPC3 protein composed of a 580-amino-acid core 
protein and two predicted HS chains attached at S495 
and S509 (UniProtKB/Swiss-Prot P51654). Three vari-
ants have been detected that encode alternatively 
spliced forms,57 although the distribution and function 
of GPC3 isoforms remain largely unknown. GPC3 is 
expressed in various fetal tissues (liver, lung, kidney, 
placenta), but is absent or expressed at low levels 
in most adult tissues.58 GPC3 can regulate cell pro-
liferation by modulating Wnt,8,59,60 YAP,15 Hedgehog 
(Hh),61–63 hepatocyte growth factor (HGF),64 and 
other signaling pathways.

GPC3 Expression in Cancer

In 1997, Hsu et  al.65 first described the abnormal 
expression of GPC3 mRNA in 74.8% (143/191) of 
HCC tissues, compared with only 3.2% (5/154) in 
non-tumor liver tissues. At the protein level, Capurro 
et al.66 detected GPC3 expression in 72% (21/29) of 
HCC patients via IHC, whereas no GPC3 expression 
(0/38) was found in patients with a healthy liver or 
benign liver diseases. Similar results were confirmed 
by Baumhoer et al.,67 who found GPC3 expression in 
63.6% (140/220) of HCC tissues. In addition, GPC3 
was detected in HCC tissues but not in benign liver 
tumors such as dysplastic nodules.68,69 In patients 
with hepatitis C virus infection, IHC results showed a 
100% positive staining of GPC3 in HCC (n=22) com-
pared with that of dysplastic nodules (0%, n=14).70 
Many studies have also reported that GPC3 expres-
sion is correlated with a poor prognosis in patients 
with HCC.71–74 Takai et al.75 reported that the expres-
sion of GPC3 in HCC was involved in macrophage 
recruitment, indicating GPC3 may play a role in tumor 
microenvironment.

We conducted a high-throughput flow cytometry 
screening to identify a high-affinity anti-GPC3 MAb, 
YP7, from mouse hybridoma technology.76 The YP7 
antibody recognizes the C-lobe of GPC3. Our immu-
nohistochemical staining using the YP7 antibody 

confirmed that the level of GPC3 is highly upregu-
lated in HCC tumor compared with normal liver tissue 
(Fig. 1).

Furthermore, the overexpression of GPC3 was 
found in the following adult cancers: lung squamous 
cell carcinoma (LSCC),77 melanoma,78 Merkel cell car-
cinoma,79 ovarian clear cell carcinoma (OCCC),80 thy-
roid cancer,81 urothelial carcinoma,82 and salivary 
gland tumors.83 Moek et al.84 performed a functional 
genomic mRNA profiling to predict GPC3 overexpres-
sion at the protein level in 60 cancer types in 18,055 
PDX samples and validated the prediction by compar-
ing with IHC staining of a breast cancer tissue microar-
ray. The percentage of samples with predicted GPC3 
overexpression was 77% for HCCs (n=364), 45% for 
LSCCs (n=405), and 19% for head and neck squa-
mous cell carcinomas (n=344). More recently, GPC3 
was found to be expressed in glioblastoma and is a 
driver of glioma tumorigenesis, network hyperexcit-
ability, and synapse formation.85

As an oncofetal protein, GPC3 is also highly 
expressed on a variety of pediatric solid embryonal 
tumors. Multiple studies have demonstrated that 
GPC3 expression was increased on most hepato-
blastomas.86–90 GPC3 was found to be overexpressed 
in germ cell tumors, particularly yolk sac tumors and 
choriocarcinomas.90–93 In addition, elevated expres-
sion of GPC3 was observed in a significant portion of 
Wilms tumors compared with adult kidney tumors 
and normal kidney tissue.86,94,95 Somatic mutations in 
GPC3 have been identified in some cases of Wilms 
tumors.96 Moreover, 25% to 35% of rhabdomyosar-
coma (RMS) cases showed GPC3-positive staining 
from three different studies, whereas other pediatric 
sarcomas often do not express GPC3.89,90,97

Nevertheless, GPC3 was found to act as a poten-
tial tumor suppressor in some cancers. In a study 
done on the loss-of-function mutation of GPC3 in 
embryonic development, researchers observed an 
overgrowth of organs in fetal and postnatal develop-
ment, known as Simpson–Golabi–Behmel overgrowth 
syndrome (SGBS).98,99 The reduced or even silenced 
expression of GPC3 was found in other cancer types 
including renal cell carcinoma, breast cancer, ovarian 
cancer, and mesothelioma.100–103 In breast cancer, 
ovarian cancer, and mesothelioma, the loss of GPC3 
expression was partially due to hypermethylation of 
its promoter region, and its expression was restored 
by treating cells with a demethylating agent.100,102,103 
Ectopic expression of GPC3 also induced the apopto-
sis of lung cancer cells and inhibited tumor growth in 
mice.104 Overall, these findings suggest that GPC3 
plays different roles in a tissue-dependent manner in 
various cell lineages.
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As GPC3 is highly expressed in HCCs, it is impor-
tant to understand the regulatory mechanisms of 
GPC3 expression during HCC tumorigenesis. Trinh 
et al.105 showed that epigenetic alternations including 
both DNA methylation and histone modifications were 
critical for the transcriptional regulation of GPC3 in 
HCC. Li et al.106 demonstrated that GPC3 is a direct 
transcriptional target of c-Myc and that c-Myc overex-
pression increased GPC3 levels. Conversely, increased 
levels of GPC3 also elevated c-Myc expression, thus 
forming a positive feedback signaling loop. In addition, 
Maurel et  al. screened a library of 876 microRNAs 
(miRNAs) and identified five miRNAs that regulate 
GPC3 expression: miR-96 and miR-1271 showed neg-
ative regulation, whereas miR-129-1-3p, miR-1291, 
and miR-1303 played inducing roles.107,108

GPC3 Signaling in Cancer

GPC3 acts as an essential coreceptor and triggers the 
activation of signaling, including Wnt, Hh, FGF, and 
HGF pathways in cancer.

Wnt Signaling.  Activation of the Wnt signaling pathway is 
one of the most frequent molecular events associated 
with the progression of HCC. Approximately 95% of 
HCCs exhibit Wnt/β-catenin deregulation.109 Both the 
core protein and the HS chains may be involved in 
GPC3-modulated Wnt signaling. It has been shown 
that GPC3 HS chains may not be required for Wnt 
binding,59 but are essential for its interaction with friz-
zled (FZD).6 We identified a Wnt-recognizing motif on 
the HS chains of GPC3 using the HS20 antibody that 
binds the HS with high affinity and blocks GPC3 and 
Wnt3a interaction, and found that 2-O and 6-O sulfa-
tions were essential for Wnt binding while 3-O sulfation 
could enhance Wnt binding.7,110 Evidence of the Wnt 
binding domain on the GPC3 core protein has been 
indicated using the HN3 antibody.60 More recently, we 
identified F41, a key residue within GPC3’s cysteine-
rich hydrophobic groove located in the N-lobe of GPC3, 
which is critical for the GPC3/Wnt interaction.8 We 
hypothesize that GPC3 serves as a Wnt coreceptor or 
receiver to attract Wnt to the cell surface and acts as a 
transmitter through its HS chains to stabilize the Wnt/
GPC3/FZD tripartite complex once it is formed, thereby 
triggering downstream signaling (Fig. 2). Therefore, we 
believe GPC3 functions as both a receiver and a trans-
mitter on the cell surface for Wnt signals.

Cell Growth Factors.  GPC3 has been demonstrated to 
interact with growth factors through its HS chains and 
ultimately stimulate cell growth.111 In HCC cells, GPC3 

binds to FGF-2 through the HS chains.112 We demon-
strated that GPC3 functions in HCC cell migration and 
motility through HS chain–mediated cooperation with 
the HGF/c-Met pathway7; antibody targeting the GPC3 
core protein had no effect on HCC motility.64 Sun 
et  al.113 discovered that GPC3 suppression in HCC 
cells led to enhanced TGF-β2 expression and thereby 
inhibited cell proliferation, arrested cell cycle progres-
sion, and induced replicative senescence. Midori-
kawa et  al.111 showed that GPC3 overexpression 
inhibited BMP7 signaling and modulated BMP7 activ-
ity through the SMAD pathway and thus promoted 
cell proliferation.

Hh Signaling.  GPC3 is a potent inhibitor of Hh signal-
ing. Loss-of-function mutations of GPC3 cause 
SGBS, partially due to hyperactivation of the Hh 
pathway.114,115 Capurro et  al.62 showed that GPC3 
bound to sonic hedgehog (Shh) and Indian hedgehog 
(Ihh) with high affinity in an HS-independent manner, 
resulting in a strong competition with Patched (Ptc) 
for Hh binding. In a later study, they demonstrated 
that cleavage by convertases is also crucial for 
GPC3 inhibition of Hh signaling.61 The low-density 
lipoprotein receptor–related protein 1 (LRP1) was 
also shown to mediate endocytosis of the GPC3/Hh 
complex.116

YAP Signaling.  HCC tissues are reported to show higher 
YAP activation, indicating a positive correlation 
between HCC progression and YAP activity.117 We 
found that knockdown of GPC3 induced apoptosis of 
HCC cells and reintroduction of constitutively active 
mutant YAP (S127A) was able to rescue HCC cells 
from apoptosis.15 We also demonstrated that the HN3 
single-domain antibody inhibited HCC cell growth by 
inactivating YAP signaling.15,60

GPC3 displays a tissue-specific pattern of expres-
sion during tumor progression. It is overexpressed in 
some cancers (e.g., HCC) but acts as a tumor sup-
pressor in other cancers (e.g., breast cancer). It is 
speculated that the tissue-specific differences are 
related to the ability of GPC3 to regulate different 
growth factors and signaling pathways.115,118 For exam-
ple, the overexpression of GPC3 in HCC will promote 
tumor growth by stimulating the Wnt signaling path-
way, which plays a vital role in HCC progression. In 
contrast, GPC3 exhibits an opposite role acting as an 
inhibitor in Hh signaling. The loss of GPC3 may con-
tribute to cancer progression by inducing the activation 
of Hh signaling. It has been reported that the Hh sig-
naling pathway is hyperactivated in breast and ovarian 
cancers.119,120
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GPC3 as a Target of Therapy

Given the tumor specificity, GPC3 is an ideal target for 
cancer immunotherapy. Various therapeutic strategies 
have been developed to target GPC3, which are 
described in more detail below.

Vaccines.  Peptide vaccines of GPC3 have been exten-
sively investigated in preclinical and clinical studies. 

Initially, several reports showed that peptide-specific 
cytotoxic T-lymphocytes (CTLs) were induced in mice 
immunized with HLA-A24- and HLA-A2-restricited 
GPC3-derived peptides, which exerted antitumor 
effects without causing an autoimmune response.121,122 
The first-in-human study of GPC3 peptide vaccine 
was conducted in Japan, which confirmed the safety 
of vaccines and demonstrated the GPC3 peptide–
specific immune responses.123,124 In a later phase II 

Figure 2.  The model for the role of GPC3 in modulating Wnt signaling in HCC. GPC3 functions as a Wnt receiver to attract Wnt to 
the cell surface and acts as a transmitter through its HS chains to stabilize the Wnt/GPC3/FZD tripartite complex once it is formed, 
which triggers downstream β-catenin signaling. RSPO binds to the HS chains of glypican (e.g. GPC3) and the E3 ligases RNF43/ZNRF3 
to block the degradation of FZD and LRP, thereby potentiating Wnt signaling. Abbreviations: FZD, frizzled; HCC, hepatocellular carci-
noma; HS, heparan sulfate; LRP, lipoprotein receptor related protein; RSPO, R-spondin; TCF, T cell factor.
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clinical trial, Sawada et al.125 demonstrated that post-
surgical administration of GPC3 peptide vaccine 
extended the recurrence-free survival period, and 
overall survival was prolonged in cases where CTL 
induction was observed. The same group developed 
GPC3-derived long peptides (GPC3-LPs) carrying 
human leukocyte antigen class II–restricted T-helper 
cell epitopes, which induced peptide-specific CD4+ 
T-cell responses from most healthy donors.126 In addi-
tion, clinical trials with a GPC3-derived peptide vac-
cine were conducted in patients with OCCC and 
hepatoblastoma.127,128 In both cancer types, vaccines 
induced GPC3-specific CTL responses in patients and 
extended recurrence-free survival.

Monoclonal Antibodies.  Several therapeutic anti-GPC3 
antibodies have been developed in recent years. 
GC33, a mouse MAb against GPC3, has been shown 
to induce antibody-dependent cell-mediated cytotoxic-
ity against GPC3-positive HCC cell lines and inhibit 
tumor growth in HCC xenograft mouse models.129,130 
In a first-in-human phase I trial for patients with 
advanced HCC, GC33 was well tolerated and antitu-
mor effects were observed in some patients with high 
GPC3 expression.131 However, it did not show signifi-
cant clinical benefit in a randomized phase II clinical 
trial,132 suggesting that antibodies alone may have lim-
ited therapeutic effects in HCC patients.

Our laboratory has isolated several anti-GPC3 anti-
bodies for cancer therapy, including YP7, HN3 and 
HS20, which have been widely used preclinically. 
Although YP7 recognizes the C-lobe of GPC3 protein, 
it has a distinct binding epitope from GC33 based on 
our recent study.133 We also humanized the YP7 anti-
body (hYP7) using antibody engineering134 and 
showed that both YP7 and hYP7 antibodies had con-
siderable antitumor activity in HCC xenograft mouse 
models.76,134 HN3, a human single-domain antibody 
that targets the N-lobe of GPC3, induced cell cycle 
arrest in HCC cells via inhibition of Wnt and YAP sig-
naling.15,60 HS20 is a human MAb isolated by phage 
display technology, which recognizes HS but not chon-
droitin sulfate.7,110,135 The binding of the HS20 antibody 
to HS requires sulfation at both C2 position and C6 
position. HS20 could disrupt the GPC3/Wnt interac-
tion, thereby inhibiting Wnt/β-catenin signaling and 
suppressing the growth of HCC xenografts in mice.7,110

Immunotoxins.  To improve the potency of MAb, we have 
made numerous efforts to develop novel GPC3-tar-
geted immunotoxins. Our first study showed that HN3-
PE38 immunotoxin regressed HCC xenograft tumors in 
mice at 0.6 mg/kg dosage.60 To reduce the side effects 
and immunogenicity, we constructed two deimmunized 

immunotoxins, HN3-mPE24 and HN3-T20, that con-
tain only domain III of the PE38 toxin. In one approach, 
we removed B-cell epitopes on domain III and con-
structed HN3-mPE24 which was well tolerated in 
mice even at 5 mg/kg dosage and induced significant 
tumor regression in mice bearing HCC xenograft.136 
In another approach, we engineered domain III by 
removing T-cell epitopes, creating the immunotoxin 
HN3-T20, which showed a greater increase in overall 
survival than HN3-mPE24.137 To enhance serum reten-
tion, we then added a streptococcal albumin-binding 
domain (ABD) into HN3-T20 and found that HN3-ABD-
T20 had a 45-fold higher serum half-life than HN3-T20. 
Although further clinical investigation is required, the 
current data identify GPC3-targeted immunotoxins as 
promising candidates for HCC therapy.

CARs.  The GPC3-targeted CARs based on the GC33 
single-chain variable fragment (scFv) were initially 
reported by Gao et  al.138 They demonstrated that 
GPC3-targeted CAR T-cells could inhibit the growth of 
orthotopic HCC xenografts in mice. Li et  al.139 com-
pared the contribution of CD28 and 4-1BB by evaluat-
ing the antitumor activities of T-cells expressing 
GC33-based CAR targeting GPC3. T-cell signaling 
through CD28 had higher cytotoxicity than the signal-
ing through 4-1BB in vitro; however, 4-1BB induced 
the superior expansion of CAR T-cells and demon-
strated potent antitumor activity in vivo. Jiang et al.140 
found that GPC3-targeted CAR T-cells effectively elim-
inated tumors in PDX model of HCC. In addition, Wang 
et  al.141 used the PiggyBac transposon system to 
deliver the GPC3-targeted CAR into T-cells, which 
reduced tumor burden in an HCC xenograft mouse 
model. Moreover, Chen et al. found that dual-targeted 
CAR T-cells coexpressing GPC3 and asialoglycopro-
tein receptor 1, a liver tissue–specific protein, reduced 
the risk of on-target/off-tumor toxicity in vivo. Further-
more, the same research group demonstrated that dis-
ruption of PD-1 enhanced the antitumor activity of 
GPC3-targeted CAR T-cells against HCC in mice and 
improved the persistence of infiltration of CAR 
T-cells.142,143 Based on these findings, Shi et  al.144 
have begun a phase I trial of HCC patients in China 
and demonstrated that GPC3-targeted CAR T-cell 
therapy was feasible for the first time. Early signs of 
antitumor activity were also observed in patients with 
advanced HCC.

We have developed CARs based on the hYP7 and 
HN3 antibodies, which have high affinities for the 
C-lobe and N-lobe of GPC3, respectively.133 Injection 
of CAR (hYP7) T-cells eliminated tumors in mice bear-
ing orthotopic HCC xenografts, whereas CAR (HN3) 
T-cells did not reduce tumor burden. Mice injected with 
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CAR (hYP7) T-cells had persistent expansion of T-cells 
that were found in spleen for up to 7 weeks after infu-
sion and in subsets of polyfunctional CAR T-cells via 
antigen-induced selection. In the same study, we ana-
lyzed the integration sites of CAR (hYP7) in mice to 
investigate candidate factors contributing to CAR T-cell 
expansion and persistence. Many shared integrated 
genes were observed in different tissues on the same 
mouse, likely due to the expansion of selected clones. 
Interestingly, several integration events (e.g., NUPL1, 
DENND1B) became highly abundant in multiple mice 
at weeks 5 and 7 after infusion, indicating certain 
CAR-integrated sites or genes might play roles in CAR 
(hYP7) T-cell activation, survival, and expansion in 
vivo. The clinical development of CAR T-cell therapy 
against GPC3 based on our research is underway in 
China (NCT04121273) and the United States (NIH 
Clinical Center).

ADCs.  In addition to immunotoxins and CARs, we con-
structed the GPC3-specific ADCs using the hYP7 
antibody.145 HCC is known to have resistance to cancer 
chemotherapeutics.146,147 To determine the payload for 
ADCs against liver cancer, we and collaborators 
screened three large drug libraries (>9000 compounds) 
against HCC cell lines and found that the most potent 
drugs are DNA-damaging agents. We chose duo-
carmycin SA and pyrrolobenzodiazepine dimer as the 
payloads to construct two GPC3-specific ADCs: hYP7-
DC and hYP7-PC. Encouragingly, single treatment of 
hYP7-PC induced tumor regression in multiple HCC 
xenograft mouse models. Lipovsek et al.148 conjugated 
an Adnectin that binds GPC3 to a cytotoxic derivative 
of tubulysin and proved its fast clearance from normal 
tissues and efficacy against GPC3-positive xenograft 
mouse models.

Other Approaches.  MAbs can also be conjugated to the 
photosensitizing phthalocyanine dye IR700 to target 
cancer cells through exposure to near-infrared light. 
The conjugation of IR700 with our YP7 and HN3 anti-
bodies, IR700-YP7 and IR700-HN3, showed an antitu-
mor effect in GPC3-positive tumor-bearing mice.149 
Furthermore, the combination of IR700-YP7 and nab-
paclitaxel drastically increased nab-paclitaxel delivery 
and enhanced the therapeutic efficacy.150

ERY974, an anti-GPC3/CD3 bispecific T-cell-
redirecting antibody regressed GPC3-positive solid 
tumors in mice.151 Intriguingly, ERY974 was effective 
even against tumors with non-immunogenic features 
by causing inflammation in the local tumor microen-
vironment. Bi et al.152 also reported a bispecific T-cell 
engager (BiTE) targeting GPC3, and CD3 could 

efficiently mediate the T-cell killing of GPC3-positive 
HCC cells in vitro and in vivo.

A dominant T-cell receptor (TCR), P1-1, targeting an 
abundantly displayed HLA-A2-specific GPC3 peptide 
was cloned from CTLs that were induced by dendritic 
cells overexpressing HLA-A2 and GPC3.153 CTLs over-
expressing P1-1 inhibited GPC3-positive xenograft 
tumor growth at early stages, but its effect decreased in 
vivo in later phases. In addition, GPC3-specific CAR 
natural killer cells inhibited 90% of GPC3-expressing 
HCC xenograft growth.154

GPC4

GPC4 is composed of a 556-amino-acid core protein 
with the attachment of three HS chains at S494, 
S498, and S500 (UniProtKB/Swiss-Prot O75487). 
Interestingly, GPC4 is adjacent to the 3′ end of GPC3 
on chromosome Xq26.155 GPC4 shows a predominant 
expression in developing brain and kidney.156

GPC4 Expression in Cancer

The increased expression of GPC4 has been found in 
pancreatic cancer. It is also involved in 5-fluorouracil 
resistance and pancreatic cancer stemness,157 sug-
gesting that GPC4 may serve as a strategy for pancre-
atic cancer therapy. Fang et  al.158 found that GPC4 
protein level was significantly upregulated in colorectal 
tumor tissues compared with matched adjacent nor-
mal mucosa. In addition, recent studies demonstrated 
that GPC4 gene polymorphism was associated with 
susceptibilities to Epstein-Barr virus (EBV)-associated 
gastric carcinoma159 and EBV-positive nasopharyn-
geal carcinoma in Northern China.160 Moreover, Varma 
et  al.161 showed that GPC4 mRNA level was down-
regulated in oxaliplatin-resistant ovarian carcinoma 
cell line A2780/C10. Recently, Munir et al.162 demon-
strated that GPC4 expression was downregulated in 
metastatic breast tumors compared with non-meta-
static breast tumors. Their results also indicate that 
GPC4 acts as a tumor suppressor in breast cancer by 
decreasing migration and proliferation.

Although mutations in GPC3 have been causatively 
and genetically linked to the SGBS, it has been specu-
lated that GPC4, which is close to GPC3 on the X 
chromosome, might also be involved in the SGBS or 
other X-linked overgrowth or undergrowth syndromes. 
In one study, analysis of DNA samples from eight 
SGBS patients identified one individual with a deletion 
of both 3′ end of GPC3 and the entire GPC4 gene.155 
In another report, a duplication GPC4 was identified in 
SGBS patients with no mutation found in GPC3,163 
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indicating GPC4 might independently play a role in 
growth control.

GPC4 Signaling in Cancer

Like other glypicans (e.g., GPC2 and GPC3), GPC4 
could also be a regulator of Wnt signaling. Sakane 
et al.164 demonstrated that GPC4 is colocalized with 
different Wnts to lipid raft and non-lipid raft microdo-
mains and thereby regulates distinct Wnt signaling 
pathways. Recently, Fang et al.158 reported that GPC4 
interacted with CD36, a membrane glycoprotein 
involved in diverse cellular functions,165 in colorectal 
cancer. CD36–GPC4 interaction promoted the protea-
some-dependent ubiquitination of GPC4, followed by 
inhibition of Wnt/β-catenin signaling.

R-spondins (RSPOs) are secreted proteins that act 
as potent amplifiers of the Wnt/β-catenin signaling. 
Lebensohn and Rohatgi166 found that HSPGs such as 
GPC4 and GPC6 are required for RSPO-enhanced 
Wnt signaling in cells lacking leucine-rich repeat-con-
taining G-protein-coupled receptors (LGRs) (LGR4/5/6 
knockout). Knockout of exostosin-like 3 (encoded by 
the EXTL3 gene), a glycosyltransferase required for 
the biosynthesis of HS chains on HSPGs, reduced 
~80% of LGR-independent Wnt signaling. The TSP/
BR domain of RSPO3 is proposed as a binding site 
for HSPGs because the deletion of this domain sig-
nificantly reduced Wnt signaling activity. A more recent 
study showed that mutations of key residues in the 
TSP/BR domain of RSPO3 for HSPG binding also 
largely reduced Wnt signaling. Furthermore, the loss 
of Wnt activity in the presence and absence of LGRs 
by deletion or mutations of the TSP/BR domain of 
RSPO3 was rescued by replacing the entire TSP/BR 
domain with the HS20 scFv antibody64,135 that recog-
nizes HS chains of GPC3 and GPC4.167 The fact that 
HSPGs can potentiate Wnt signaling in the absence 
of LGR (LGR-independent pathway) further supports 
the important role of GPC4 and other HSPGs as 
potent Wnt modulators (Fig. 2). Further studies will be 
needed to analyze precise and potentially differential 
roles of glypicans in cells containing and lacking 
LGRs.

GPC5

The GPC5 gene is located on chromosome 13q32, 
and encodes the GPC5 protein, which consists of a 
572-amino-acid core protein and five predicted HS 
chains attached at S441, S486, S495, S507 and S509 
(UniProtKB/Swiss-Prot P78333). GPC5 is expressed 
in kidney, limb, and brain during development; its 
expression in brain persists into adulthood.168,169

GPC5 Expression in Cancer

It has been previously reported that the GPC5 gene 
was amplified and its mRNA expression was upregu-
lated in RMS.170 Nishimura et al.171 further confirmed 
that GPC5 was located in the frequently amplified 
region in RMS cases, suggesting aberrant GPC5 
activity might play a role in RMS oncogenesis.

A genome-wide association study identified a sin-
gle-nucleotide polymorphism (SNP) in the GPC5 gene 
associated with susceptibility to lung cancer in never-
smokers.172 Downregulation of GPC5 may contribute to 
the development of lung cancer in never-smokers. 
Additional report also demonstrated that GPC5 expres-
sion was decreased in non–small cell lung cancer 
(NSCLC), and overexpression of GPC5 suppressed 
the migration, invasion, and proliferation of NSCLC 
cells.173 Yuan et al.174 further confirmed the low expres-
sion of GPC5 was significantly associated with poor 
outcome in NSCLC. They also found that the GPC5 
promoter was hypermethylated in lung cancer tissues 
compared with normal lung tissues, which explains the 
loss of GPC5 expression.

However, another study found that GPC5 was 
upregulated in NSCLC and was associated with poor 
overall survival.175 Thus, the role of GPC5 in tumori-
genesis of lung cancer needs to be further 
investigated.

In addition, a growing number of studies have dem-
onstrated that GPC5 expression is downregulated in 
multiple cancers beyond lung cancer. For example, 
reduced GPC5 expression was found in breast cancer 
and was associated with poor survival.176 Zhang 
et  al.177 recently reported that the level of GPC5 in 
prostate cancer tissues was significantly lower than 
that in normal controls, especially in high-risk prostate 
cancer. The reduced expression of GPC5 has been 
observed in pancreatic cancer,178 HCC,179 and glioma,180 
indicating the tumor suppressive role of GPC5.

GPC5 Signaling in Cancer

GPC5 is reported to be involved in regulating various 
pathways, including Wnt, Hh, and FGF signaling. GPC5 
has been shown to promote RMS proliferation through 
increasing the intracellular signaling of FGF-2 and 
HGF.170 Li et al.181 showed that GPC5 stimulates RMS 
cell proliferation by promoting Hh signaling. In particu-
lar, the tumor suppressive role of GPC5 is extensively 
associated with its inhibitory effect on Wnt/β-catenin 
signaling.174,182,183 Yuan et  al.174 demonstrated that 
GPC5 could block the activation of Wnt/β-catenin sig-
naling by binding to Wnt3a at the cell surface, which 
mediates its function as a tumor suppressor. In 
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Table 1.  Expression of Glypicans in Cancers.

Glypican Cancer Type Sample Type

Aberrant Expression
Sites and 

Localization Ref.mRNA Protein

GPC1 Pancreatic cancer Cells, tissues Increase Increase Cancer cell, 
fibroblast

Kleeff et al., 199823

Tissues NA Increase
56% (35/62)

Cancer cell, 
fibroblast

Duan et al., 201324

Tissues NA Increase
60% (111/186)

Cell membrane 
and cytoplasm

Lu et al., 201725

Breast cancer Cells, tissues Increase Increase Cell membrane Matsuda et al., 200127

Glioma Cells Increase NA NA Su et al., 200628

Glioblastoma Tissue NA Increase
51% (27/53)

NA Saito et al., 201729

Prostate cancer Cells, tissues Increase Increase Tumor stroma Suhovskih et al., 201330

ESCC Cells, tissues NA Increase
99% (172/175)

Cell membrane Hara et al., 201632

Uterine cervical 
cancer

Cells,
tissues

NA Increase Cell membrane Matsuzaki et al., 201833

GPC2 Pediatric cancers Tissues Increase NA Cell membrane Orentas et al., 201250

Neuroblastoma Cells, tissues NA Increase
52% (13/25)

Cell membrane Li et al., 201712

Neuroblastoma Cells, tissues Increase Increase
93% (91/98)

Cell membrane Bosse et al., 201713

Medulloblastoma Cells, tissues Increase Increase
90% (57/63)

Cell membrane Bosse et al., 201713

GPC3 HCC Tissues Increase
75% (143/191)

NA NA Hsu et al., 199765

Tissues NA Increase
72% (21/29)

Cell membrane Capurro et al., 200366

Tissues NA Increase
64% (140/220)

NA Baumhoer et al., 200867

Tissues Increase Increase
76% (36/47)

Cell membrane 
and cytoplasm

Libbrecht et al., 200669

Tissues NA Increase
60% (24/40)

Cell membrane 
and cytoplasm

Li et al., 2020133

LSCC Tissues Increase Increase
55% (17/31)

Cell membrane 
and cytoplasm

Aviel-Ronen et al., 200877

Melanoma Cells, tissues Increase Increase Cytoplasm Nakatsura et al., 200478

Merkel cell carcinoma Tissues NA Increase
55% (17/31)

Cell membrane 
and cytoplasm

He et al., 200979

OCCC Tissues NA Increase
44% (41/94)

Cell membrane 
and cytoplasm

Maeda et al., 200980

Thyroid cancer Tissues Increase Increase Cell membrane 
and cytoplasm

Yamanaka et al., 200781

Urothelial carcinoma Tissues NA Increase
35% (38/108)

NA Aydin et al., 201582

GPC3 Salivary gland tumors Tissues NA Increase Cell membrane 
and cytoplasm

Andisheh-Tadbir et al., 201983

Glioblastoma Tissues NA Increase NA Yu et al., 202085

Hepatoblastoma Tissues NA Increase
100% (9/9)

NA Chan et al., 201389

Tissues NA Increase
60% (6/9)

NA Kinoshita et al., 201590

Tissues Increase NA NA Toretsky et al., 200186

Tissues NA Increase
100% (65/65)

Cytoplasm Zynger et al., 200888

(continued)
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Glypican Cancer Type Sample Type

Aberrant Expression
Sites and 

Localization Ref.mRNA Protein

YST Tissues NA Increase
91% (10/11)

NA Kinoshita et al., 201590

Tissues NA Increase
97% (31/32)

Cell membrane 
and cytoplasm

Esheba et al., 200891

Tissues NA Increase
100% (24/24)

Cell membrane 
and cytoplasm

Zynger et al., 200692

Tissues NA Increase
100% (33/33)

Cell membrane 
and cytoplasm

Zynger et al., 200893

choriocarcinoma Tissues NA Increase
100% (7/7)

Cell membrane 
and cytoplasm

Zynger et al., 200692

Wilms tumor Tissues Increase NA NA Toretsky et al., 200186

Tissues Increase NA NA Saikali et al., 200094

Tissues Increase Increase
77% (23/30)

Cell membrane 
and cytoplasm

Tretiakova et al., 201595

RMS Tissues NA Increase
23% (19/82)

NA Chan et al., 201389

Tissues NA Increase
25% (14/56)

NA Kinoshita et al., 201590

Tissues Increase Increase
35% (74/213)

Cell membrane 
and cytoplasm

Thway et al., 201197

Mesothelioma Cells, tissues Decrease NA NA Murthy et al., 2000100

Renal CCC Cells, tissues Decrease NA NA Valsechi et al., 2014101

GPC4 Pancreatic cancer Tissues NA Increase NA Cao et al., 2018157

Colorectal cancer Tissues NA Increase NA Fang et al., 2019158

Drug-resistant ovarian 
cancer

Cells Decrease NA NA Varma et al., 2005161

Breast cancer Cells Decrease Decrease NA Munir et al., 2020162

GPC5 RMS Tissues Increase NA NA Williamson et al., 2007170

NSCLC Cells, tissues Increase Increase
46% (58/127)

Cell membrane Li et al., 2013175

Cells, tissues Decrease Decrease NA Yang et al., 2013173

Cells, tissues Decrease Decrease NA Yuan et al., 2016174

GPC5 Breast cancer Tissues Decrease NA NA Zhang et al., 2011176

Prostate cancer Tissues NA Decrease NA Zhang et al., 2016177

Pancreatic cancer Cells NA Decrease NA Yuan et al., 2018178

Glioma Cells NA Decrease NA Hong et al., 2019180

GPC6 Gastric cancer Tissues Increase NA NA Dinccelik-Aslan et al., 2015186

Ovarian cancer Cells, tissues Increase Increase NA Karapetsas et al., 2015187

Melanoma Cells Increase NA NA Li et al., 2019189

Drug-resistant ovarian 
cancer

Cells Decrease NA NA Januchowski et al., 2014190

Retinoblastoma Tissues Decrease NA NA Lau et al., 2010191

Abbreviations: GPC, glypican; CCC, clear cell carcinoma; ESCC, esophageal squamous cell carcinoma; HCC, hepatocellular carcinoma; LSCC, lung 
squamous cell carcinoma; NA, not available; NSCLC, non-small cell lung cancer; OCCC, ovarian clear cell carcinoma; RMS, rhabdomyosarcoma;  
YST, yolk sac tumor.

Table 1.  (continued)

addition, Wang et al.182 reported that GPC5 suppressed 
lung cancer cell metastasis by competitively binding to 
Wnt3a. Moreover, GPC5 is shown to inhibit Wnt/β-
catenin signaling in glioma, prostate, and pancreatic 
cancer.178,180,184

GPC6

The GPC6 gene is colocalized with GPC5 on chromo-
some 13q32. It encodes the GPC6 protein composed 
of a 555-amino-acid core protein and an unknown 
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number of HS chains (UniProtKB/Swiss-Prot Q9Y625). 
GPC6 is most homologous to GPC4 (63%). Like other 
glypicans that are expressed during embryonic devel-
opment, GPC6 shows a high expression in human 
fetal kidney.185 It is also widely expressed in adult tis-
sues with the most abundance in ovary.185

GPC6 Expression in Cancer

The role of GPC6 has been implicated in cancer. The 
expression of GPC6 mRNA was found to be signifi-
cantly higher in gastric cancer tissues compared 
with that in normal tissues; however, there was no 
statistically significant association between GPC6 
expression and pathological parameters studied.186 
Karapetsas et al.187 reported that GPC6 mRNA was 
overexpressed in early-stage ovarian cancer and its 
expression level correlated with CD8+ T-cell infiltration. 
They also found that the mRNA level of GPC6 was 
associated with overall survival of patients with early-
stage ovarian cancer. A recent study reported that 
hypoxia-induced HIF1α in melanocytes directly regu-
lated the expression of GPC6 and that increased 
expression of GPC6 was positively associated with 
poor survival in melanoma.188 Li et al.189 further identi-
fied GPC6 as one of the top genes whose expression 
levels distinguished primary melanoma from meta-
static melanoma, indicating GPC6 could be a bio-
marker for melanoma progression. In addition, GPC6 
expression has been reported to be reduced in certain 
cancer types. Januchowski et al.190 showed that GPC6 
was strongly downregulated in chemoresistant vari-
ants of the A2780 ovarian cancer cell line. Lau et al.191 
found that a reduction of GPC6 mRNA level in retino-
blastoma was associated with the non-random allelic 
loss at chromosome 13q31, which could contribute to 
retinoblastoma development.

Alternations of GPC6 DNA in cancer have also 
been identified in recent years. Kumar et al.192 identi-
fied that GPC6 was recurrently mutated across indi-
vidual prostate tumors from different patients. In 
another large-scale genome-wide association study, 
Amankwah et al.193 identified an SNP (rs17702471) 
in GPC6/GPC5 that was associated with an increased 
risk of invasive epithelial ovarian cancer.

GPC6 Signaling in Cancer

Similar to the interaction between GPC4 and RSPO, 
GPC6 is also required for RSPO-enhanced Wnt signal-
ing at low levels of Wnt194 or in the absence of LGRs.166 
In addition, Yiu et al.195 found that nuclear factor of acti-
vated T-cells (NFAT) transcriptionally regulates GPC6 

induction in breast cancer, which leads to increased 
breast cancer cell invasion and migration by upregulat-
ing non-canonical Wnt5a signaling.

In conclusion, glypicans are very important in the 
modulation of growth factors and signaling pathways, 
such as Wnt signaling. They are expressed abnormally 
in various cancerous tissues and involved in tumori-
genesis. In this review, we summarized the abnormal 
expression of glypicans in cancers and discussed their 
potentials as diagnostic tools and therapeutic targets 
in cancers. Glypicans have also emerged as novel 
tumor antigens. The therapeutic options involving glyp-
ican-targeted therapies are promising. There are cur-
rently multiple ongoing preclinical and clinical studies 
of glypicans-targeted therapies, which will validate and 
corroborate the role of glypicans as emerging cancer 
therapeutic targets.
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