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Identification of the atypical 
cadherin FAT1 as a novel glypican‑3 
interacting protein in liver cancer 
cells
Panpan Meng1, Yi‑Fan Zhang2, Wangli Zhang1, Xin Chen1, Tong Xu1, Sheng Hu3, 
Xinjun Liang3, Mingqian Feng4*, Xiaoqing Yang5* & Mitchell Ho2*

Glypican-3 (GPC3) is a cell surface heparan sulfate proteoglycan that is being evaluated as an emerging 
therapeutic target in hepatocellular carcinoma (HCC). GPC3 has been shown to interact with several 
extracellular signaling molecules, including Wnt, HGF, and Hedgehog. Here, we reported a cell surface 
transmembrane protein (FAT1) as a new GPC3 interacting protein. The GPC3 binding region on FAT1 
was initially mapped to the C-terminal region (Q14517, residues 3662-4181), which covered a putative 
receptor tyrosine phosphatase (RTP)-like domain, a Laminin G-like domain, and five EGF-like domains. 
Fine mapping by ELISA and flow cytometry showed that the last four EGF-like domains (residues 
4013-4181) contained a specific GPC3 binding site, whereas the RTP domain (residues 3662-3788) and 
the downstream Laminin G-2nd EGF-like region (residues 3829-4050) had non-specific GPC3 binding. 
In support of their interaction, GPC3 and FAT1 behaved concomitantly or at a similar pattern, e.g. 
having elevated expression in HCC cells, being up-regulated under hypoxia conditions, and being able 
to regulate the expression of EMT-related genes Snail, Vimentin, and E-Cadherin and promoting HCC 
cell migration. Taken together, our study provides the initial evidence for the novel mechanism of 
GPC3 and FAT1 in promoting HCC cell migration.

Liver cancer is the sixth most common cancer in terms of incidence and the fourth most common cancer-related 
death1. Primary liver cancer can be divided into hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), 
and mixed hepatocellular carcinoma. HCC is the most common form of primary liver cancer, accounting for 
about 90%2. Up to now, early diagnosis is the best way to control HCC. Four HCC biomarkers, alpha-fetoprotein 
(AFP), Golgi protein P73 (GP73), abnormal prothrombin (AP), and glypican-3 (GPC3), have been studied for 
early serological screening of HCC3–6. Further analysis is required to validate whether serum GPC3 can be used 
as a serological marker in HCC patients although cell surface GPC3 has been well established as a histochemical 
maker for HCC diagnosis7,8.

GPC3 is a heparan sulfate proteoglycan (HSPG), a member of the glypican family which contains six glypicans 
(GPC1-6)7,9–11. All glypicans have 14 conserved cysteine residues, 2 to 5 HS chains, and a glycosylphosphati-
dylinositol (GPI) anchor that attaches the glypicans to the cell membrane7–9. Glypicans are highly expressed 
during embryonic development, and some are specifically expressed in certain tissues in adults11,12. GPC3 has 
minimal and restricted expression in normal adult tissues such as lung, kidney, ovary, breast, and mesothelial 
tissues, but not liver12. As an oncofetal antigen, GPC3 is expressed in human embryos, participating in cell 
growth, differentiation, and morphogenesis13–17, and in HCC tissues, promoting tumor growth and migration18–30.

The Hippo/Yap pathway was initially discovered in Drosophila. The existence of this pathway was later con-
firmed in mammals31. The Hippo/Yap pathway acts through cell–cell contact inhibition32. The loss of contact 
inhibition is often seen in cancer; therefore, the Hippo/Yap pathway plays an important role in carcinogenesis. It 
has been established that the mammalian Hippo pathway is a potent regulator of liver organ growth, and that its 
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dysregulation leads to liver tumorigenesis31. In previous studies, we found that an anti-GPC3 nanobody (HN3) 
or its fusion protein with a pseudomonas toxin could affect the Yap signaling in GPC3+ HCC tumor cells19,22. We 
found that the HN3 bound GPC3 and inhibited Yap signaling, indicating a functional association between GPC3 
and Yap signaling in mammal cells. Yap is an independent prognostic marker of HCC33 and its overexpression 
can induce HCC in mouse model31. Studies in Drosophila indicate the role of a cell surface protocadherin (FAT) 
in Yap signaling during development34. Other studies indicate that FAT1 functions as the cell surface receptor of 
Yap signaling in mammalian cells35–37. However, how GPC3 might modulate Yap signaling is not clear.

FAT1 in humans is a large 506 kD type I transmembrane protein, consisting of 4588 amino acid residues, 
containing 34 Cadherin domains, a Laminin G domain, 5 EGF-like domains, a hydrophobic transmembrane 
(TM) region, and an intracellular domain (ICD)38. The intracellular domain of FAT1 binds to different proteins 
to regulate cell proliferation, migration, and polarity39–41. The FAT1 alterations occur in 29.8% of head and neck 
squamous cell carcinoma (HNSCC), and FAT1 functional loss results in YAP1 activation36. FAT1 is involved in 
the occurrence and development of cancers, functioning either as tumor suppressor or oncogenic gene depend-
ing on the cancer types42. Clinical data and studies have shown that FAT1 is a tumor suppressor in esophageal 
squamous cell carcinoma43,44, breast cancer35, and head and neck squamous cell carcinoma36. In contrast, FAT1 
promotes tumorigenesis in acute lymphoblastic leukemia45, glioblastoma46,47, colon cancer48,49, gastric cancer50, 
oral squamous cell carcinomas51,52, and liver cancer53.

In the present study, we provided initial evidence showing that GPC3 interacts with FAT1. We also found that 
GPC3 and FAT1 express and function in similar patterns, including elevated expression induced by hypoxia and 
their role in promoting HCC cell migration.

Materials and methods
Cell lines and cell culture.  The HCC cell lines HepG2, Hep3B, and Huh7 were cultured in DMEM 
medium (Gibco) supplemented with 1% (vol/vol) Ala-glutamine, 1% penicillin–streptomycin, and 10% FBS 
(HyClone), incubated in a 37 °C incubator with 5% CO2. Hypoxia was induced by incubation with 2,2-dipyridyl 
(DP) (100 µmol/L, A601219, Sangon Biotech) for the indicated periods of time.

Antibodies.  hYP7 is a humanized antibody that recognize a C-terminal epitope (residues 521–530) of GPC3 
as previously described30,54. Other antibodies include anti-FAT1 (HPA023882, Sigma), anti-β-actin (66009-1-
Ig, Proteintech), anti-HIF1α (20960-1-AP, Proteintech), and anti-FLAG (20543-1-AP, 66008-3-Ig, Proteintech).

Preparation of recombinant GPC3 and FAT1 fragments.  The coding sequence for GPC3 and FAT1 
was based on GenBank accession number NM_004484.3 and NM_005245.3 respectively. The full-length GPC3 
and truncated FAT1 sequences were cloned from the cDNA of Hep3B cells. According to different experimental 
conditions, a FLAG tag or hFc tag was added to the C-terminal end of FAT1 truncated fragments. The expres-
sion cassette was cloned into expression vector pFUSE and introduced into 293 T cells for expression by PEI 
transfection. FLAG-tagged FAT1 expressing 293 T lysate was used in the co-immunoprecipitation (co-IP) assay. 
Recombinant hFc-tagged protein was purified by using protein A affinity chromatography (Sangon Biotech).

Protein extraction and western blot.  Cells were cultured in flask or plate for indicated conditions, and 
lysed with RIPA buffer (P0013K, Beyotime) containing cocktail protease and phosphatase inhibitors (P1008, 
Beyotime). Protein concentration was measured by a BCA Protein Assay kit (P0011, Beyotime). Total proteins 
were separated on 10% reducing SDS PAGE gel and transferred to 0.2 μm PVDF membrane (Merck KGaA, 
Darmstadt, Germany) for Western blot analysis.

Total RNA extraction and quantitative RT‑PCR.  Cells were cultured in flask or plate at indicated con-
ditions, lysed with TRIzol (Cat.15596018, Invitrogen). Total RNA was extracted according to the manufacturer’s 
instructions. Three micrograms of total RNA were used in a reverse transcription reaction (Cat.28025021, Ther-
moFisher) according to the manufacturer’s instructions. Quantitative RT-PCR was performed using a qRT-PCR 
kit (RR820L, Takara) with specific primers as follow: FAT1-Forward, 5′-GCC​TGT​CTG.

AAG​TGC​AGTCT-3′; FAT1-Reverse, 5′-TGA​GTA​CAG​GGG​TGT​CTG​CT-3′; GPC3-Forward, 5′-GAA​AGT​
GGA​GAC​TGC​GGT​GA-3′; GPC3-Reverse, 5′-TTG​CCT​

GCT​GAC​TGT​TTC​CA-3′; HIF1α-Forward, 5′-GCC​AGA​CGA​TCA​TGC​AGC​TA-3′;
HIF1α-Reverse, 5′-ATC​CAT​TGA​TTG​CCC​CAG​CA-3′; Snail-Forward, 5′-ACC​TCC​A
GAC​CCA​CTC​AGA​T-3′; Snail-Reverse, 5′-CCG​GAC​TCT​TGG​TGC​TTG​T-3′; Vimentin-Forward, 5′-CAC​

CTA​CAG​GAA​GCT​GCT​GG-3′; Vimentin-Reverse, 5′-AC
CAG​AGG​GAG​TGA​ATC​CAG​A-3′; E-Cadherin-Forward, 5′-TCA​TGA​GTG​TCC​CCC​
GGTAT-3′; E-Cadherin-Reverse, 5′-GGG​TCA​GTA​TCA​GCC​GCT​TT-3′.

Knockdown of gene expression by shRNA.  For gene knockdown, two pairs of shRNA-coding DNA 
oligos were synthesized and subsequently cloned into the shRNA expression vector pGreenPuro (System Bio-
sciences) according to the manufacturer’s instruction. The control shRNA is a scrambled sequence that does not 
target any mammalian mRNA. The sequences of the shRNA target sites are indicated below.

GPC3sh1: 5′-GGA​GCT​CAA​GTT​CTT​AAT​TAT-3′; GPC3sh2: 5′-ACT​GCA​AGT​CAC​
TAG​GAT​CTT-3′; FAT1sh1: 5′-GGA​CCA​GTA​TCG​CAA​GAG​TCA-3′; FAT1sh2: 5′-G
AAG​ACA​AGG​AGG​TAC​ATA​GT-3′; HIF1αsh1: 5′-GAA​TGA​AGT​GTA​CCC​TAA​CT
A-3′; HIF1αsh2: 5′-GAC​GAT​CAT​GCA​GCT​ACT​ACA-3′; shCtrl: 5′- GCG​TAA​TAAC​
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GAT​GTC​TCTAC-3′
For lentivirus packaging, the packing plasmids p-Mission-Gag/Pol and p-Mission-VSV-G were mixed with 

expression plasmid pGreenPuro in 1 ml of Opti-Mem medium at a ratio of 3:1:1, then threefold excess of PEI 
solution was mixed with the plasmid solution. After the plasmids and PEI formed complex at room temperature 
for 20 min, the plasmid-PEI mixture were transferred to a T-75 flask of 293 T cells, gently mixed and placed in 
the CO2 incubator for 3 days. The lentivirus-containing cell culture medium was collected and used to transduce 
target cells. Transduced cells were selected with 2 μg/ml of puromycin for 7 days to get stable knockdown cells.

Cell migration assay.  Cell migration was assessed by using Transwell plate inserts with 8  µm pores 
(Cat.3422, Costar) following the manufacturer’s instruction. Cells were harvested, counted, and added to the 
upper insert (2 × 104/well). Fresh cell culture medium containing 20% FBS was added to the lower chamber. 
After 48 h, the upper chamber was washed and the un-migrated cells were removed. Cells were fixed with for-
maldehyde and stained with crystal violet. The staining was recorded by taking photographs and cell migration 
was calculated by comparison of the migrated cells between the control and treatment group.

Co‑IP.  For the determination of the interaction between the endogenous GPC3 and FAT1, GPC3 from HepG2 
cell lysate was pooled down with hYP7, and detection of endogenous FAT1 was visualized by HRP-conjugated 
anti-FAT1 antibody. Pooled human IgG (hIgG) was used as isotype control of hYP7.

To map the GPC3-binding region on FAT1, full-length GPC3 and FLAG-tagged FAT1 truncation fragments 
were co-expressed in 293 T cells. Cell lysate was immunoprecipitated by incubating 0.8 mg of total protein in 
RIPA buffer with 5 µg of the anti-FLAG antibody at 4 °C overnight. The mixture of the cell lysate and antibody 
was incubated with protein A/G Agarose (36403ES03, Yeasen) at room temperature for 1 h with gentle rotation. 
After 5 times of washing, the immune complex was recovered by boiling in SDS-PAGE loading buffer. FAT1 
fragment-associated GPC3 was probed and visualized by western blot.

ELISA.  To measure the binding of GPC3 and various FAT1 fragments, recombinant His-tagged GPC3 was 
immobilized on a 96-well plate in PBS buffer at a final concentration of 5 μg/mL, and then blocked with 5% 
(w/v) BSA in PBS buffer. Various amounts of recombinant hFc-tagged FAT1 fragments was added to the plate, 
followed by incubation at 37 °C for 1 h to allow the binding to occur. Pooled hIgG (Cat.I4506, Sigma) was used 
as isotype control. After washing the plate twice with PBS buffer containing 0.05% Tween 20, the binding was 
detected by an HRP-conjugated goat-anti-human antibody (Cat.109-036-170, Jackson ImmunoResearch). The 
A450 values were associated with the corresponding FAT1 fragment concentration, and the EC50 values were 
determined by GraphPad Prism 5.0 software.

Flow cytometry.  To determine whether FAT1 was able to bind cell surface GPC3, flow cytometry method 
was used. GPC3-negative A431 and GPC3 over-expressing A431 (GPC3+) cells were used as tested cell lines. 
Cells were harvested, washed twice with PBS buffer, and resuspended in ice-cold PBS buffer containing 5% (w/v) 
BSA. One million of cells were incubated with 50 μg of purified FAT1-hFc fragment and hIgG isotype control 
(Cat.I4506, Sigma). Cell binding of FAT1-hFc fragment was detected by goat anti-human IgG conjugated with 
Alexa Fluor488 (ab150077, Abcam).

Statistical analysis.  Data analyses were performed by using the GraphPad software and expressed as the 
mean ± SEM. Comparisons of two groups were performed using Paired Student’s t test (two-tailed). Compari-
sons among three or more groups were performed using one-way ANOVA. P value less than 0.05 was considered 
statistically significant.

Results
The interaction of GPC3 and FAT1.  Given that GPC3 could modulate the Yap signaling, and FAT1 was 
suggested as the cell surface receptor of Yap signaling in mammalian cells, we postulated that GPC3 might 
interact with FAT1.

FAT1 is an enormous protein that contains 34 cadherin domains (Fig. 1A). The region (residues 3662-3788) 
downstream of the last cadherin was not annotated, and its crystal structure has not been determined. To visual-
ize the possible structure and function of this region, we modeled its 3D structure by using the web tool SWISS-
MODEL (https​://swiss​model​.expas​y.org/), which predicted that the overall structure resembled the extracellular 
domain of human receptor tyrosine phosphatase IA-2 (insulinoma-associated protein 2) (PDB ID# 2QT7), herein 
we tentatively named this region RTP domain (Fig. 1B). However, it is unclear whether this RTP domain has 
any phosphatase activity.

To testify our prediction about the interaction of GPC3 and FAT1, we conducted co-IP to analyze the interac-
tion between the endogenous GPC3 and FAT1. As shown in Fig. 1C, endogenous FAT1 in HCC cell lysate could 
be pulled down by the hYP7 antibody specific for the C-terminal epitope of GPC3.

Mapping of GPC3 binding region on FAT1.  To map the GPC3 binding region on FAT1, we constructed 
a series of N-terminal truncated fragments fused with FLAG-tag (Fig. 2A). The FLAG-tagged FAT1 fragments 
were co-expressed with the full-length GPC3 in 293 T cells. We conducted co-IP assay to examine their interac-
tions. As shown in Fig. 2B, we found that fragments Cad2C (covering the last two cadherin domains and the 
downstream whole region) and E5C (covering 1st EGF-like domain and the downstream whole region) retained 
the ability to co-IP GPC3, while the transmembrane-intracellular region (TMICD) and the intracellular domain 

https://swissmodel.expasy.org/
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(ICD) did not pull down GPC3, indicating the extracellular region proximal to the C-terminus of FAT1 has 
GPC3 binding domain.

To further narrow down the GPC3 binding region, we expressed and purified smaller FAT1 fragments as hFc 
fusions (named FAT1A to D) such that each fragment contains the different type of FAT1 functional or structural 
domains (Fig. 2A). Fragment FAT1A covered the last four EGF-like domains, FAT1B covered the Laminin G 
and the 2nd EGF-like domain, FAT1C corresponded to the 1st EGF-like domain, and FAT1D corresponded to 
the putative RTP domain. Protein binding ELISA showed that FAT1B and FAT1D had strong GPC3 binding 
(Fig. 2C). FAT1A had relative weaker GPC3 binding. FAT1C had no GPC3 binding. The bind data indicates that 
the RTP, Laminin G, and the last four EGF-like domain may contain the GPC3 binding region.

To check the GPC3 binding specificity, flow cytometry was performed to measure the specific binding of the 
above-mentioned domains to GPC3 that was artificially expressed on the cell surface of GPC3-negative A431 
cells. The ratio of A431 (GPC3+) binding versus A431 was calculated based on the geometrical mean of fluores-
cence intensity and was used to indicate the binding specificity of each domain (Fig. 2D,E). The results showed 
that FAT1A had the highest binding specificity to GPC3, with very low levels of non-specific binding to A431 
cells. However, FAT1B and FAT1D had strong but non-specific binding to A431 cells to some degree, especially 
FAT1D. FAT1C showed neglectable binding on either A431 (GPC3+) cells or A431 cells, which is consistent 
with protein binding in Fig. 2C. Taken together, it clearly showed that FAT1A (the last four EGF-like domains) 
had the specific GPC3 binding region as summarized in Fig. 2F.

Elevated expression of GPC3 and FAT1 in HCC cell lines.  It was known both GPC3 and FAT is a 
proto-oncogene or tumorigenic gene in HCC, with low or neglectable expression in normal adult liver3,53. We 
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Figure 1.   The structure of FAT1 and its co-IP with GPC3. (A) Schematic diagram of FAT1 structure. (B) 
Structural model of FAT1 (residues 3662-3788). The model was built on the crystal structure of the human 
receptor tyrosine phosphatase IA-2 (insulinoma- associated protein 2) (PDB ID# 2QT7), and FAT1 (residues 
3662-3778) structure resembled the extracellular domain of IA-2. The 3D structural model was made by using 
the software SWISS-MODEL (https​://swiss​model​.expas​y.org/). (C) co-IP of endogenous FAT1 by GPC3 in 
HepG2 cells. GPC3 was pulled down by the hYP7 antibody. The co-IP of FAT1 was detected by anti-FAT1 
antibody. Pooled hIgG was used as isotype control of hYP7. The original blots were presented in Supplementary 
Figure S1.

https://swissmodel.expasy.org/


5

Vol.:(0123456789)

Scientific Reports |           (2021) 11:40  | https://doi.org/10.1038/s41598-020-79524-3

www.nature.com/scientificreports/

B

C

A

++ + ++
Cad2C E5C TMICDFAT1 - FLAG

GPC3
ICD Ctrl kDa

75
IP: FLAG

WB: FLAG

250

100

Input
WB: FLAG

250

75
100

Input
WB: GPC3

75

IP: FLAG
WB: GPC3

75

Input
WB: Actin

50

37

321 54

E5C

TMICD

ICD

Cad2C

-FLAG

321 54

-FLAG

-FLAG

-FLAG

321 54

FAT1A 32 54 -hFc

2 -hFc

1 -hFc

FAT1B

FAT1C

FAT1D -hFc

RTP-LikeCadherin

Laminin G EGF-like

Transmembrane Intracellular

Specific Binding
FAT1A (4013-4181)

321 542

Non-specific Binding

FAT1C
No Binding

FAT1BFAT1D

E

F

D

C
el

l C
ou

nt
s

Cell Binding((Fluorescence intensity)

FAT1D-hFcFAT1C-hFc

FAT1B-hFcFAT1A-hFc

Figure 2.   Mapping of the GPC3 binding region on FAT1. (A) Diagram of the FAT1 fragments, either with C-terminal FLAG tag for 
co-IP assays, or with C-terminal hFc tag for ELISA and FACS experiments. (B) Co-IP of GPC3 by FAT1 truncation fragments with 
C-terminal FLAG tag in 293 T cells. GPC3 and FAT1 truncation fragments were co-expressed in 293 T cells. FAT1 fragments were 
pulled down with anti-FLAG monoclonal antibody, and the co-immunoprecipitated GPC3 was probed with anti-GPC3 monoclonal 
antibody hYP7. Ctrl was an empty expression vector for FAT1 fragments. Full-length blots/gels were presented in Supplementary 
Figure S2. (C) ELISA analysis of recombinant FAT1 fragments binding to immobilized GPC3. GPC3-His was coated on the 96-well 
plate (5 μg/ml, 50 μl/well), and varied amount of FAT1 fragments was added to the wells. Pooled hIgG was used as isotype control. (D) 
Flow cytometry analysis of the binding specificity of the recombinant FAT1 fragments to cell surface GPC3. A pair of GPC3 negative 
A431 cell line and GPC3 over-expressing A431 (GPC3+) cells were tested by incubation with hFc-tagged FAT1 fragments (50 μg/ml). 
Blue solid line, FAT1 fragments staining on A431 (GPC3+) cells; Blue dashed line, FAT1 fragments staining on A431; red line, isotype 
control staining on A431 (GPC3+); Shaded area, isotype control staining on A431. (E) Binding specificity of recombinant FAT1 
fragments to cell surface GPC3 that was calculated by the ratio of A431 (GPC3+) binding (geometrical mean of fluorescence intensity) 
versus A431, based on data from (D). Data represent mean ± SEM (n = 3). (F) Schematic diagram of the GPC3 binding region on FAT1 
based on the above data.
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compared the expression pattern of GPC3 and FAT1 in normal adult liver tissues and HCC cell lines by quantita-
tive real-time PCR and Western blot (Fig. 3). The expression of GPC3 and FAT1 in two normal adult liver tissues 
could barely be detected at both mRNA (Fig. 3A,B) and protein level (Fig. 3C,D), but appeared very high on 
HCC cell lines. We tried to correlate the protein level of GPC3 and FAT1 in three HCC cell lines, and it seemed 
that GPC3 and FAT1 had a co-expression trend in HCC cells, with a R2 value of 0.32 (Fig. 3E), implying the cor-
relation of the two proteins.

Up‑regulated expression of HIF1α, GPC3, and FAT1 in hypoxia settings.  HCC development and 
progression are regulated by the tumor microenvironment. Hypoxia is one of the major features of the tumor 
microenvironment55, and HIF1α plays an important role in hypoxia and tumorigenicity56,57. To gain insight into 
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Figure 3.   Elevated expression of GPC3 and FAT1 in HCC cell lines. (A) The mRNA level of GPC3 in two 
primary liver tissues and HCC cell lines (HepG2, Hep3B and Huh7) measured by quantitative RT-PCR. (B) 
The mRNA level of FAT1 in the same samples. (C) GPC3 protein level of the corresponding tissues and cell 
lines. Full-length blots/gels were presented in Supplementary Figure S3A. (D) FAT1 protein level from the same 
samples. Full-length blots/gels were presented in Supplementary Figure S3B (E) Correlation of GPC3 and FAT1 
protein level in three HCC cell lines (HepG2, Hep3B and Huh7). Data represent mean ± SEM (n = 3).
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the expression pattern of GPC3 and FAT1 under hypoxia conditions, we treated HepG2 cells with chemical 
hypoxia inducer 2,2-dipyridyl (DP) as previously described53. As shown in Fig. 4, DP treatment significantly up-
regulated the expression of HIF1α, GPC3, and FAT1 at both mRNA (Fig. 4A–C) and protein level (Fig. 4D–G). 
HIF1α protein level responded quickly to hypoxia induction, with an abrupt rising in 2 h of treatment. The up-
regulation of GPC3 and FAT1 by DP treatment was apparently lagging behind that of HIF1α.

Involvement of GPC3 and FAT1 in HCC cell migration.  Metastasis is a major attribute of cancer 
aggressiveness. In order to clarify the roles of GPC3 and FAT1 in HCC cell migration, we knocked down GPC3 
and FAT1 expression by two shRNAs in Hep3B cells, as confirmed by Western blot (Fig. 5A,B). The effect of 
GPC3 and FAT1 knockdown on cell migration was determined by Transwell assay. Compared with shCtrl, both 
GPC3 and FAT1 knockdown significantly inhibited cell migration (Fig. 5C,D). GPC3 and FAT1 single knock 
down had no significant difference in suppressing cell migration, while double knock down had additive effect 
(Fig. 5E), indicating that the direct association of GPC3 and FAT1 might form a functional complex in suppress-
ing migration.

PC3 and FAT1 regulated the expression of EMT related genes.  To mechanistically understand the 
interaction of GPC3 and FAT1 in promoting HCC cell migration, we analyzed the regulation pattern of GPC3 
and FAT1 on the expression of tumor metastasis-related genes under hypoxic conditions. As shown in Fig. 6, 
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Figure 4.   Up-regulated expression of HIF1α, GPC3, and FAT1 under hypoxia. (A) HIF1α mRNA level in 
HepG2 cells after DP (100 µM) treatment for different lengths of time. (B) GPC3 and (C) FAT1 mRNA levels 
after same treatment as (A). (D) Western blot analysis of HIF1α, GPC3, and FAT1 protein levels in HepG2 cells 
after DP (100 µM) treatment. Full-length blots/gels were presented in Supplementary Figure S4. Quantification 
was performed based on the band intensity and presented in (E) HIF1α, (F) GPC3, and (G) FAT1. Data 
represent mean ± SEM (n = 3). **P < 0.01; ***P < 0.001. ns, not significant.
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Figure 5.   Involvement of GPC3 and FAT1 in HCC cell migration. (A) Knock-down of GPC3 in Hep3B 
cells by stably transfection with GPC3 specific shRNA (GPC3sh1 and GPC3sh2) or control shRNA (shCtrl). 
Full-length blots/gels were presented in Supplementary Figure S5A. (B) FAT1 knock-down. Full-length blots/
gels were presented in Supplementary Figure S5B. (C) Migration of Hep3B cells after GPC3 knock-down. 
Migration assays were performed by using Transwell method. The staining of migrated cells was recorded by 
taking photographs and cell migration was calculated by the difference of migrated cells between the control and 
treatment group (n = 3/group). (D) Migration of Hep3B cells after FAT1 knock-down. (E) Migration of Hep3B 
cells after GPC3 and FAT1 double knock-down. Data represent mean ± SEM (n = 3). **P < 0.01; ***P < 0.001.
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when HepG2 cells were treated with DP for 3 to 24 h, the expression of Snail and Vimentin was gradually up-
regulated, and E-Cadherin was gradually down-regulated (Fig. 6A–C). Knockdown of GPC3 and FAT1 alone 
or in combination suppressed the DP-induced up-regulation of Snail and Vimentin, and down-regulation of 
E-Cadherin (Fig. 6D–F). Double knockdown had additive effect in the suppression of Snail and E-Cadherin 
(Fig. 6D,F). In the case of Vimentin, single knockdown of either GPC3 or FAT1 reached the maximal suppres-
sion (Fig. 6E), suggesting again that GPC3 and FAT1 may function as a complex.

Discussion
Previous studies demonstrated that GPC3 promoted HCC cell migration by recruiting extracellular Wnt and 
HGF factors and transferring them to the corresponding receptors23,58. We have also demonstrated that GPC3 
is involved in Yap signaling19,22. Since GPC3 does not have intracellular signaling domain, we postulated that 
GPC3 may also directly interact with some receptor-like transmembrane protein to transmit the signal. In the 
present study, we identified the atypical cadherin FAT1 as a new GPC3-interacting protein.

To map the GPC3 binding region on FAT1, we first focused on the functional domains, the cadherin domains, 
the RTP-like domain, the first EGF-like domain, the Laminin G domain, and the last four EGF-like domains, 
all of which are located toward the C-terminus of FAT1 extracellular region. For this purpose, the N-terminal 
shortened fragments that retained all or some of the functional domains were co-expressed with GPC3 in 293 T 
cells, and the subsequent co-IP assays determined that the cadherin repeats and the RTP-like domain may not be 
involved in GPC3 binding (Fig. 2B). To further identify the GPC3 binding domain on FAT1, four recombinant 
FAT1 fragments were expressed and purified (Fig. 2A). The protein binding ELISA assay showed that FAT1D 
(the RTP domain), FAT1B (the Laminin G and the first EGF-like domain), and the FAT1A region (the last four 
EGF-like domains) were able to bind GPC3 (Fig. 2C), FAT1C (the first EGF-like domain alone) had no GPC3 
binding. To evaluate the binding specificity on cells, we over-expressed GPC3 on A431 cells. The specific binding 
of FAT1 domains on A431 (GPC3+) versus A431 was compared. It showed that FAT1A had the most specific 
binding to A431 (GPC3), while FAT1B had less specific binding to GPC3 since it also bound to A431 cells. The 
FAT1C did not bind to the cell, which is consistent with our ELISA data. The FAT1D had no specificity for GPC3 
binding because it bound to A431 (GPC3) equally strong as A431 (Fig. 2D,E). Taken together, it is clear that the 
last four EGF-like domains represented by FAT1A (residues 4013-4181) on FAT1 have the specific GPC3 binding 
domain (Fig. 2F). Laminin G and the RTP domain could bind GPC3 on cells nonspecifically. Interestingly, the 
first EGF-like domain as represented in FAT1C did not bind GPC3.

In view of previous studies, both GPC3 and FAT1 are highly expressed in HCC and correlated with poor 
prognosis, and promote HCC cell migration and proliferation24,53,59,60. Here, we found that high-level expression 

Figure 6.   Expression of EMT related genes regulated by GPC3 and FAT1. The expression of hypoxia-regulated 
genes (A) Snail, (B) Vimentin, and (C) E-Cadherin was studied by quantitative RT-PCR in HepG2 cells after DP 
(100 µM) treatment. The impact of GPC3 and FAT1 knockdown on the expression of (D) Snail, (E) Vimentin, 
and (F) E-Cadherin was investigated under DP-simulated hypoxia condition. Data represent mean ± SEM 
(n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. ns, not significant.
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of GPC3 coincided with that of FAT1 in all the tested liver cancer cell lines (HepG2, Hep3B, and Huh7), and 
undetectable in normal liver tissues (Fig. 3). Moreover, impaired GPC3 and FAT1 expression by shRNA knock-
down suppressed HCC cell migration in a comparable level (Fig. 5), although double knockdown of GPC3 and 
FAT1 had a slightly greater inhibition of HCC cell migration compared to single knockdown (Fig. 5). Taken 
these data with previous findings that both GPC3 and FAT1 were able to modulate the activity of YAP, the down-
stream effector of Hippo pathway35,61, it would be reasonable to postulate that GPC3 and FAT1 might function 
as complex in promoting HCC cell migration.

Hypoxia is a major feature of tumor microenvironment and a driving force to promote cancer metastasis, 
including HCC55,62–64. Hypoxia induces the expression of a number of genes65–67, and some of them drive tumor 
metastasis, e.g. HIF1α68. FAT1 is another important gene that regulates EMT and stemness characteristics in 
hypoxia GBM tumor43 and drives tumor metastasis53. The current study used DP treatment to simulate hypoxia 
environment as previously described53, and it was found that DP treatment significantly up-regulated the expres-
sion of HIF1α, GPC3, FAT1, and other tumor metastasis-related genes (Snail, Vimentin) (Figs. 4,6). Furthermore, 
both GPC3 and FAT1 regulated the expression of tumor metastasis-related genes, e.g., Snail, Vimentin, and 
E-Cadherin (Fig. 6D–F). As expected, single knockdown of either GPC3 or FAT1 suppressed the regulation 
of metastasis genes Snail, Vimentin, and E-Cadherin, and double knockdown of GPC3 and FAT1 had a little 
enhanced effect on the regulation of some of the EMT genes (Fig. 6), suggesting again that GPC3 and FAT1 may 
work via a shared mechanism to promote HCC cell migration.

In conclusion, the current work identified the direction interaction of transmembrane protein FAT1 and 
GPC3. In support of this observation, FAT1 and GPC3 had similar expression patterns and functional features in 
terms of promoting HCC cell migration, and both GPC3 and FAT1 could regulate the expression of metastasis-
related genes.

Data availability
Data sharing is not applicable to this article as no datasets were generated or analyzed during the current study. 
Materials from the present study are available from the corresponding author on reasonable request.

Received: 2 July 2020; Accepted: 7 December 2020

References
	 1.	 Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J. Clin. 68, 394–424. https​://doi.org/10.3322/caac.21492​ (2018).
	 2.	 Sia, D., Villanueva, A., Friedman, S. L. & Llovet, J. M. Liver cancer cell of origin, molecular class, and effects on patient prognosis. 

Gastroenterology 152, 745–761. https​://doi.org/10.1053/j.gastr​o.2016.11.048 (2017).
	 3.	 Zhou, F., Shang, W., Yu, X. & Tian, J. Glypican-3: a promising biomarker for hepatocellular carcinoma diagnosis and treatment. 

Med. Res. Rev. 38, 741–767. https​://doi.org/10.1002/med.21455​ (2018).
	 4.	 Okuda, H., Obata, H., Nakanishi, T., Furukawa, R. & Hashimoto, E. Production of abnormal prothrombin (des-γ-carboxy pro-

thrombin) by hepatocellular carcinoma. J. Hepatol. 4, 357–363. https​://doi.org/10.1016/s0168​-8278(87)80546​-9 (1987).
	 5.	 Marrero, J. A. et al. GP73, a resident Golgi glycoprotein, is a novel serum marker for hepatocellular carcinoma. J. Hepatol. 43, 

1007–1012. https​://doi.org/10.1016/j.jhep.2005.05.028 (2005).
	 6.	 Jin, J. et al. AFP mRNA level in enriched circulating tumor cells from hepatocellular carcinoma patient blood samples is a pivotal 

predictive marker for metastasis. Cancer Lett. 378, 33–37. https​://doi.org/10.1016/j.canle​t.2016.04.033 (2016).
	 7.	 Ho, M. & Kim, H. Glypican-3: a new target for cancer immunotherapy. Eur. J. Cancer 47, 333–338. https​://doi.org/10.1016/j.

ejca.2010.10.024 (2011).
	 8.	 Ho, M. Advances in liver cancer antibody therapies: a focus on glypican-3 and mesothelin. BioDrugs Clin. Immunother. Biopharm. 

Gene Therapy 25, 275–284. https​://doi.org/10.2165/11595​360-00000​0000-00000​ (2011).
	 9.	 Filmus, J. & Selleck, S. B. Glypicans: proteoglycans with a surprise. J. Clin. Invest. 108, 497–501. https​://doi.org/10.1172/JCI13​712 

(2001).
	10.	 Filmus, J., Capurro, M. & Rast, J. Glypicans. Genome Biol. 9, 224. https​://doi.org/10.1186/gb-2008-9-5-224 (2008).
	11.	 Li, N., Gao, W., Zhang, Y. F. & Ho, M. Glypicans as cancer therapeutic targets. Trends Cancer 4, 741–754. https​://doi.org/10.1016/j.

treca​n.2018.09.004 (2018).
	12.	 Filmus, J. Glypicans in growth control and cancer. Glycobiology 11, 19R-23R. https​://doi.org/10.1093/glyco​b/11.3.19r (2001).
	13.	 Song, H. H., Shi, W. & Filmus, J. OCI-5/rat glypican-3 binds to fibroblast growth factor-2 but not to insulin-like growth factor-2. 

J. Biol. Chem. 272, 7574–7577. https​://doi.org/10.1074/jbc.272.12.7574 (1997).
	14.	 Paine-Saunders, S., Viviano, B. L., Zupicich, J., Skarnes, W. C. & Saunders, S. glypican-3 controls cellular responses to Bmp4 in 

limb patterning and skeletal development. Dev. Biol. 225, 179–187. https​://doi.org/10.1006/dbio.2000.9831 (2000).
	15.	 De Cat, B. et al. Processing by proprotein convertases is required for glypican-3 modulation of cell survival, Wnt signaling, and 

gastrulation movements. J. Cell Biol. 163, 625–635. https​://doi.org/10.1083/jcb.20030​2152 (2003).
	16.	 Iglesias, B. V. et al. Expression pattern of glypican-3 (GPC3) during human embryonic and fetal development. Histol. Histopathol. 

23, 1333–1340. https​://doi.org/10.14670​/HH-23.1333 (2008).
	17.	 Dwivedi, P. P. et al. Regulation of bone morphogenetic protein signalling and cranial osteogenesis by Gpc1 and Gpc3. Bone 55, 

367–376. https​://doi.org/10.1016/j.bone.2013.04.013 (2013).
	18.	 Capurro, M. et al. Glypican-3: a novel serum and histochemical marker for hepatocellular carcinoma. Gastroenterology 125, 89–97. 

https​://doi.org/10.1016/s0016​-5085(03)00689​-9 (2003).
	19.	 Feng, M. et al. Therapeutically targeting glypican-3 via a conformation-specific single-domain antibody in hepatocellular carci-

noma. Proc. Natl. Acad. Sci. USA 110, E1083-1091. https​://doi.org/10.1073/pnas.12178​68110​ (2013).
	20.	 Gao, W. et al. Inactivation of Wnt signaling by a human antibody that recognizes the heparan sulfate chains of glypican-3 for liver 

cancer therapy. Hepatology 60, 576–587. https​://doi.org/10.1002/hep.26996​ (2014).
	21.	 Gao, H. et al. Development of T cells redirected to glypican-3 for the treatment of hepatocellular carcinoma. Clin. Cancer Res. 20, 

6418–6428. https​://doi.org/10.1158/1078-0432.CCR-14-1170 (2014).
	22.	 Gao, W. et al. Immunotoxin targeting glypican-3 regresses liver cancer via dual inhibition of Wnt signalling and protein synthesis. 

Nat. Commun. 6, 6536. https​://doi.org/10.1038/ncomm​s7536​ (2015).

https://doi.org/10.3322/caac.21492
https://doi.org/10.1053/j.gastro.2016.11.048
https://doi.org/10.1002/med.21455
https://doi.org/10.1016/s0168-8278(87)80546-9
https://doi.org/10.1016/j.jhep.2005.05.028
https://doi.org/10.1016/j.canlet.2016.04.033
https://doi.org/10.1016/j.ejca.2010.10.024
https://doi.org/10.1016/j.ejca.2010.10.024
https://doi.org/10.2165/11595360-000000000-00000
https://doi.org/10.1172/JCI13712
https://doi.org/10.1186/gb-2008-9-5-224
https://doi.org/10.1016/j.trecan.2018.09.004
https://doi.org/10.1016/j.trecan.2018.09.004
https://doi.org/10.1093/glycob/11.3.19r
https://doi.org/10.1074/jbc.272.12.7574
https://doi.org/10.1006/dbio.2000.9831
https://doi.org/10.1083/jcb.200302152
https://doi.org/10.14670/HH-23.1333
https://doi.org/10.1016/j.bone.2013.04.013
https://doi.org/10.1016/s0016-5085(03)00689-9
https://doi.org/10.1073/pnas.1217868110
https://doi.org/10.1002/hep.26996
https://doi.org/10.1158/1078-0432.CCR-14-1170
https://doi.org/10.1038/ncomms7536


11

Vol.:(0123456789)

Scientific Reports |           (2021) 11:40  | https://doi.org/10.1038/s41598-020-79524-3

www.nature.com/scientificreports/

	23.	 Gao, W., Kim, H. & Ho, M. Human monoclonal antibody targeting the heparan sulfate chains of glypican-3 inhibits HGF-mediated 
migration and motility of hepatocellular carcinoma cells. PLoS ONE 10, e0137664. https​://doi.org/10.1371/journ​al.pone.01376​64 
(2015).

	24.	 Wu, Y. et al. Glypican-3 promotes epithelial-mesenchymal transition of hepatocellular carcinoma cells through ERK signaling 
pathway. Int. J. Oncol. 46, 1275–1285. https​://doi.org/10.3892/ijo.2015.2827 (2015).

	25.	 Jiang, Z. et al. Anti-GPC3-CAR T cells suppress the growth of tumor cells in patient-derived xenografts of hepatocellular carcinoma. 
Front. Immunol. 7, 690. https​://doi.org/10.3389/fimmu​.2016.00690​ (2016).

	26.	 Gao, W., Xu, Y., Liu, J. & Ho, M. Epitope mapping by a Wnt-blocking antibody: evidence of the Wnt binding domain in heparan 
sulfate. Sci. Rep. 6, 26245. https​://doi.org/10.1038/srep2​6245 (2016).

	27.	 Wu, Q. et al. A novel vaccine targeting glypican-3 as a treatment for hepatocellular carcinoma. Mol. Ther. 25, 2299–2308. https​://
doi.org/10.1016/j.ymthe​.2017.08.005 (2017).

	28.	 Yu, M. et al. Development of GPC3-specific chimeric antigen receptor-engineered natural killer cells for the treatment of hepato-
cellular carcinoma. Mol. Ther. 26, 366–378. https​://doi.org/10.1016/j.ymthe​.2017.12.012 (2018).

	29.	 Fu, Y. et al. Glypican-3-specific antibody drug conjugates targeting hepatocellular carcinoma. Hepatology 70, 563–576. https​://doi.
org/10.1002/hep.30326​ (2019).

	30.	 Li, D. et al. Persistent polyfunctional chimeric antigen receptor T cells that target glypican 3 eliminate orthotopic hepatocellular 
carcinomas in mice. Gastroenterology https​://doi.org/10.1053/j.gastr​o.2020.02.011 (2020).

	31.	 Dong, J. et al. Elucidation of a universal size-control mechanism in drosophila and mammals. Cell 130, 1120–1133. https​://doi.
org/10.1016/j.cell.2007.07.019 (2007).

	32.	 Zhao, B., Tumaneng, K. & Guan, K. L. The Hippo pathway in organ size control, tissue regeneration and stem cell self-renewal. 
Nat. Cell Biol. 13, 877–883. https​://doi.org/10.1038/ncb23​03 (2011).

	33.	 Xu, M. Z. et al. Yes-associated protein is an independent prognostic marker in hepatocellular carcinoma. Cancer 115, 4576–4585. 
https​://doi.org/10.1002/cncr.24495​ (2009).

	34.	 Oh, H. & Irvine, K. D. In vivo regulation of Yorkie phosphorylation and localization. Development 135, 1081–1088. https​://doi.
org/10.1242/dev.01525​5 (2008).

	35.	 Li, Z. et al. Loss of the FAT1 tumor suppressor promotes resistance to CDK4/6 inhibitors via the Hippo pathway. Cancer Cell 34, 
893–905. https​://doi.org/10.1016/j.ccell​.2018.11.006 (2018).

	36.	 Martin, D. et al. Assembly and activation of the Hippo signalome by FAT1 tumor suppressor. Nat. Commun. 9, 2372. https​://doi.
org/10.1038/s4146​7-018-04590​-1 (2018).

	37.	 Ahmed, A. F. et al. FAT1 cadherin acts upstream of Hippo signalling through TAZ to regulate neuronal differentiation. Cell. Mol. 
Life Sci. 72, 4653–4669. https​://doi.org/10.1007/s0001​8-015-1955-6 (2015).

	38.	 Dunne, J. et al. Molecular cloning and tissue expression of FAT, the human homologue of the Drosophila fat gene that is located on 
chromosome 4q34-q35 and encodes a putative adhesion molecule. Genomics 30, 207–223. https​://doi.org/10.1006/geno.1995.9884 
(1995).

	39.	 Moeller, M. J. et al. Protocadherin FAT1 binds Ena/VASP proteins and is necessary for actin dynamics and cell polarization. EMBO 
J. 23, 3769–3779. https​://doi.org/10.1038/sj.emboj​.76003​80 (2004).

	40.	 Schreiner, D., Muller, K. & Hofer, H. W. The intracellular domain of the human protocadherin hFat1 interacts with Homer signal-
ling scaffolding proteins. FEBS Lett. 580, 5295–5300. https​://doi.org/10.1016/j.febsl​et.2006.08.079 (2006).

	41.	 Tanoue, T. & Takeichi, M. Mammalian Fat1 cadherin regulates actin dynamics and cell-cell contact. J. Cell Biol. 165, 517–528. 
https​://doi.org/10.1083/jcb.20040​3006 (2004).

	42.	 Katoh, M. Function and cancer genomics of FAT family genes (review). Int. J. Oncol. 41, 1913–1918. https​://doi.org/10.3892/
ijo.2012.1669 (2012).

	43.	 Hu, X. et al. FAT1 prevents epithelial mesenchymal transition (EMT) via MAPK/ERK signaling pathway in esophageal squamous 
cell cancer. Cancer Lett. 397, 83–93. https​://doi.org/10.1016/j.canle​t.2017.03.033 (2017).

	44.	 Wang, Y. et al. FAT1, a direct transcriptional target of E2F1, suppresses cell proliferation, migration and invasion in esophageal 
squamous cell carcinoma. Chin. J. Cancer Res. 31, 609–619. https​://doi.org/10.21147​/j.issn.1000-9604.2019.04.05 (2019).

	45.	 Neumann, M. et al. FAT1 expression and mutations in adult acute lymphoblastic leukemia. Blood Cancer J. 4, e224. https​://doi.
org/10.1038/bcj.2014.44 (2014).

	46.	 Dikshit, B. et al. FAT1 acts as an upstream regulator of oncogenic and inflammatory pathways, via PDCD4, in glioma cells. Onco-
gene 32, 3798–3808. https​://doi.org/10.1038/onc.2012.393 (2013).

	47.	 Srivastava, C. et al. FAT1 modulates EMT and stemness genes expression in hypoxic glioblastoma. Int. J. Cancer 142, 805–812. 
https​://doi.org/10.1002/ijc.31092​ (2018).

	48.	 Pileri, P. et al. FAT1: a potential target for monoclonal antibody therapy in colon cancer. Br. J. Cancer 115, 40–51. https​://doi.
org/10.1038/bjc.2016.145 (2016).

	49.	 Fan, L. et al. Negatively charged AuNP modified with monoclonal antibody against novel tumor antigen FAT1 for tumor targeting. 
J. Exp. Clin. Cancer Res. 34, 103. https​://doi.org/10.1186/s1304​6-015-0214-x (2015).

	50.	 Kang, M. H. et al. Verteporfin inhibits gastric cancer cell growth by suppressing adhesion molecule FAT1. Oncotarget 8, 98887–
98897. https​://doi.org/10.18632​/oncot​arget​.21946​ (2017).

	51.	 Hsu, T. N. et al. Targeting FAT1 inhibits carcinogenesis, induces oxidative stress and enhances cisplatin sensitivity through deregu-
lation of LRP5/WNT2/GSS signaling axis in oral squamous cell carcinoma. Cancers (Basel) https​://doi.org/10.3390/cance​rs111​
21883​ (2019).

	52.	 Nishikawa, Y. et al. Human FAT1 cadherin controls cell migration and invasion of oral squamous cell carcinoma through the 
localization of beta-catenin. Oncol. Rep. 26, 587–592. https​://doi.org/10.3892/or.2011.1324 (2011).

	53.	 Valletta, D. et al. Regulation and function of the atypical cadherin FAT1 in hepatocellular carcinoma. Carcinogenesis 35, 1407–1415. 
https​://doi.org/10.1093/carci​n/bgu05​4 (2014).

	54.	 Zhang, Y. F. & Ho, M. Humanization of high-affinity antibodies targeting glypican-3 in hepatocellular carcinoma. Sci. Rep. 6, 33878. 
https​://doi.org/10.1038/srep3​3878 (2016).

	55.	 Zhang, J. et al. Hypoxia-inducible factor-1alpha/interleukin-1beta signaling enhances hepatoma epithelial-mesenchymal transi-
tion through macrophages in a hypoxic-inflammatory microenvironment. Hepatology 67, 1872–1889. https​://doi.org/10.1002/
hep.29681​ (2018).

	56.	 Kim, K. R., Moon, H. E. & Kim, K. W. Hypoxia-induced angiogenesis in human hepatocellular carcinoma. J. Mol. Med. (Berl.) 80, 
703–714. https​://doi.org/10.1007/s0010​9-002-0380-0 (2002).

	57.	 Guo, X. et al. SNP rs2057482 in HIF1A gene predicts clinical outcome of aggressive hepatocellular carcinoma patients after surgery. 
Sci. Rep. 5, 11846. https​://doi.org/10.1038/srep1​1846 (2015).

	58.	 Li, N. et al. A frizzled-like cysteine-rich domain in glypican-3 mediates Wnt binding and regulates hepatocellular carcinoma tumor 
growth in mice. Hepatology 70, 1231–1245. https​://doi.org/10.1002/hep.30646​ (2019).

	59.	 Ruan, J. et al. Inhibition of glypican-3 expression via RNA interference influences the growth and invasive ability of the MHCC97-
H human hepatocellular carcinoma cell line. Int. J. Mol. Med. 28, 497–503. https​://doi.org/10.3892/ijmm.2011.704 (2011).

	60.	 Li, X. et al. In-depth analysis of secretome and N-glycosecretome of human hepatocellular carcinoma metastatic cell lines shed 
light on metastasis correlated proteins. Oncotarget 7, 22031–22049. https​://doi.org/10.18632​/oncot​arget​.8247 (2016).

https://doi.org/10.1371/journal.pone.0137664
https://doi.org/10.3892/ijo.2015.2827
https://doi.org/10.3389/fimmu.2016.00690
https://doi.org/10.1038/srep26245
https://doi.org/10.1016/j.ymthe.2017.08.005
https://doi.org/10.1016/j.ymthe.2017.08.005
https://doi.org/10.1016/j.ymthe.2017.12.012
https://doi.org/10.1002/hep.30326
https://doi.org/10.1002/hep.30326
https://doi.org/10.1053/j.gastro.2020.02.011
https://doi.org/10.1016/j.cell.2007.07.019
https://doi.org/10.1016/j.cell.2007.07.019
https://doi.org/10.1038/ncb2303
https://doi.org/10.1002/cncr.24495
https://doi.org/10.1242/dev.015255
https://doi.org/10.1242/dev.015255
https://doi.org/10.1016/j.ccell.2018.11.006
https://doi.org/10.1038/s41467-018-04590-1
https://doi.org/10.1038/s41467-018-04590-1
https://doi.org/10.1007/s00018-015-1955-6
https://doi.org/10.1006/geno.1995.9884
https://doi.org/10.1038/sj.emboj.7600380
https://doi.org/10.1016/j.febslet.2006.08.079
https://doi.org/10.1083/jcb.200403006
https://doi.org/10.3892/ijo.2012.1669
https://doi.org/10.3892/ijo.2012.1669
https://doi.org/10.1016/j.canlet.2017.03.033
https://doi.org/10.21147/j.issn.1000-9604.2019.04.05
https://doi.org/10.1038/bcj.2014.44
https://doi.org/10.1038/bcj.2014.44
https://doi.org/10.1038/onc.2012.393
https://doi.org/10.1002/ijc.31092
https://doi.org/10.1038/bjc.2016.145
https://doi.org/10.1038/bjc.2016.145
https://doi.org/10.1186/s13046-015-0214-x
https://doi.org/10.18632/oncotarget.21946
https://doi.org/10.3390/cancers11121883
https://doi.org/10.3390/cancers11121883
https://doi.org/10.3892/or.2011.1324
https://doi.org/10.1093/carcin/bgu054
https://doi.org/10.1038/srep33878
https://doi.org/10.1002/hep.29681
https://doi.org/10.1002/hep.29681
https://doi.org/10.1007/s00109-002-0380-0
https://doi.org/10.1038/srep11846
https://doi.org/10.1002/hep.30646
https://doi.org/10.3892/ijmm.2011.704
https://doi.org/10.18632/oncotarget.8247


12

Vol:.(1234567890)

Scientific Reports |           (2021) 11:40  | https://doi.org/10.1038/s41598-020-79524-3

www.nature.com/scientificreports/

	61.	 Kolluri, A. & Ho, M. The role of glypican-3 in regulating Wnt, YAP, and hedgehog in liver cancer. Front. Oncol. 9, 708. https​://doi.
org/10.3389/fonc.2019.00708​ (2019).

	62.	 Rankin, E. B. & Giaccia, A. J. Hypoxic control of metastasis. Science 352, 175–180. https​://doi.org/10.1126/scien​ce.aaf44​05 (2016).
	63.	 Liu, Z. et al. Hypoxia accelerates aggressiveness of hepatocellular carcinoma cells involving oxidative stress, epithelial-mesenchymal 

transition and non-canonical hedgehog signaling. Cell. Physiol. Biochem. 44, 1856–1868. https​://doi.org/10.1159/00048​5821 (2017).
	64.	 Liu, Z. et al. Hypoxia-induced up-regulation of VASP promotes invasiveness and metastasis of hepatocellular carcinoma. Thera-

nostics 8, 4649–4663. https​://doi.org/10.7150/thno.26789​ (2018).
	65.	 Majmundar, A. J., Wong, W. J. & Simon, M. C. Hypoxia-inducible factors and the response to hypoxic stress. Mol. Cell 40, 294–309. 

https​://doi.org/10.1016/j.molce​l.2010.09.022 (2010).
	66.	 Semenza, G. L., Nejfelt, M. K., Chi, S. M. & Antonarakis, S. E. Hypoxia-inducible nuclear factors bind to an enhancer element 

located 3’ to the human erythropoietin gene. Proc. Natl. Acad. Sci. USA 88, 5680–5684. https​://doi.org/10.1073/pnas.88.13.5680 
(1991).

	67.	 Suzuki, N., Gradin, K., Poellinger, L. & Yamamoto, M. Regulation of hypoxia-inducible gene expression after HIF activation. Exp. 
Cell Res. 356, 182–186. https​://doi.org/10.1016/j.yexcr​.2017.03.013 (2017).

	68.	 Guo, L. Y., Zhu, P. & Jin, X. P. Association between the expression of HIF-1alpha and VEGF and prognostic implications in primary 
liver cancer. Genet. Mol. Res. 1, 5. https​://doi.org/10.4238/gmr.15028​107 (2016).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (31670943), the Fundamen-
tal Research Funds for the Central Universities (2662016PY113, 2662017PY111, 2662019YJ013), the Applied 
Basic Research Program of Wuhan Science and Technology Bureau (2017060201010195) and by the Intramural 
Research Program of the National Institutes of Health, National Cancer Institute (NCI), Center for Cancer 
Research (Z01 BC010891 and ZIA BC010891 to M.H). The authors thank Jessica Hong (NCI) for proofreading 
the manuscript.

Author contributions
Y.F.Z., M.F. and M.H. designed the study. P.M., Y.F.Z., W.Z., X.C., T.X., S.H., X.L. conducted experiments and 
analyzed the data. P.M., M.F. and M.H. wrote the main manuscript. P.M., M.F., X.Y. and M.H. revised the manu-
script. All authors reviewed the manuscript.

Competing of interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-020-79524​-3.

Correspondence and requests for materials should be addressed to M.F., X.Y. or M.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

https://doi.org/10.3389/fonc.2019.00708
https://doi.org/10.3389/fonc.2019.00708
https://doi.org/10.1126/science.aaf4405
https://doi.org/10.1159/000485821
https://doi.org/10.7150/thno.26789
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1073/pnas.88.13.5680
https://doi.org/10.1016/j.yexcr.2017.03.013
https://doi.org/10.4238/gmr.15028107
https://doi.org/10.1038/s41598-020-79524-3
https://doi.org/10.1038/s41598-020-79524-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Identification of the atypical cadherin FAT1 as a novel glypican-3 interacting protein in liver cancer cells
	Materials and methods
	Cell lines and cell culture. 
	Antibodies. 
	Preparation of recombinant GPC3 and FAT1 fragments. 
	Protein extraction and western blot. 
	Total RNA extraction and quantitative RT-PCR. 
	Knockdown of gene expression by shRNA. 
	Cell migration assay. 
	Co-IP. 
	ELISA. 
	Flow cytometry. 
	Statistical analysis. 

	Results
	The interaction of GPC3 and FAT1. 
	Mapping of GPC3 binding region on FAT1. 
	Elevated expression of GPC3 and FAT1 in HCC cell lines. 
	Up-regulated expression of HIF1α, GPC3, and FAT1 in hypoxia settings. 
	Involvement of GPC3 and FAT1 in HCC cell migration. 
	PC3 and FAT1 regulated the expression of EMT related genes. 

	Discussion
	References
	Acknowledgements


