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Abstract 

Angiopoietin-like 4 (ANGPTL4) is a secretory protein that can be cleaved to form a N-

terminal and a C-terminal protein. Studies performed thus far have linked ANGPTL4 to 

several cancer-related and metabolic processes. Notably, several point mutations in the C-

terminal ANGPTL4 (cANGPTL4) have been reported, although no studies have been 

performed that ascribed these mutations to cancer-related and metabolic processes. In this 

study, we compared the characteristics of tumors with and without wild-type (wt) 

cANGPTL4 and tumors with cANGPTL4 bearing the T266M mutation (T266M 

cANGPTL4). We found that T266M cANGPTL4 bound to integrin α5β1 with a reduced 

affinity compared to wt, leading to weaker activation of downstream signaling molecules. 

The mutant tumors exhibited impaired proliferation, anoikis resistance, and migratory 

capability and had reduced adenylate energy charge. Further investigations also revealed that 

cANGPTL4 regulated the expression of Glut2. These findings may explain the differences in 

the tumor characteristics and energy metabolism observed with the cANGPTL4 T266M 

mutation compared to tumors without the mutation.  
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1. Introduction 

 
Genetic mutations or variations in cancer cells can occur either at the single nucleotide 

level, resulting in point mutations, i.e., single nucleotide polymorphisms (SNPs), or at the 

chromosomal level, resulting in translocation, deletions, amplification and whole 

chromosome aneuploidy. Such mutations may cause heterogeneity in the behavior of cancer 

cells, driving events leading to the development of tumor cell invasion and metastasis and 

thus, contributing to the prognosis of cancer patients. The course of tumor metastasis entails a 

series of stages that lead to the formation of secondary tumors in distant organs. Metastasis is 

the most challenging and fatal phase of neoplastic diseases and it accounts for 90% of cancer-

related deaths [1,2]. Therefore, genetic mutations in metastasis-associated genes will 

undoubtedly have a profound impact on disease prognosis. However, our understanding of 

mutations in metastatic genes remains incomplete.  

Numerous studies have shown that angiopoietin-like 4 (ANGPTL4) is a prominent gene 

associated with various tumor types and metastasis [3-6]. Several factors, such as epidermal 

growth factor and oleic acid, have also been shown to induce expression of ANGPTL4 in 

head and neck squamous cell carcinoma, thereby enhancing anoikis and promoting invasion 

[7,8]. Full-length ANGPTL4 protein is cleaved by pro-protein convertases, releasing the N-

terminal coiled-coil fragment (nANGPTL4) and the monomeric C-terminal fibrinogen-like 

domain (cANGPTL4) [4,9]. The nANGPTL4 fragment modulates circulating triglycerides by 

inhibiting lipoprotein lipase [10]. ANGPTL4-deficient mice have lower plasma triglyceride 

levels, whereas hepatic over-expression of ANGPTL4 causes hypertriglyceridemia, hepatic 

steatosis and reduced fat mass [11-13]. The expression of cANGPTL4 increases as the tumor 

progresses from a benign to a metastatic state. The cANGPTL4, but not full-length 

ANGPTL4, promotes the growth and invasiveness of various cancer types [5,14-16]. 

cANGPTL4 also stimulates integrin-mediated signaling and leads to the activation of 
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PI3K/PKBα and ERK signaling cascades to confer anoikis resistance [15,17,18]. Tumor-

derived cANGPTL4 also acts in a paracrine manner to disrupt endothelial continuity, 

facilitating metastasis [19-21].  

Despite its involvement in cancer progression and metastasis, SNPs in ANGPTL4 have 

only been associated with metabolic diseases [22-25]. SNPs in cANGPTL4 may significantly 

impact its pro-tumorigenic role. However, the consequences of such cANGPTL4 SNPs on the 

growth and metastatic potential of cancer cells remain unknown. In this study, we 

investigated the effects of cANGPTL4 SNP variants, specifically the T266M variant, on 

cancer cell behavior and the underlying mechanism.  
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2. Materials and Methods 

 

2.1 Cell culture. Human hepatocellular carcinoma HepG2 and gastric carcinoma MKN74 

were routinely cultured in Dulbecco's modified Eagle's medium (DMEM) and RPMI 

supplemented with 10% FBS, respectively. Cells were maintained in a humidified incubator 

with 5% CO2 at 37 °C. Liver and gastric cancers were chosen for this study because they 

represent the two most prevalent cancers in Asia. HepG2 and MKN74 are among the most 

common cell lines used for the study of liver and gastric cancers in literature, respectively. 

These cell lines can form xenograft tumors which allow in vivo examination. In addition, the 

T266M mutation was found these tumor types. 

 

2.2 Site-directed mutagenesis. Site-directed mutagenesis was performed using a QuikChange 

Site-Directed Mutagenesis Kit (Agilent Technologies) based on the manufacturer’s protocol. 

All mutations were verified by DNA sequencing. The oligonucleotides used are listed in 

Table S1. 

 

2.3 Expression and purification of cAngptl4 mutants. Recombinant protein expression and 

purification were performed as previously described [26,27]. The mutant cANGPTL4 

recombinant proteins were then concentrated using 10 kDa cut-off polyethersulfone 

membrane Vivaspin tubes (GE Healthcare). 

 

2.4 Circular dichroism. CD spectra for the proteins were collected using a Jasco J810 

spectropolarimeter at 25 °C. For each protein sample (0.1 mg/ml in 20 mM PO4 buffer, pH 

7.0), 600 μL fractions were placed in a 1 cm path length cell, and data were collected from 

250 nm to 190 nm at a scanning speed of 100 nm/min.  

 

2.5 Infrared immunoblotting. Equal amounts of protein lysates were resolved by SDS-PAGE 

and electrotransferred onto Immobilon-FL polyvinylidene fluoride membranes (Merck 
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Millipore). Infrared immunoblotting was performed as previously described [17]. Primary 

antibodies were incubated for 4 °C overnight. CF
TM

680 and CF
TM

770 Near-IR Dye-

conjugated IgG (Biotium) were used as secondary antibodies. All antibodies were diluted in 

blocking buffer (Rockland Immunichemicals). Infrared imaging was performed using an 

Odyssey CLx (Licor).  

 

2.6 Ki67 immunostaining and TUNEL assay. For Ki67 immunostaining of the wt, C10- and 

C10T266M-HepG2-derived tumors were performed as previously described [28]. Mouse anti-

human Ki67 was obtained from Novocastra (NCL-L-Ki67-MM1) and goat anti-mouse 488 

IgG was obtained from Biotium. In situ TUNEL assays were performed as per the 

manufacturer’s instructions (Roche; Cat no. 1684795). Images were acquired in one z-plane 

using a LSM710 confocal laser scanning microscope at 40x magnification and 25 °C and 

analyzed using ZEN 2008 software (Carl Zeiss). 

 

2.7 Mouse xenograft experiments. Six-week-old NSG mice (NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ; Jackson Laboratory) on normal chow diet were injected subcutaneously 

with either wild-type, C10 or C10T266M HepG2 cells resuspended in matrigel into the 2 flanks 

of each mouse. The sizes of the tumors were measured with a pair of Vernier calipers for 5-6 

weeks with tumour volume set to be (Length x Width x Width)/2. Animal experiments were 

carried out in accordance to the guidelines of the Institutional Animal Care and Use 

Committee (ARF-SBS/NIE-A0250AZ) of Nanyang Technological University, Singapore. 

 

2.8 Glucose uptake assay. Briefly, cells were incubated with 10 µM of 2-NBDG for 12 h. 

The cells were then harvested and subjected to FACS analysis using BD Accuri C6 flow 

cytometer (BD Biosciences, USA). Data was analysed using FlowJo and plotted based on 

mean intensity. 
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2.9 Glucose uptake by xenografts. 2-[N-(7-nitrobenz-2-0xa-1,3-diazol-4-yl)amino]-2-deoxy-

D-glucose (2-NBDG) uptake by grafted tumour cells was assessed as according to Viale et. 

al. and Itoh et. al. with some modifications [29,30]. Mice bearing tumors were injected via 

tail vein with 20 nmol of 2-NBDG. The mice were then starved overnight (12 h) to prevent 

the uptake of glucose from food sources. The mice were then anaesthetized and whole body 

fluorescent images of 2-NBDG uptake by the xenografts was taken with the Odyssey® CLx 

Infrared Imager with MousePOD™. Analysis was performed with the Infrared Imaging 

System evaluation software.  

 

2.10 Surface plasmon resonance (SPR). A BIAcore 3000 system (GE Healthcare) was used 

to examine the interactions among the various cANGPTL4 proteins and integrin 51, as 

previously described [27]. Human recombinant integrin α5β1 (R&D Systems) was 

immobilized onto a CM5-carboxylated dextran sensor chip (GE Healthcare) via amine 

coupling. An anti-β1 integrin antibody against immobilized integrin 5β1 was used to 

determine the Rmax value of 4039.1 resonance units (RU). A neutralizing monoclonal 

antibody against cANGPTL4 was purified as previously described [15,21]. Six 

concentrations (28.6, 14.3, 7.15, 3.58, 1.79 and 0.89 nM) of each cANGPTL4 protein variant 

were used for the kinetic analysis. The association (Kon), dissociation (Koff) and affinity (KD) 

constants were determined by globally fitting the data with Scrubber 2 software (BioLogic 

Software Pte Ltd). Each sensorgram was referenced to a blank flow cell with no immobilized 

protein.  

 

2.11 CRISPR gene deletion. CRISPR-based gene deletion was performed as previously 

described [31]. Briefly, a pair of CRISPR DNA oligonucleotides targeting the first exon of 

human ANGPTL4 (CGGAGCACCGCTCATCCTCTTAGGTAGCCT) was annealed and 

cloned into pX260-U6-DR-BB-DR-Cbh-NLS-hSpCas9-NLS-H1-shorttracr-PGK-puro, which 
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was a gift from Feng Zhang (Addgene plasmid # 42229) [31]. The plasmid was transformed 

into competent E. coli TOP10 bacteria and selected on Luria Broth agar plates containing 100 

μg/ml ampicillin. Positive clones were verified by DNA sequencing. The plasmid was then 

transfected into HepG2 cells using Fugene HD transfection reagent per the manufacturer’s 

recommendation (Promega). Three clonal ANGPTL4-deficient cell lines, herein referred to as 

C10 cells, were isolated by clonal selection. The expression level of ANGPTL4 was verified 

by qPCR and immunoblotting. Off-target sites were predicted by crispr.genome-

engineering.org [32] and analyzed with a Surveyor Nuclease Test kit as described by 

manufacturer (IDT, #706025). 

 

2.12 Overexpression of cANGPTL4. ANGPTL4-deficient HepG2 cells (C10) were 

transfected with pcDNA3.1 vectors expressing T266M cANGPTL4. Successfully transfected 

cells were selected by culture in 0.9 μg/ml puromycin and 0.45 mg/ml G418. Western blot 

analysis was then performed to confirm the expression of the T266M cANGPTL4 protein.  

 

2.13 siRNA knockdown. SMARTpool small interfering RNAs (siRNAs) targeting ANGPTL4 

were purchased from Dharmacon. MKN28 cells were transfected with the siRNA using 

DharmaFect 1 according to the manufacturer’s recommendation. 

 

2.14 Anoikis assay. Anoikis assay was performed as previously described [15,33]. Briefly, 

cells were seeded and treated with various concentrations of the recombinant cANGPTL4 

protein for 12 h in serum-free DMEM before anoikis assay. Cognate vehicle treatment was 

included as a control. During the assay, 5.0 × 10
5 

cells were detached and seeded onto serum-

free DMEM equilibrated agarose. Cells were harvested at the indicated time points and 

analyzed for apoptosis via FACS analysis following Annexin V/PI staining. 
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2.15 Transwell migration assay. The transwell migration assay was performed as previously 

described with slight modifications [28]. Briefly, 5 x 10
4
 cells were seeded into the top 

transwell culture inserts (8 µm pore size, Millipore) and loaded on a 24-well plate and 

allowed to attach overnight in cell culturing conditions. Complete medium supplemented 

with the indicated concentrations of various recombinant cANGPTL4 protein variants was 

added to each of the underlying wells. PBS vehicle served as a control. Following 48 h of 

incubation, the inserts were washed with PBS and fixed with 1% glutaraldehyde for 10 min. 

Un-migrated cells on the upper membrane of the culture inserts were removed using cotton 

buds. The inserts were rinsed with PBS and subsequently stained in 0.1% crystal violet for 25 

min. The inserts were thoroughly rinsed with PBS and then immersed in 500 µL of 0.5% 

Triton-X solution overnight in the dark. The absorbance of each of the solutions at 595 nm 

was then measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific). The 

absorbance difference between the test and control wells was used as an index for the 

comparison of cellular migration. 

 

2.16 Kinase inhibitor array. Kinase inhibitor array screen was performed as described [34]. 

Briefly, 4x10
3
 cells were seeded in each well of a 96-well plate and serum starved overnight. 

Each kinase inhibitor from the SYNlibrary 95 inhibitor array (SYN-2103, SynKinase) was 

then added to a pair of wells- one control and the other treated with 5 μg/ml cANGPTL4. 

Total RNA from each sample was extracted and reverse transcribed to cDNA using iScript™ 

cDNA Synthesis Kit (Bio-Rad). qPCR was performed to determine the expression levels of 

various Gluts with the Bio-rad thermocycler. The Glut2 primers used were: Forward primer: 

5
’
-CATGCTCTGGTCCCTGTCTGTATC-3

’
; Reverse primer: 5

’
-

AACCCCATCAAGAGAGCTCCAACT-3
’
. 
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2.17 Chromatin immunoprecipitation (ChIP) Assay. ChIP was performed as previously 

described with some modifications [35,36]. Briefly, wild-type or C10 HepG2 cells were 

treated with either recombinant wild-type or T266M cANGPTL4 proteins for 6 h. Proteins 

and chromatin were crosslinked by treating the cells with 0.5% formaldehyde for 15 min at 

37°C before sonication in lysis buffer (10 mM EDTA, 50 mM Tris–HCl, pH 8.0, 1% SDS, 

protease inhibitor cocktail (Roche Biochemicals)) to achieve crosslinked DNA of 200–600 bp 

in length. After centrifugation, the supernatant was diluted 10-fold with dilution buffer (1.1% 

Triton X-100, 1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris–HCl, pH 8.1). Nonspecific 

binding was eliminated via preincubation with preimmune serum and Sepharose–Protein A at 

4°C for 2 h. Sepharose beads were removed by centrifugation and 10% of the supernatant 

was used as input. The supernatant was incubated with antibodies against either 

phosphorylated CEBPα, cJUN or SREBF for overnight at 4 °C. Sepharose–Protein A were 

collected and sequentially washed twice with 1 ml of wash buffers (0.1% SDS, 1% Triton X-

100, 2 mM EDTA, 20 mM Tris–HCl, pH 8.1, 150 mM NaCl).  Reverse crosslink of DNA 

fragments was achieved at 65 °C for 6 h. The DNA was subsequently purified using Qiaquick 

column (Qiagen).  

 

2.18 Statistical analysis. Statistical analyses were performed using two-tailed Mann-Whitney 

tests with Prism software. P <0.05 was considered significant. 

 

3. Results 

 

3.1 The cANGPTL4 T266M variant has a reduced binding affinity for α5β1 integrin. 

The sequencing of the human ANGPTL4 gene from >1000 human cancer cell lines 

(Broad-Novartis Cancer Cell Lines Encyclopedia; www.broadinstitute.org/ccle/home) and 

~8000 unique tumor samples (Wellcome Trust Sanger Institute COSMIC database) unveiled 

13 distinct missense SNPs in the gene coding region of cANGPTL4 (Fig. 1A). Other than the 
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T266M SNP, the remaining SNPs were not observed in an earlier population-based 

sequencing of the ANGPTL4 gene. cANGPTL4 binds to the α5β1 integrin, affecting several 

downstream signaling pathways that mediate motility and survival [5,15,27]. Thus, we 

questioned whether the T266M cANGPTL4 variant has an altered affinity for integrin. We 

first expressed recombinant wild-type (wt) cANGPTL4 and its T266M variant using a 

bacterial expression system before purifying it with Ni-NTA affinity chromatography using 

FPLC. The purity and identity of the protein were assessed via SDS-PAGE and Western blot, 

respectively (Supplementary Fig. S1A). Recombinant T266M cANGPTL4 bound to the α5β1 

integrin with an affinity of 10.2 μM, approximately 20-fold weaker than wt cANGPTL4 (0.45 

μM) as shown by the surface plasmon resonance (SPR) analysis (Fig. 1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Binding affinity between wt and T266M cANGPTL4 and integrin.  

(A) Schematic illustration of the spliced exons I to VII of the human ANGPTL4 mRNA. The 

numbers above the mRNA denote the base pairs with respect to the transcriptional start site 

(+1). The nANGPTL4 and cANGPTL4 domains of ANGPTL4 are depicted below. The 

numbers represent the amino acid position. The 13 coding SNPs in cANGPTL4 are indicated.  

(B) Representative sensorgrams of three independent experiments showing the binding 

profiles between immobilized integrin α5β1 and various concentrations of wt and T266M 

cANGPTL4 proteins. The sensorgram was corrected against a reference flow cell with no 

immobilized protein. Blue lines represent the fit of the experimental results using the 

Langmuir 1:1 model.  
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This reduced binding affinity of T266M cANGPTL4 for integrin was not due to a major 

conformational distortion of the protein, as the T266M SNP did not alter the overall 

secondary structure of the protein, which comprised largely of β sheets, according to the 

circular dichroism (CD) spectra analysis (Supplementary Fig. S1B) [37]. Unlike the T266M 

variant, the SPR analysis of the remaining 12 SNPs in cANGPTL4 binding for integrin α5β1 

revealed only a modest 2- to 5-fold decrease in binding affinity when compared to wt 

cANGPTL4 (Table 1). Thus, we performed subsequent investigations using the T266M and 

wt cANGPTL4 proteins. In addition to integrin α5β1, cANGPTL4 also interacts with other 

surface proteins such as claudin-5 and VE-cadherin to activate downstream pathways 

involved in metastasis [21]. 

 

Mutation ka (M
-1

s
-1)

 kd (s
-1

) 
Binding Affinity, KD 

(μM) 

Binding affinity 

fold-change 

Wild-Type (1.4 ± 0.02) x 10
6
 0.632 ± 0.09 0.45 ± 0.08 1 

Y244H (1.2 ± 0.02) x 10
6
 0.591 ± 0.03 0.49 ± 0.06 1.1 

S264N (3.4 ± 0.06) x 10
5
 0.62 ± 0.02 1.8 ± 0.03 4 

T266M (6.2 ± 0.04) x 10
4
 0.63 ± 0.02 10.2 ± 0.04 22.7 

S290T (5.0 ± 0.01) x 10
5
 0.60 ± 0.02 1.1 ± 0.02 2.4 

E296K (9.0 ± 0.02) x 10
5
 0.59 ± 0.09 0.7 ± 0.01 1.6 

G310C (4.4 ± 0.08) x 10
5
 0.52 ± 0.02 1.2 ± 0.02 2.7 

G313S (3.1 ± 0.06) x 10
5
 0.61 ± 0.03 2.0 ± 0.03 4.4 

V324I (2.5 ± 0.05) x 10
5
 0.51 ± 0.03 2.1 ± 0.04 4.7 

R336H (6.5 ± 0.05) x 10
5
 0.26 ± 0.01 0.4 ± 0.01 0.9 

D338Y (2.5 ± 0.05) x 10
5
 0.50 ± 0.03 2.1 ± 0.04 4.7 

C341Y (8.0 ± 0.02) x 10
5
 0.56 ± 0.01 0.7 ± 0.01 1.6 

H356P (4.1 ± 0.09) x 10
5
 0.48 ± 0.08 1.2 ± 0.03 2.7 

R384W (3.8 ± 0.07) x 10
5
 0.63 ± 0.02 1.7 ± 0.03 3.8 

Table 1. Binding affinity for the various cANGPTL4 mutations against α1β5 integrin. 

Values (means ± SEM) of n=3 independent experiments. The association (ka) and 

dissociation (kd) rate constant were determined independently from the association and 

dissociation phases, respectively, with six different concentrations of analytes onto the 

integrin immobilized sensor chip. Affinity constant (KD) corresponds to the kd/ka ratio. 
 

We used a cell-based binding assay (LigandTracer
®
 Green) to investigate whether the 

T266M variant has an overall reduced affinity to its interacting proteins on the cell surface. 

Fluorescein isothiocyanate (FITC) was conjugated to T266M and wt cANGPTL4 proteins via 

primary amines. We observed an increase in the fluorescence signal retained in the cells 
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when FITC-conjugated wt cANGPTL4 was added to the culture medium (Supplementary 

Fig. 1C). The presence of a neutralizing monoclonal antibody against cANGPTL4 reduced 

the fluorescence signal back to the basal level (Supplementary Fig. 1C). The specificity and 

neutralization function of the monoclonal antibody has been previously demonstrated 

[15,17,27,38]. The antibody blocked the interaction between cANGPTL4 and its various 

interacting partners on the cell surface. An isotype-matched control IgG had no effect. We 

monitored the association and dissociation of the T266M and wt cANGPTL4 proteins to their 

cell surface receptors at various protein concentrations (0.3, 0.15, and 0.075 mg/ml) 

(Supplementary Fig. S1C). However, we were unable to obtain an acceptable fit of the 

binding response curves using a Langmuir 1:1 model and thus, we were not able to determine 

the affinities for the two interactions. Nevertheless, if the active concentrations of both wt and 

mutant proteins were similar, we observed a decrease of ~60% in the binding signal of the 

T266M variant when compared to wt cANGPTL4, suggesting a change in the affinity of the 

interaction. This difference in affinity may exert an important effect on the activation of 

various downstream signaling pathways, and consequently, the tumorigenicity of cancer cells 

with the T266M SNP.  

 

3.2 Reduced activation of downstream signaling by the cANGPTL4 T266M variant. 

cANGPTL4 activates the PI3K/PKBα and ERK signaling cascades to confer anoikis 

resistance and invasiveness [14-16]. To investigate how the T266M variant affects these 

signaling cascades, we first generated an ANGPTL4-depleted HepG2 cell line (C10) using a 

Crispr/Cas9 approach and a T266M cANGPTL4 variant expressing C10 HepG2 cell line 

(C10T266M) via the stable transfection of a mammalian expression plasmid harboring cDNA 

encoding for T266M cANGPTL4. Western blot analysis revealed an 82% reduction in 

endogenous cANGPTL4 in the C10 HepG2 cells. We have analyzed the entire genome for 

high potential off-target sites, other than ANGPTL4. Using surveyor nuclease assay, we 
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showed that there were no off-target site mutation, as evidenced by the absence of digested 

DNA fragment (Supplementary Fig. S1D). We were unable to maintain any ANGPTL4-null 

C10 HepG2 line beyond 3 passages. Two independent C10T266M HepG2 clones expressing 

similar levels of cANGPTL4 to wt HepG2 were isolated for the subsequent in vivo analysis 

study (Supplementary Fig. S1D). Due to glycosylation, endogenous cANGPTL4 had a higher 

molecular weight than the recombinant cANGPTL4, as previously observed (Supplementary 

Fig. S1A) [39]. As cANGPTL4 is a secreted protein, we also detected cANGPTL4 in the 

culture medium of HepG2 cells, C10 HepG2 cells and C10T266M HepG2 cells (Supplementary 

Fig. S1E).  

Next, we examined the levels of phosphorylated ERK (p-ERK) and AKT (p-AKT) in 

C10 and wt HepG2 cells at 0 and at 6 hours after anoikis challenge. The levels of p-ERK and 

p-AKT were lower in the C10 HepG2 cells than in the wt HepG2 cells (Fig. 2A-D). The 

addition of recombinant wt cANGPTL4 protein increased the p-ERK and p-AKT levels in a 

dose-dependent manner (Fig. 2A-D). Notably, T266M cANGPTL4 protein also increased p-

ERK and p-AKT levels, albeit to a smaller extent (Fig. 2A-D). We repeated the same 

experiments with another cancer cell type, gastric adenocarcinoma MKN74 cells, whose 

endogenous ANGPTL4 expression can be suppressed by doxycycline-induced shRNA 

(MKN74ANGPTL4), and we observed similar trends (Supplementary Fig. S2). These 

observations suggest that the T266M cANGPTL4 protein has a weaker capacity to activate 

downstream signaling pathways for survival and invasiveness.  

 

3.3 Cancer cells expressing T266M cANGPTL4 are less metastatic. 

The roles of cANGPTL4 in the multistep processes of metastasis, which include tumor 

growth, anoikis resistance and invasiveness, have been well established [4,5,40]. Based on 

transwell migration assays, we found that ANGPTL4-deficient C10 HepG2 cells have 
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impaired transwell migration compared to wt HepG2 cells, as observed from the reduced 

number of fluorescence-stained cells (Fig. 3A). A dose-dependent increase in transwell 

migration was observed when C10 cells were treated with recombinant wt cANGPTL4. 

 

Figure 2. Reduced activation of the PI3K/AKT and ERK pathways by T266M 

cANGPLT4.  
(A-C) Bar graphs show the quantification of fluorescence signals from western blots for (A) 

phosphorylated ERK (p-ERK), (B) phosphorylated AKT (p-AKT S473) and (C) p-AKT T308 

in the wt and ANGPTL4-deficient HepG2 cells (C10) in the presence or absence of 

recombinant wt or T266M cANGPTL4 proteins after 6 h of anoikis challenge. The values 

were normalized to their cognate total ERK and AKT and represent the mean ± SEM of three 
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independent experiments. Five independent experiments (n  =  5) were performed in 

triplicate.  * p<0.05, ** p<0.01, n.s. denotes no significance.  

(D) Representative western blot showing the levels of phosphorylated ERK (p-ERK) and 

AKT (p-AKT S473 and p-AKT T308). Loading controls for the immunoblot analyses were 

from the same sample. 

 

Notably, when C10 cells were treated with T266M cANGPTL4, the number of invading cells 

was lower than those treated with wt cANGPTL4 protein (Fig. 3A). The C10 cells were also 

more susceptible to anoikis after six hours in suspension than wt HepG2 cells (Fig. 3B). 

Treatment with exogenous recombinant wt cANGPTL4 protein conferred anoikis resistance 

in the C10 cells in a dose-dependent manner (Fig. 3C-D). This rescue effect was diminished 

when recombinant T266M cANGPTL4 was used (Fig. 3C-D). Similar observations were also 

obtained when transwell and anoikis assays were performed using MKN74ANGPTL4. 

Consistently, the recombinant wt cANGPTL4 was more effective in rescuing the impaired 

invasiveness (Supplementary Fig. S3A) and the increased anoikis susceptibility 

(Supplementary Fig. S3B-D) of doxycycline-induced ANGPTL4-knockdown 

MKN74ANGPTL4 compared to T266M cANGPTL4. These observations suggest that the 

reduced activations of the PI3K/PKBα and ERK pathways by T266M cANGPTL4 culminate 

in reduced invasiveness and anoikis resistance of these cancer cells 

To investigate how T266M cANGPTL4 can affect tumour cell proliferation, C10, 

C10T266M and wt HepG2 cells were subcutaneously injected into NSG mice and the growths 

of these tumor xenografts were monitored. The wt HepG2 cells produced the largest tumor 

xenografts, whereas the C10-derived tumors exhibited the smallest volume at 6-weeks post-

injection (Fig. 4A). The C10T266M-derived tumors exhibited sizes that were between the sizes 

of the C10 and wt tumors (Fig. 4A). Immunofluorescence staining of the various tumor 

xenografts for Ki67 protein, a cellular proliferation marker, showed that wt HepG2-derived 

tumors had the most Ki67-positive cancer cells, whilst the C10-derived tumors had the least 

(Fig. 4B-C). Consistently, the C10T266M-derived tumors had an intermediate number of Ki67-
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positive cancer cells (Fig. 4B-C). Apoptotic cells were assessed via in situ TUNEL staining. 

The TUNEL assays revealed an inverse profile to that of the Ki67 protein assay.  

 

Figure 3. The T266M cANGPTL4 protein affected transwell migration and resistance to 

anoikis.  
(A) Representative images of migrated fluorescence-stained wt or C10 HepG2 cells in the 

transwell migration assay (left panel). C10 HepG2 cells were treated with two concentrations 

of wt and T266M cANGPTL4 proteins. Bar graph shows the quantification of the 

fluorescence signals, i.e., migrated cells, from 5 independent experiments (right panel). The 

values are the mean ± SEM of five independent experiments. * p<0.05, ** p<0.01, *** 

p<0.001.  

(B-C) Representative Annexin V-FITC versus propidium iodide scatter dot plots of (B) wt 

and C10 HepG2 cells subjected to anoikis challenge followed by staining with Annexin V-

FITC and propidium iodide and of (C) C10 HepG2 cells treated with two concentrations of 

wt and T266M cANGPTL4 protein.  

(D) Bar graph shows the quantification of the percentage of apoptotic cells from the FACS 

analyses corresponding to (B) and (C). The percentages were corrected using values from wt 
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and C10 HepG2 cells at 0 hour and are presented as the mean ± SEM of five independent 

experiments. * p<0.05, ** p<0.01, *** p<0.001, n.s. denotes no significance. 

 

The C10-derived tumors had the highest number of apoptotic cancer cells, followed by the 

C10T266M-derived tumors and the wild-type HepG2-derived tumors (Fig. 4B-C). Consistent 

with the in vitro observations, we also observed that the wt HepG2-derived tumors had 

elevated levels of p-ERK and p-AKT, followed by the C10T266M-derived tumors, and that the 

C10-derived tumors had reduced p-ERK and p-AKT levels (Fig. 4D-G).  

These observations indicated that the weaker affinity of T266M cANGPTL4 for 

integrin reduces tumor growth, which is associated with diminished proliferation, increased 

apoptosis, and reduced activation of the PI3K/PKBα and ERK pathways compared to wt 

cANGPTL4. 

 

3.4 cANGPTL4 modulates glucose uptake. 

To proliferate and migrate, cancer cells must comply with the energy demand imposed 

by vital processes such as DNA replication and cytoskeleton remodeling. While ANGPTL4 

plays a well-established role in peripheral glucose and lipid metabolism [4,10], its role in 

cellular metabolism is unclear. Thus, we examined whether cANGPTL4 affects cellular 

glucose metabolism. Glucose uptake was monitored via FACS following the uptake of 2-(N-

(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG), a fluorescent D-

glucose analog that will not be metabolized and is an indicator of direct glucose uptake by the 

cells [41]. We observed that the cANGPTL4-deficient C10 HepG2 cells exhibited reduced 

glucose uptake, which was partially restored when treated with recombinant wt cANGPTL4 

(Fig. 5A). However, treatment with the recombinant T266M cANGPTL4 variant restored 

glucose uptake to a lesser extent. To further confirm this observation, we also examined 

whether wt and C10-derived tumors affect in vivo glucose uptake. To this end, we utilized a 

fluorescent optical imaging agent, IRDye
®
 800CW 2-deoxyglucose. Mirroring the data 
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observed for glucose uptake in vitro, wt HepG2-derived tumors showed the strongest 

fluorescent signal, followed by the C10T266M-derived tumors, whereas the C10-derived 

tumors had the weakest signal (Fig. 5B-C). These observations suggest that cANGPTl4  

modulates cellular glucose uptake. 

Figure 4. Cancer cells expressing T266M cANGPTL4 showed reduction in tumor 

growth.  
(A) Tumor volume in the NSG mice injected subcutaneously with 5 × 10

5
 of wt, C10 and 

C10T266M (clone 1 and 2) HepG2 cells. Each circle represents the mean ± SEM from 10 

tumors from 5 mice. Tumor volumes were compared to wt HepG2-derived tumors at the 

corresponding days. * p<0.05, ** p<0.01, *** p<0.001.  

(B) Immunofluorescence staining of wt-, C10- and C10T266M-derived tumor sections for 

proliferating (Ki67) and apoptotic cells (in situ TUNEL assay). Sections were counterstained 

with DAPI (blue). Scale bars represent 100 μm.  

(C) Bar graph shows the quantification of Ki67-positive and TUNEL-positive cells 

numerated from 3 tumor samples. For each tumor, 15 sections and 5 views per section were 

used. The total number of cells per section was ~450.  

(D-F) Bar graphs show the quantification of the fluorescence signals from western blots for 

(D) phosphorylated ERK (p-ERK), (E) phosphorylated AKT (p-AKT S473) and (F) p-AKT 

T308 in the various xenograft tumors harvested at 5½ weeks. The values were normalized to 

their cognate total ERK and AKT and represent the mean ± SEM of three independent 

experiments. * p<0.05, ** p<0.01, *** p<0.001, n.s. denotes no significance.  
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(G) Representative western blot showing the levels of phosphorylated ERK (p-ERK) and 

AKT (p-AKT S473 and p-AKT T308) in wt-, C10- and C10T266M-derived tumors. Loading 

controls for the immunoblot analyses were from the same sample. 

 

 

Figure 5. cANGPTL4 affected the glucose uptake in cancer cells.  

(A) Bar graphs showing the quantification of glucose uptake in the wt and C10 HepG2 cells 

in the presence or absence of recombinant wt or T266M cANGPTL4 protein. Fluorescent 2-

NBDG was used to determine glucose uptake by the cancer cells. The values are the mean ± 

SEM of five independent experiments. * p<0.05, ** p<0.01.  

(B) In vivo IRDye® 800CW 2-deoxyglucose fluorescence imaging of mice bearing either wt-

, C10-, and C10T266M-derived tumors.  

(C) Bar graphs showing the quantification of the glucose uptake of the xenografted tumours 

normalized to the weight of the tumours. * p<0.05, ** p<0.01, n.s. denotes no significance. 

 

3.5 cANGPTL4 modulates GLUT2 expression. 

Next, we first determined the expression of key glucose transporters in wt HepG2, 

whose expression was modulated by recombinant wt cANGPTL4. Except for Glut2, all other 

examined Gluts were unchanged by wt cANGPTL4 as determined by qPCR (Fig. 6A). We 

also observed that C10 HepG2 cells have lower Glut2 expression compared with wild-type 

HepG2 cells (Fig. 6A). Importantly, the treatment with recombinant T266M cANGPTL4 on 

C10 cells was less effective in increasing the expression of Glut2 than wild-type cANGPTL4 

protein (Fig. 6B). These findings were similarly observed in ANGPTL4 siRNA knockdown 

of HepG2 and MKN 74 cancer cells (Supplementary Fig. S4), suggesting that ANGPTL4-
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mediated Glut2 expression is not restricted to liver cancer. Next, we sought to elucidate the 

mechanism whereby cANGPTL4 upregulates Glut2 expression. We subjected cANGPTL4-

stimulated wt HepG2 to a kinase inhibitor array screen to identify key signaling pathways 

involved in the cANGPTL4-mediated up-regulation of Glut2. Glut2 expression was increased 

when cells were treated with cANGPTL4. Hence, we reasoned that kinase inhibitors that 

negated or inhibited the cANGPTL4-mediated up-regulation of Glut2 mRNA transcript 

indicated the involvement of those specific kinases in the selected signaling cascades. 

Conversely, kinase inhibitors that did not attenuate the cANGPTL4-mediated up-regulation 

of Glut2 would indicate that those kinases were not involved in cANGPTL4-mediated 

signaling (Supplementary Fig. S5A). Our results showed that inhibitors against SRC, 

MAP2K1, BRAF, BTK, JAK2, AKT1, MAPK1, PIM1, PRKACA/PKA, mTOR and ROCK2 

targeted key signaling mediators of cANGPTL4-mediated Glut2 transcription 

(Supplementary Fig. S5B). We then used the Ingenuity Pathway Analysis software (IPA) to 

study all kinases involved in the up-regulation of Glut2 expression by wt cANGPTL4. Our 

analysis revealed that these signaling mediators culminated in the activation of downstream 

transcription factors, such as SREBF, PDX1, JUN, CEBPα, SP1 and HNF (Fig. 6C). Previous 

studies have shown that SREBF, AP-1, CEBP and HNF transcription factors, among others, 

bind to the promoter of human Glut2 [42-44]. We performed chromatin immunoprecipitation 

(ChIP) assays using antibodies against phosphorylated SREBF, CEBP and c-JUN. We 

showed a reduced occupancy of the transcription factors to their cognate binding sites of the 

Glut2 promoter when C10 cells were treated with T266M compared with wild-type 

cANGPTL4 protein (Supplementary Fig. S6).  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

22 

 

 

Figure 6. Glut2 is the main up-regulated glucose transporter upon cANGPTL4 

activation.  
(A) Relative expression of the major glucose transporter genes between control C10 cells and 

C10 cells treated with recombinant cANGPTL4 for three hours indicate that the Glut2 

glucose transporter increased in expression by approximately 3-fold.  

(B) Relative fold change in Glut2 mRNA in wild-type and C10 HepG2, treated with 5 µg/mL 

of either recombinant wild-type (wt) or T266M cANGPTL4 protein. Ribosomal RNA L27 
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served as housekeeping gene. Five independent experiments (n  =  5) were performed in 

triplicate. * p<0.05, ** p<0.01, *** p<0.001, n.s. denotes no significance. 

(C) Analysis by the Ingenuity Pathway Analysis (IPA) software maps out the various kinases 

and transcription factors involved in the activation of the Glut2 gene.  

 

 

3.6 Increased adenylate energy charge by cANGPTL4. 

To investigate whether the increased glucose uptake results in a concomitant change in 

cellular metabolism, we measured the adenylate energy charge status of the cells, which is 

indicative of cellular metabolic activities [45,46]. We first determined the retention time of 

the individual AMP, ADP and ATP standards by high-performance liquid chromatography 

(HPLC) before analyzing the cell lysates of the C10, C10T266M and wt HepG2 cells 

(Supplementary Fig. S7A). We then calculated the energy charge (EC) ratio for each cell 

type. We found that the EC for the C10 cells was approximately 3-fold lower than that of the 

wt HepG2 (Fig. 7A). Upon treatment with recombinant wt cANGPTL4, the EC of the C10 

cells increased to a level that nearly reached that of the wt cells. However, only a partial 

rescue was achieved when the C10 cells were treated with an identical dose of T266M 

cANGPTL4 (Fig. 7A). Next, we determined the EC of the wt HepG2- and C10T266M-derived 

tumors using HPLC (Supplementary Fig. S7B-D). Similarly, we detected higher EC in wt 

HepG2-derived tumors compared with C10T266M-derived tumors (Fig. 7B).  

Using matrix assisted laser desorption/ ionization-mass spectrometry imaging 

(MALDI-MSI), we examined the EC distribution of each type of tumor. The spectrum 

profiles of the AMP, ADP and ATP standards were first determined (Supplementary Fig. 

S7E). The spatial profiles of AMP, ADP and ATP were first determined to obtain the EC 

distribution for the various tumor xenografts (Fig. 7C and Supplementary Fig. S8). More EC 

hotspots were particularly localized to the outermost periphery of the wt HepG2-derived 

tumors in two different regions. Fewer EC hotspots were observed for the C10- and 

C10T266M-derived tumors (Fig. 7C). Interestingly, these EC hotspots were largely localized at 
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the tumor peripheral. The H&E images of consecutive sections confirmed that the areas with 

low EC were not due to cell apoptosis (Fig. 7C). This observation was consistent with the 

earlier in vitro finding that the cancer cells expressing wt cANGPTL4 exhibited increased 

invasiveness compared to cancer cells deficient for T266M cANGPTL4 and ANGPTL4.  

Collectively, our observations suggest that cANGPTL4 modulates tumor growth and 

cellular metabolism and that an SNP at amino acid 266 from threonine to methionine reduces 

the metabolic properties necessary for cell growth and migration.  
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Figure 7. cANGPTL4 affected the glucose uptake and adenylate energy charge in cancer 

cells.  
(A-B) Bar graphs showing the energy charge in the (A) wt and C10 HepG2 cells in the 

presence or absence of recombinant wt or T266M cANGPTL4 protein and (B) Energy charge 

of wt HepG2- and C10T266M-derived tumors. The values were normalized to the weights of 
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the tumors and are represented as the mean ± SEM from five tumors. * p<0.05, ** p<0.01, 

n.s. denotes no significance. 

(C) Spatial distribution of adenylate energy charge in tumor xenografts derived from wt, C10 

and C10T266M HepG2 cells. MALDI-MSI images showing the EC spatial distribution in two 

different planes of wt-, C10- and C10T266M-derived tumors. Spectra images are representative 

of at least three independent runs. H&E images of consecutive sections of the tumor tissues 

reveal that the areas of low energy charge (EC) do not correspond to apoptotic cells. 

 

 

4. Discussion 

In cancer research, SNPs have proven to be an important factor in determining 

susceptibility and the prognostic information of cancer [47]. Herein, we examined SNPs in 

the metastasis-associated ANGPTL4 gene, specifically in the region coding for the C-terminal 

domain of ANGPTL4. Our study indicates that cANGPTL4 plays a role in cellular 

metabolism and that the T266M cANGPTL4 variant has an impact on several aspects of 

metastasis. 

Using clinical, functional, and molecular evidence, cANGPTL4 has been shown to 

regulate the metastatic potential of numerous cancers [15,48,49]. Human ANGPTL4 

expression is up-regulated by TGF and HIF. The induction of ANGPTL4 primes tumor cells 

for the disruption of endothelial junctions required for distant colonization [15,19,21,48,49]. 

In addition, cANGPTL4 plays a pivotal role in vascular leakiness, anoikis resistance and 

invasiveness [14-16,21,50]. The cANGPTL4 protein interacts with specific integrins to 

activate the downstream ERK and PI3K pathways for invasiveness and survival. cANGPTL4 

also instigates the disruption of endothelial continuity by directly interacting with integrin 

α5β1, VE-cadherin, and claudin-5 in a temporally sequential manner, thus facilitating 

metastasis [21]. We identified that the T266M cANGPTL4 variant protein interacted with 

integrin α5β1 with a 20-fold weaker binding affinity than wt cANGPTL4. The protein-cell 

interaction analysis also revealed a reduced occupancy of the cell surface protein. The weaker 

interaction resulted in an attenuated activation of ERK and PI3K pathways and consequently 

reduced tumor growth and invasiveness and increased tumor susceptibility to anoikis. In the 
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tumor xenograft model, cancer cells expressing T266M cANGPTL4 protein formed tumors 

with an intermediate volume compared to wt cANGPTL4 and ANGPTL4-deficient cells. 

Population-based sequencing of the ANGPTL4 gene revealed that ~3% of people of 

European ancestry are carriers of an E40K variant. The E40K mutation, which resides in 

nANGPTL4, significantly impairs the ability of ANGPTL4 to inhibit LPL by destabilizing or 

impairing the production of ANGPTL4 [51,52]. Consistent with the role of ANGPTL4 as an 

LPL inhibitor, carriers of the E40K variant are associated with lower plasma triglyceride 

levels [24] and, in some studies, higher high-density lipoprotein levels than non-carriers [46]. 

A recent study also showed that E40K carriers have a lower risk of coronary heart disease 

(CHD) [47]. The association of a more common coding variant, T266M, to plasma 

triglycerides and CHD remain unclear. Several reports have suggested an association between 

lower plasma triglycerides and CHD risk, whereas a meta-analysis of four studies suggested 

no association [23, 24, 44, 48]. Importantly, the mechanism by which T266M cANGPTL4 

affects cellular metabolism remains unclear. In addition, cANGPTL4 does not interact with 

LPL to affect lipid metabolism [49]. In this study, we showed that cANGPTL4 affects 

glucose uptake in cancer cells to meet the demand of the energy-intensive processes involved 

in tumor growth and metastasis. The increased glucose uptake was also linked to increased 

cellular metabolic activities, as indicated by the adenylate EC. The T266M cANGPTL4-

expressing cancer cells had an intermediate mean EC compared to wt and cANGPTL4-

deficient cells. Using an unbiased kinase inhibitor screen and IPA analysis, we showed that 

cANGPTL4 up-regulated the expression of Glut2 via a complex network of kinases and 

transcription factors such as AKT1 and MAPK1 kinases, SREBP and HNF transcription 

factors. For the first time, we revealed the non-homogenous distribution of EC hotspots in 

tumors as revealed by MALDI imaging. Consistent with the role of cANGPTL4 in 
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invasiveness, a large aggregation of elevated EC hotspots was localized at the periphery of wt 

HepG2-derived tumors, indicating the need for energy at these positions. 

To date, the structures of known members of the angiopoietin-like family have not been 

elucidated. Circular dichroism (CD) spectroscopy is an excellent tool for the rapid 

determination of the secondary structure and folding properties of proteins that have been 

obtained using recombinant techniques or that have been purified from tissues. The most 

widely used applications of protein CD are to determine whether an expressed, purified 

protein is folded or if a mutation affects its conformation or stability. Comparative analysis of 

the CD spectra for T266M and wt cANGPTL4 proteins revealed that the cANGPTL4 was 

comprised largely of β sheets and that T266M did not alter the overall secondary structure of 

the protein. Given the clinical importance of cANGPTL4, elucidating the protein structure of 

cANGPTL4 will provide insight into its interaction with integrin and reveal novel means to 

modulate cANGPTL4’s functions.  

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

29 

 

Acknowledgements 

All work in this manuscript was supported by the Ministry of Education, Singapore 

(MOE2014-T2-1-012) awarded to NST and (2012-T1-001-036-01) to SGS, YHY and NST.  

 

All authors reviewed the results and approved the final version of the manuscript. 

The authors declare that they have no conflicts of interest regarding the content of this article. 

 

Author contributions:  

ZWT, HZK, SGS and YHY designed, performed and analyzed the experiments shown in 

Figure 1 and Supplementary Fig. S1. ZQT and CCC designed, performed and analyzed the 

experiments shown in Figure 2 and Supplementary Fig. S2. CT and CCC designed, 

performed and analyzed the experiments shown in Figure 3 and Supplementary Fig. S3. 

CCC, YSN and PCZ designed, performed and analyzed the experiments shown in Figure 3 

and Supplementary Fig. S3. ZQT and PCZ designed, performed and analyzed the 

experiments shown in Figure 4 and Supplementary Fig. S5. ZQT, WSL and PCZ performed 

the experiments corresponding to Figure 5. ZWT performed and analyzed data from Figure 6 

and Supplementary Fig. S4-S6. NST, ZWT, YS, ZYT, SPN performed and analyzed the 

experiments shown in Figure 7 and Supplementary Fig. S8. NST, ZWT and PCZ conceived, 

coordinated the study and wrote the paper. 

 

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

30 

 

References 

[1] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell. (2011). 

[2] D. Hanahan, R.A. Weinberg, The hallmarks of cancer, Cell. (2000). 

[3] N. Kanwar, P. Hu, P. Bedard, M. Clemons, D. McCready, S.J. Done, Identification 

of genomic signatures in circulating tumor cells from breast cancer, Int. J. Cancer. 

137 (2015) 332–344. doi:10.1002/ijc.29399. 

[4] P. Zhu, Y.Y. Goh, H.F.A. Chin, S. Kersten, N.S. Tan, Angiopoietin-like 4: a decade 

of research, Biosci. Rep. 32 (2012) 211–219. doi:10.1042/BSR20110102. 

[5] M.J. Tan, Z. Teo, M.K. Sng, P. Zhu, N.S. Tan, Emerging roles of angiopoietin-like 4 

in human cancer, Mol. Cancer Res. 10 (2012) 677–688. doi:10.1158/1541-

7786.MCR-11-0519. 

[6] D. Padua, X.H.-F. Zhang, Q. Wang, C. Nadal, W.L. Gerald, R.R. Gomis, et al., 

TGFbeta primes breast tumors for lung metastasis seeding through angiopoietin-like 

4, Cell. 133 (2008) 66–77. doi:10.1016/j.cell.2008.01.046. 

[7] C.-J. Shen, S.-H. Chan, C.-T. Lee, W.-C. Huang, J.-P. Tsai, B.-K. Chen, Oleic acid-

induced ANGPTL4 enhances head and neck squamous cell carcinoma anoikis 

resistance and metastasis via up-regulation of fibronectin, Cancer Lett. 386 (2017) 

110–122. doi:10.1016/j.canlet.2016.11.012. 

[8] Y.-H. Liao, K.-H. Chiang, J.-M. Shieh, C.-R. Huang, C.-J. Shen, W.-C. Huang, et al., 

Epidermal growth factor-induced ANGPTL4 enhances anoikis resistance and tumour 

metastasis in head and neck squamous cell carcinoma, Oncogene. (2016). 

doi:10.1038/onc.2016.371. 

[9] C. Grootaert, T. Van de Wiele, W. Verstraete, M. Bracke, B. Vanhoecke, 

Angiopoietin-like protein 4: health effects, modulating agents and structure-function 

relationships, Expert Rev Proteomics. 9 (2012) 181–199. doi:10.1586/epr.12.12. 

[10] W. Dijk, S. Kersten, Regulation of lipoprotein lipase by Angptl4, Trends Endocrinol. 

Metab. 25 (2014) 146–155. doi:10.1016/j.tem.2013.12.005. 

[11] S. Mandard, F. Zandbergen, E. van Straten, W. Wahli, F. Kuipers, M. Müller, et al., 

The fasting-induced adipose factor/angiopoietin-like protein 4 is physically 

associated with lipoproteins and governs plasma lipid levels and adiposity, J. Biol. 

Chem. 281 (2006) 934–944. doi:10.1074/jbc.M506519200. 

[12] A. Xu, M.C. Lam, K.W. Chan, Y. Wang, J. Zhang, R.L.C. Hoo, et al., Angiopoietin-

like protein 4 decreases blood glucose and improves glucose tolerance but induces 

hyperlipidemia and hepatic steatosis in mice, Proc. Natl. Acad. Sci. U.S.a. 102 

(2005) 6086–6091. doi:10.1073/pnas.0408452102. 

[13] K. Yoshida, T. Shimizugawa, M. Ono, H. Furukawa, Angiopoietin-like protein 4 is a 

potent hyperlipidemia-inducing factor in mice and inhibitor of lipoprotein lipase, J. 

Lipid Res. 43 (2002) 1770–1772. 

[14] T. Adhikary, D.T. Brandt, K. Kaddatz, J. Stockert, S. Naruhn, Inverse PPARβ/δ 

agonists suppress oncogenic signaling to the ANGPTL4 gene and inhibit cancer cell 

invasion, Oncogene. (2013). 

[15] P. Zhu, M.J. Tan, R.-L. Huang, C.K. Tan, H.C. Chong, M. Pal, et al., Angiopoietin-

like 4 protein elevates the prosurvival intracellular O2(-):H2O2 ratio and confers 

anoikis resistance to tumors, Cancer Cell. 19 (2011) 401–415. 

doi:10.1016/j.ccr.2011.01.018. 

[16] S.-H. Kim, Y.-Y. Park, S.-W. Kim, J.-S. Lee, D. Wang, R.N. DuBois, ANGPTL4 

induction by prostaglandin E2 under hypoxic conditions promotes colorectal cancer 

progression, Cancer Res. 71 (2011) 7010–7020. doi:10.1158/0008-5472.CAN-11-

1262. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

31 

 

[17] H.C. Chong, J.S.K. Chan, C.Q. Goh, N.V. Gounko, B. Luo, X. Wang, et al., 

Angiopoietin-like 4 stimulates STAT3-mediated iNOS expression and enhances 

angiogenesis to accelerate wound healing in diabetic mice, Mol. Ther. 22 (2014) 

1593–1604. doi:10.1038/mt.2014.102. 

[18] L.S. Terada, F.E. Nwariaku, Escaping Anoikis through ROS: ANGPTL4 controls 

integrin signaling through Nox1, Cancer Cell. 19 (2011) 297–299. 

doi:10.1016/j.ccr.2011.02.019. 

[19] L. Guo, S.-Y. Li, F.-Y. Ji, Y.-F. Zhao, Y. Zhong, X.-J. Lv, et al., Role of Angptl4 in 

vascular permeability and inflammation, Inflamm. Res. 63 (2014) 13–22. 

doi:10.1007/s00011-013-0678-0. 

[20] J. García-Román, A. Zentella-Dehesa, Vascular permeability changes involved in 

tumor metastasis, Cancer Lett. 335 (2013) 259–269. 

doi:10.1016/j.canlet.2013.03.005. 

[21] R.-L. Huang, Z. Teo, H.C. Chong, P. Zhu, M.J. Tan, C.K. Tan, et al., ANGPTL4 

modulates vascular junction integrity by integrin signaling and disruption of 

intercellular VE-cadherin and claudin-5 clusters, Blood. 118 (2011) 3990–4002. 

doi:10.1182/blood-2011-01-328716. 

[22] Myocardial Infarction Genetics and CARDIoGRAM Exome Consortia Investigators, 

N.O. Stitziel, K.E. Stirrups, N.G.D. Masca, J. Erdmann, P.G. Ferrario, et al., Coding 

Variation in ANGPTL4, LPL, and SVEP1 and the Risk of Coronary Disease, N. 

Engl. J. Med. 374 (2016) 1134–1144. doi:10.1056/NEJMoa1507652. 

[23] G.B. Lim, Genetics: Polymorphisms in ANGPTL4 link triglycerides with CAD, Nat 

Rev Cardiol. 13 (2016) 245. doi:10.1038/nrcardio.2016.46. 

[24] A. Helgadottir, S. Gretarsdottir, G. Thorleifsson, E. Hjartarson, A. Sigurdsson, A. 

Magnusdottir, et al., Variants with large effects on blood lipids and the role of 

cholesterol and triglycerides in coronary disease, Nat. Genet. 48 (2016) 634–639. 

doi:10.1038/ng.3561. 

[25] P.J. Talmud, M. Smart, E. Presswood, J.A. Cooper, V. Nicaud, F. Drenos, et al., 

ANGPTL4 E40K and T266M: effects on plasma triglyceride and HDL levels, 

postprandial responses, and CHD risk, Arterioscler. Thromb. Vasc. Biol. 28 (2008) 

2319–2325. doi:10.1161/ATVBAHA.108.176917. 

[26] Y.Y. Goh, M. Pal, H.C. Chong, P. Zhu, M.J. Tan, L. Punugu, et al., Angiopoietin-

like 4 interacts with matrix proteins to modulate wound healing, J. Biol. Chem. 285 

(2010) 32999–33009. doi:10.1074/jbc.M110.108175. 

[27] Y.Y. Goh, M. Pal, H.C. Chong, P. Zhu, M.J. Tan, L. Punugu, et al., Angiopoietin-

like 4 interacts with integrins beta1 and beta5 to modulate keratinocyte migration, 

Am. J. Pathol. 177 (2010) 2791–2803. doi:10.2353/ajpath.2010.100129. 

[28] C.R.I. Lam, C. Tan, Z. Teo, C.Y. Tay, T. Phua, Y.L. Wu, et al., Loss of TAK1 

increases cell traction force in a ROS-dependent manner to drive epithelial-

mesenchymal transition of cancer cells, Cell Death Dis. 4 (2013) e848. 

doi:10.1038/cddis.2013.339. 

[29] A. Viale, P. Pettazzoni, C.A. Lyssiotis, H. Ying, N. Sánchez, M. Marchesini, et al., 

Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial 

function, Nature. 514 (2014) 628–632. doi:10.1038/nature13611. 

[30] Y. Itoh, T. Abe, R. Takaoka, N. Tanahashi, Fluorometric determination of glucose 

utilization in neurons in vitro and in vivo, J. Cereb. Blood Flow Metab. 24 (2004) 

993–1003. doi:10.1097/01.WCB.0000127661.07591.DE. 

[31] L. Cong, F.A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, et al., Multiplex genome 

engineering using CRISPR/Cas systems, Science. 339 (2013) 819–823. 

doi:10.1126/science.1231143. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

32 

 

[32] V. Marx, Gene editing: how to stay on-target with CRISPR, Nat. Methods. 11 (2014) 

1021–1026. doi:10.1038/nmeth.3108. 

[33] P. Zhu, B.M.K. Tong, R. Wang, J.P. Chen, S. Foo, H.C. Chong, et al., Nox4-

dependent ROS modulation by amino endoperoxides to induce apoptosis in cancer 

cells, Cell Death Dis. 4 (2013) e552. doi:10.1038/cddis.2013.68. 

[34] T. Phua, M.K. Sng, E.H.P. Tan, D.S.L. Chee, Y. Li, J.W.K. Wee, et al., 

Angiopoietin-like 4 Mediates Colonic Inflammation by Regulating Chemokine 

Transcript Stability via Tristetraprolin, Sci Rep. 7 (2017) 44351. 

doi:10.1038/srep44351. 

[35] J.S.K. Chan, M.J. Tan, M.K. Sng, Z. Teo, T. Phua, C.C. Choo, et al., Cancer-

associated fibroblasts enact field cancerization by promoting extratumoral oxidative 

stress, Cell Death Dis. 8 (2017) e2562. doi:10.1038/cddis.2016.492. 

[36] N.S. Tan, L. Michalik, N. Di-Poï, C.Y. Ng, N. Mermod, A.B. Roberts, et al., 

Essential role of Smad3 in the inhibition of inflammation-induced PPARbeta/delta 

expression, Embo J. 23 (2004) 4211–4221. doi:10.1038/sj.emboj.7600437. 

[37] N.J. Greenfield, Using circular dichroism spectra to estimate protein secondary 

structure, Nat Protoc. 1 (2006) 2876–2890. doi:10.1038/nprot.2006.202. 

[38] L. Li, H.C. Chong, S.Y. Ng, K.W. Kwok, Z. Teo, E.H.P. Tan, et al., Angiopoietin-

like 4 Increases Pulmonary Tissue Leakiness and Damage during Influenza 

Pneumonia, Cell Rep. (2015). doi:10.1016/j.celrep.2015.01.011. 

[39] H. Ge, G. Yang, L. Huang, D.L. Motola, T. Pourbahrami, C. Li, Oligomerization and 

regulated proteolytic processing of angiopoietin-like protein 4, J. Biol. Chem. 279 

(2004) 2038–2045. doi:10.1074/jbc.M307583200. 

[40] H.C. Chong, C.K. Tan, R.-L. Huang, N.S. Tan, Matricellular proteins: a sticky affair 

with cancers, J Oncol. 2012 (2012) 351089. doi:10.1155/2012/351089. 

[41] C. Zou, Y. Wang, Z. Shen, 2-NBDG as a fluorescent indicator for direct glucose 

uptake measurement, J. Biochem. Biophys. Methods. 64 (2005) 207–215. 

doi:10.1016/j.jbbm.2005.08.001. 

[42] S.-S. Im, S.-Y. Kang, S.-Y. Kim, H.-I. Kim, J.-W. Kim, K.-S. Kim, et al., Glucose-

stimulated upregulation of GLUT2 gene is mediated by sterol response element-

binding protein-1c in the hepatocytes, Diabetes. 54 (2005) 1684–1691. 

[43] J.Y. Cha, H. Kim, K.S. Kim, M.W. Hur, Y. Ahn, Identification of transacting factors 

responsible for the tissue-specific expression of human glucose transporter type 2 

isoform gene. Cooperative role of hepatocyte nuclear factors 1alpha and 3beta, J. 

Biol. Chem. 275 (2000) 18358–18365. doi:10.1074/jbc.M909536199. 

[44] N. Ban, Y. Yamada, Y. Someya, K. Miyawaki, Y. Ihara, M. Hosokawa, et al., 

Hepatocyte nuclear factor-1alpha recruits the transcriptional co-activator p300 on the 

GLUT2 gene promoter, Diabetes. 51 (2002) 1409–1418. 

[45] T.R. Live, E. Kaminskas, Changes in adenylate energy charge in Ehrlich ascites 

tumor cells deprived of serum, glucose, or amino acids, J. Biol. Chem. 250 (1975) 

1786–1789. 

[46] D.E. Atkinson, G.M. Walton, Adenosine triphosphate conservation in metabolic 

regulation. Rat liver citrate cleavage enzyme, J. Biol. Chem. 242 (1967) 3239–3241. 

[47] H.C. Erichsen, S.J. Chanock, SNPs in cancer research and treatment, British Journal 

of Cancer. (2004). 

[48] Z. Zhang, L. Cao, J. Li, X. Liang, Y. Liu, H. Liu, et al., Acquisition of anoikis 

resistance reveals a synoikis-like survival style in BEL7402 hepatoma cells, Cancer 

Lett. 267 (2008) 106–115. doi:10.1016/j.canlet.2008.03.010. 

[49] A.J. Minn, G.P. Gupta, D. Padua, P. Bos, D.X. Nguyen, D. Nuyten, et al., Lung 

metastasis genes couple breast tumor size and metastatic spread, Proc. Natl. Acad. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

33 

 

Sci. U.S.a. 104 (2007) 6740–6745. doi:10.1073/pnas.0701138104. 

[50] H. Zhang, C.C.L. Wong, H. Wei, D.M. Gilkes, P. Korangath, P. Chaturvedi, et al., 

HIF-1-dependent expression of angiopoietin-like 4 and L1CAM mediates vascular 

metastasis of hypoxic breast cancer cells to the lungs, Oncogene. 31 (2012) 1757–

1770. doi:10.1038/onc.2011.365. 

[51] M.C. Smart-Halajko, M.R. Robciuc, J.A. Cooper, M. Jauhiainen, M. Kumari, M. 

Kivimaki, et al., The relationship between plasma angiopoietin-like protein 4 levels, 

angiopoietin-like protein 4 genotype, and coronary heart disease risk, Arterioscler. 

Thromb. Vasc. Biol. 30 (2010) 2277–2282. doi:10.1161/ATVBAHA.110.212209. 

[52] W. Yin, S. Romeo, S. Chang, N.V. Grishin, H.H. Hobbs, J.C. Cohen, Genetic 

variation in ANGPTL4 provides insights into protein processing and function, J. 

Biol. Chem. 284 (2009) 13213–13222. doi:10.1074/jbc.M900553200. 

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

34 

 

Highlights 
  

 Coding T266M cANGPTL4 variant exhibited reduced affinity for integrin. 
 Cancer cells with T266M cANGPTL4 have attenuated glucose uptake and 

invasiveness. 
 cANGPTL4 regulates Glut2 expression to affect the level of adenylate energy 

charge. 
 MALDI-MSI imaging reveals energy charge hotspots within tumor xenografts. 


