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Liver fatty acid-binding protein (L-FABP) promotes cellular 
angiogenesis and migration in hepatocellular carcinoma
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ABSTRACT

Liver fatty acid-binding protein (L-FABP) is abundant in hepatocytes and known 
to be involved in lipid metabolism. Overexpression of L-FABP has been reported in 
various cancers; however, its role in hepatocellular carcinoma (HCC) remains unclear. 
In this study, we investigated L-FABP and its association with vascular endothelial 
growth factors (VEGFs) in 90 HCC patients. We found that L-FABP was highly 
expressed in their HCC tissues, and that this expression was positively correlated 
with that of VEGF-A. Additionally, L-FABP significantly promoted tumor growth and 
metastasis in a xenograft mouse model. We also assessed the mechanisms of L-FABP 
activity in tumorigenesis; L-FABP was found to associate with VEGFR2 on membrane 
rafts and subsequently activate the Akt/mTOR/P70S6K/4EBP1 and Src/FAK/cdc42 
pathways, which resulted in up-regulation of VEGF-A accompanied by an increase in 
both angiogenic potential and migration activity. Our results thus suggest that L-FABP 
could be a potential target for HCC chemotherapy.

INTRODUCTION

Hepatocellular carcinoma (HCC), the most 
common type of liver cancer, is notoriously resistant to 
systemic therapies and has a relatively high recurrence 
rate. The poor prognosis associated with HCC causes 
more than 700,000 deaths annually and has become the 
third leading cause of cancer-related death worldwide 
[1, 2]. Angiogenesis plays an important role in the 
progression and metastasis of HCC, and vascular 
endothelial growth factors (VEGFs) are critical drivers 
of the “angiogenic switch” in tumors, which is a process 
that stimulates the formation of new blood vessels to 
supply the nutrients and oxygen required for sustained 
tumor growth [1]. VEGF ligands bind to three similar 
receptor tyrosine kinases, namely VEGFR1 (FLT1), 
VEGFR2 (KDR), and VEGFR3 (FLT4), by different 
affinities; however, VEGFR2 is the major receptor for 
VEGF-induced signaling and therefore serves as a major 
therapeutic target [3]. Because HCC is often diagnosed 
at an advanced stage and is accompanied by tumor 

angiogenesis and metastasis, VEGF-targeted therapies 
may have therapeutic benefits [2, 4].

Liver fatty acid-binding protein (L-FABP), a 
member of the FABP family, is expressed abundantly in 
the cytoplasm and can bind hydrophobic lipid ligands 
with a high specificity. L-FABP uniquely binds two ligand 
molecules (long chain fatty acids) or various hydrophobic 
molecules (e.g., cholesterol and bile acids) [5]. 
Furthermore, L-FABP interacts with the plasma membrane 
to enhance cholesterol transfer or participate in membrane 
microdomain alteration [6]; however, the mechanisms 
underlying L-FABP activity are currently unclear.

Overexpression of L-FABP has been observed in 
various cancers, including liver, lung, gastric, and colon 
cancers. Moreover, several studies have indicated that 
L-FABP expression is correlated with VEGF expression 
in HCC [7, 8]. The precise mechanisms underlying this 
correlation remain unknown; therefore, in this study, we 
investigated the association between L-FABP and VEGF 
in 90 HCC patients. We found that L-FABP was highly 
expressed in the tumor tissue of these patients compared 
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Figure 1: Expression of L-FABP and VEGF-A in tissues obtained from HCC patients. Protein expression was assessed in 
90 HCC cases using immunohistochemical staining of paired normal (NAT) and tumor tissues. A. Staining of L-FABP and VEGF-A was 
observed in tumor tissues (L-FABP: a and c; VEGF-A: e and g) and their paired normal adjacent tissues (L-FABP: b and d; VEGF-A: f 
and h). Staining intensity: a and e, strong; b, c, f, and g, moderate; d and h, weak. B. Positive correlation between L-FABP and VEGF-A 
expression in 90 HCC tissues with and without cirrhosis (Pearson’s correlation coefficient, r = 0.737; p < 0.01).
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[14–16]. In Hus/L-FABP cells, the phosphorylation of 
VEGFR2, Src, and FAK increased significantly (Figure 4A 
and 4B) and the activity of cdc42 was significantly 
increased (Figure 4C, p < 0.001). A wound-healing assay 
(Figure 4D) and Boyden chamber-based migration assay 
(Figure 4E) of 2D and 3D migration activity, respectively, 
showed that migration activity was higher in Hus/L-
FABP cells than in control cells. To determine whether 
or not L-FABP-induced cell migration occurred via 
cdc42, plasmids expressing different variants of cdc42, 
including wild-type (WT), constitutively active (CA), 
and dominant negative (DN) cdc42, were transfected into 
the cells. Phalloidin staining (Supplementary Figure 6A) 
and a transwell assay (Supplementary Figure 6B) 
showed that the activity of cdc42 strongly affects actin 
rearrangement and cell migration induced by L-FABP, 
which was in line with our previous findings. In contrast, 
L-FABP-knockdown clones showed significantly reduced 
3D migration activity (Supplementary Figure 2D, p 
< 0.001). Sorafenib (VEGFR2 inhibitor) or PP1 (Src 
inhibitor) treatments significantly inhibited 3D migration 
activity in Hus/L-FABP cells (Figure 4F, p < 0.001). 
Moreover, knockdown of L-FABP in Hus/L-FABP-stable 
clones reversely decreased their 3D migration activity 
(Supplementary Figure 7C). These results suggest that 
VEGFR2/Src signaling participates in L-FABP-induced 
migration activity via the FAK/cdc42 pathway.

L-FABP induces VEGF-A expression via the Akt/
mTOR/P70S6K/4EBP1 pathway in a HIF-1α-
dependent manner

Based on the results shown in Figure 3D, and 
previous studies suggesting that Akt activation increases 

VEGF-A expression and is necessary and sufficient 
to regulate HIF-1α and VEGF expression in various 
human cancer cells [17–19], we postulated that the 
signal transduction of L-FABP-mediated VEGF-A 
expression was activated through the Akt pathway. In 
western blot analysis, we observed activation of the 
Akt/mTOR/P70S6K/4EBP1 pathway in Hus/L-FABP 
cells (Figure  5A). The expression of VEGF-A mRNA 
can apparently be regulated in an HIF-1α-dependent 
manner [20, 21]. Here, VEGF-A mRNA expression was 
significantly increased in L-FABP-overexpressing cells as 
mentioned in Figure 2C, and HIF-1α levels significantly 
increased in the nucleus fraction of Hus/L-FABP cells 
(Figure 5B, p < 0.05). Inhibition of the PI3K/Akt pathway 
by treatment with LY294002 (PI3K inhibitor) decreased 
the expression of HIF-1α and VEGF-A (Supplementary 
Figure 8). These data suggest that L-FABP induced 
VEGF-A expression through Akt activation, and that this 
process could be regulated by HIF-1α.

To confirm our findings, full-length and successive 5′ 
deletion (D1–D3) constructs of the VEGF-A gene promoter 
were cloned into pGL4.22 luciferase reporter vectors, and 
a luciferase reporter assay was conducted (Figure 5C, a). 
Results showed that VEGF-A transcriptional activity was 
elevated ~16.5-fold in L-FABP-overexpressing Hus cells 
compared with that in control cells, whereas deletion of 
the HIF-1α binding site (D1-D3) reduced this activity to 
~2.5 fold that of the control (Figure 5C, b). Additionally, 
the chromatin immunoprecipitation assay demonstrated 
that the association between HIF-1α and the VEGF-A 
promoter was enhanced in Hus/L-FABP cells (Figure 5D). 
To further address the regulation of VEGF-A expression, 
Hus/L-FABP cells were treated with rapamycin (mTOR 
inhibitor) or cyclohexamide (translation inhibitor); 

Table 1: Correlation between L-FABP and VEGF-A protein expression in tissue pairs from 90 HCC patients

Intensity a NAT, N 
(%)

HCC without 
cirrhosis, N 

(%)

HCC with 
cirrhosis, 

N (%)

P value b P value c P value d P value e P value f

L-FABP 1 15 (44.1) 8 (23.5) 11 (32.4) 0.012 0.028 0.027 0.040 0.086

2 72 (55.0) 40 (30.5) 19 (14.5)

3 3 (20.0) 9 (60.0) 3 (20.0)

VEGF-A 1 25 (48.1) 12 (23.1) 15 (28.8) 0.025 0.563 0.360 0.037 0.017

2 65 (51.2) 45 (35.4) 17 (13.4)

4 0 (0.0) 0 (0.0) 1 (100.0)

Abbreviations: HCC, hepatocellular carcinoma; OR, odds ratios; CI, confidence interval; N, number.
a Intensity: 0, negative; 1, weak positive; 2, moderate positive; 3, strong positive; 4, very strong positive.
b Chi-square test, NAT vs HCC without cirrhosis vs HCC with cirrhosis.
c Chi-square test, NAT vs HCC with or without cirrhosis.
d Chi-square test, NAT vs HCC without cirrhosis.
e Chi-square test, NAT vs HCC with cirrhosis.
f Chi-square test, HCC without cirrhosis vs HCC with cirrhosis.
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Figure 2: L-FABP promotes VEGF-A expression and angiogenic activity of liver cells. A. Western blot analysis for L-FABP 
expression in normal immortalized hepatocyte (Hus) and hepatocellular carcinoma (HepG2, Hep3B, Huh7 and PLC/PRF/5) cell lines. 
B. Angiogenic potential (score: see In vitro tube formation assay in Methods for details) of Hus, HepG2, Hep3B, Huh7, and PLC/PRF/5 
cells. ***p < 0.001 versus Hus cells. C. Western blotting analysis of L-FABP and VEGF-A expression in Hus/L-FABP and Hus/Vector 
(vector-only control) cells. *p < 0.05 versus Hus/Vector control. D. In vitro angiogenic potential (score: see panel B) of Hus/L-FABP and 
Hus/Vector cells. Angiogenic vascular tube was imaged at 8 h. ***p < 0.001 versus Hus/Vector control. E. In vivo angiogenic activity of 
Hus/L-FABP and Hus/Vector cells assessed using a Matrigel plug assay. a: Matrigel plugs recovered from mice injected with Hus/Vector 
and Hus/L-FABP cells. Arrows indicate infiltration of blood vessels. b: Immunohistochemical (IHC) staining of CD31 (angiogenesis 
marker) in Matrigel plugs showed that Hus/L-FABP promoted angiogenesis, and the positively stained vessels are indicated by arrows. 
*p < 0.05 versus Hus/Vector control (n = 3).


