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Lymphoid Enhancer Factor 1 Contributes 
to Hepatocellular Carcinoma Progression 
Through Transcriptional Regulation 
of Epithelial-Mesenchymal Transition 
Regulators and Stemness Genes
Chih-Li Chen,1  Yu-Shuen Tsai,2 Yen-Hua Huang,2* Yuh-Jin Liang,3*  Ya-Yun Sun,4 Chien-Wei Su ,5,6 Gar-Yang Chau,7  
Yi-Chen Yeh,8  Yung-Sheng Chang,9  Jui-Ting Hu,1,10 and Jaw-Ching Wu3,9,11

Lymphoid enhancer factor 1 (LEF1) activity is associated with progression of several types of cancers. The role of LEF1 in 
progression of hepatocellular carcinoma (HCC) remains poorly known. We investigated LEF1 expression in HCC and its 
interactions with epithelial-mesenchymal transition (EMT) regulators (e.g., Snail, Slug, Twist) and stemness genes (e.g., 
octamer-binding transcription factor 4 [Oct4], sex determining region Y-box 2 [Sox2], Nanog homeobox [Nanog]).  
Microarray analysis was performed on resected tumor samples from patients with HCC with or without postoperative recur-
rence. LEF1 expression was associated with postoperative recurrence as validated by immunohistochemical staining in an-
other HCC cohort. Among 74 patients, 44 displayed a relatively high percentage of LEF1 staining (>30% of HCC cells), 
which was associated with a reduced recurrence-free interval (P < 0.001) and overall survival (P = 0.009). In multivariate 
analysis, a high percentage of LEF1 staining was significantly associated with low albumin level (P = 0.035), Twist overex-
pression (P = 0.018), Snail overexpression (P = 0.064), co-expression of Twist and Snail (P = 0.054), and multinodular tumors 
(P = 0.025). Down-regulation of LEF1 by short hairpin RNA decreased tumor sphere formation, soft agar colony formation, 
and transwell invasiveness of HCC cell lines Mahlavu and PLC. Xenotransplant and tail vein injection experiments re-
vealed that LEF1 down-regulation in Mahlavu reduced tumor size and metastasis. LEF1 up-regulation in Huh7 increased 
sphere formation, soft agar colony formation, and transwell invasiveness. LEF1 was shown to physically interact with and 
transcriptionally activate promoter regions of Oct4, Snail, Slug, and Twist. Furthermore, Oct4, Snail, and Twist transacti-
vated LEF1 to form a regulatory positive-feedback loop. Conclusion: LEF1 plays a pivotal role in HCC progression through 
transcriptional regulation of Oct4 and EMT regulators. (Hepatalogy Communications 2018;2:1392-1407).

Hepatocellular carcinoma (HCC) is the fifth 
leading cause of cancer-related deaths world-
wide.(1) A high incidence of HCC recurrence, 

including tumor invasion, intrahepatic spread, and 
metastasis, is frequently observed even in patients who 
have undergone “curative” therapy (tumor resection, 
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liver transplantation, or logo-regional ablation ther-
apy).(2) Chemotherapy and targeted therapy have lim-
ited effects on advanced HCC.(3) To develop effective 
strategies for treating HCC and improving long-term 
survival in patients with HCC, it is essential to elu-
cidate the molecular mechanisms underlying progres-
sion of this cancer.

Epithelial-mesenchymal transition (EMT) is a 
reversible dedifferentiation process whereby polarized 
immotile epithelial cells lose adherence and tight junc-
tions and become migratory mesenchymal cells.(4) The 
process is initiated by suppression of E-cadherin expres-
sion by major EMT regulators, such as Snail, Slug, and 
Twist. EMT activation triggers tumor cell invasion and 
metastasis to distant organs. Epithelial cancer cells may 
also acquire a self-renewal stem cell phenotype through 
EMT.(5,6) We demonstrated previously that EMT 
occurs in >50% of primary HCC samples and that Snail 
and Twist expression is associated with EMT, HCC 
metastasis, and postoperative recurrence.(7) Elucidation 
of the molecular mechanisms that underlie modulation 
of EMT regulators is therefore essential for develop-
ment of therapeutic strategies against HCC.

Lymphoid enhancer factor/T-cell factor proteins 
(LEF/TCFs) mediate Wnt signals in the nucleus by 

inducing β-catenin and its coactivators to bind to spe-
cific Wnt-responsive elements (WREs) present in pro-
moters or enhancers of genes. This activity is crucial in a 
variety of cellular processes, including cell proliferation, 
cell fate decision, cell migration, and stem cell mainte-
nancee(8); on the other hand, its dysregulation plays a 
role in processes related to cancer progression, including 
tumorigenesis and EMT.(9,10) The LEF/TCF family is 
a small subset of the high-mobility group box protein 
family,(11) and four of its members are present in most 
vertebrates: TCF7 (TCF1), TCF7L1 (TCF3), TCF7L2 
(TCF4), and LEF1 (TCF7L3).(11‒14) Nuclear LEF1/
TCF normally interacts with Groucho corepressors, 
preventing transcription of Wnt target genes. Signaling 
events and interactions that stabilize β-catenin result in 
activation of LEF1/TCF-mediated transcription.(15,16) 
Cooperative interactions between LEF/TCFs (mostly 
LEF1) and other transcription factors may affect 
transcriptional activation and binding to targets.(17) 
Overexpression of LEF1 has been linked to EMT and 
to the self-renewal ability of stem cells.(18,19) However, 
the role of LEF1 in transcriptional regulation of EMT 
regulators during HCC progression remains unclear.

In this study, we investigated LEF1 expression pro-
files in tissues from patients with HCC, correlation 
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between LEF1 and HCC recurrence, and interactions 
among LEF1, EMT regulators, and stemness gene 
octamer-binding transcription factor 4 (Oct4). Our 
findings indicate that LEF1 plays a key role in HCC 
progression through transcriptional regulation of can-
cer stem-like cell properties and EMT regulators.

Materials and Methods
CLINICAL SAMPLES

A total of 87 fresh samples of malignant tumor 
tissues and counterpart nonmalignant tissues from 
patients with HCC were obtained during surgery at 
Taipei Veterans General Hospital, Taiwan (TVGH). 
These samples were snap frozen, stored in liquid ni-
trogen for RNA extraction, and then subjected to mi-
croarray analysis.(20)

For immunohistochemistry (IHC) staining, another 
independent cohort of 74 primary HCC samples were 
obtained separately from patients who had undergone 
resection surgery at TVGH. Paraffin-embedded sec-
tions of these samples were produced by the Pathology 
Department of TVGH.

The HCC samples used in this study were original 
tumors obtained from the first operations of patients. 
All procedures and experiments performed in this study 
were in compliance with the Helsinki Declaration and 
approved by the Institutional Review Board of TVGH.

MICROARRAY DATA SETS
The array data set obtained from the 87 tissue sam-

ples described above was submitted by our group to 
the National Center for Biotechnology Information 
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/
geo) with accession number GSE45267.(20) Our pre-
vious study indicated that gene expression profiles and 
underlying hepatocarcinogenesis in rarely seen early 
onset patients with HCC with increased stemness 
marker expression and decreased hepatic differentia-
tion traits are unique and largely different from those 
in much more common elderly patients.(20) We there-
fore excluded samples obtained from young patients 
(age <45 years) and selected 49 samples from older pa-
tients with HCC (age ≥45 years) for microarray anal-
ysis. To investigate candidate genes associated with 

HCC recurrence, microarray data were analyzed for 
both histopathologic and recurrence status, and the 49 
samples were accordingly categorized into four groups: 
nontumorous liver; nonrecurrent patient; recurrent pa-
tient; tumorous liver.

To investigate the functional role of LEF1 expres-
sion, we also analyzed the public data set from the 
Gene Expression Omnibus database of human hepatic 
cell data (accession number GSE14897), which con-
tains samples from three groups of cells (human fibro-
blasts, human fibroblast-derived induced pluripotent 
stem cells, and human embryonic stem cells) and their 
hepatic differentiated progenies.

GENE EXPRESSION ARRAY AND 
DATA ANALYSIS

To identify candidate genes associated with recur-
rent HCC, microarray analysis was performed using 
Human Genome U133 Plus 2.0 arrays (Affymetrix) 
as per the manufacturer’s protocol. Total RNA sample 
preparation, complementary RNA probe preparation, 
and array hybridization were performed as described.(20) 
Data analysis was performed as described in the pre-
ceding section. Raw data of CEL files were prepro-
cessed using the R statistical programming language 
(www.r-project.org), and normalized gene expression 
values were obtained using the RMA algorithm of 
the Bioconductor affy package.(21) Genes differentially 
expressed in contrast groups were identified using the 
Bioconductor limma package.(22) A false discovery rate 
algorithm(23) was applied to calculate corresponding 
adjusted P values. Probe sets with adjusted P ≤ 0.01 
were identified as primary candidate genes from com-
parisons of contrast groups. These genes were grouped 
into five gene sets (Supporting Table S1), and final 
candidate genes (probe sets) were selected from the in-
tersection of all gene sets (Supporting Fig. S1).

IHC STAINING
IHC staining was performed on 74 paraffin-em-

bedded sections of primary HCC samples as described 
above. Primary antibodies used for IHC, their re-
trieval conditions, and incubation periods are listed 
in Supporting Table S2. Detailed procedures are  
described in the Supporting Materials and Methods.

www.ncbi.nlm.nih.gov/geo
www.ncbi.nlm.nih.gov/geo
www.r-project.org


Hepatology Communications, Vol. 2, No. 11, 2018� Chen et al.

1395

KNOCKDOWN AND 
OVEREXPRESSION OF LEF1 IN 
HCC CELL LINES

Human HCC cell lines Huh7, PLC, Hep3B, 
and Mahlavu (American Type Culture Collection, 
Rockville, MD) were maintained in Dulbecco’s mod-
ified Eagle’s medium with 10% fetal bovine serum. 
The short hairpin (sh)LEF1 clone was obtained and 
lentivirus production performed at the National RNAi 
Core Facility, Academia Sinica, Taiwan. Detailed pro-
cedures are described in the Supporting Materials and 
Methods.

ANTIBODIES AND WESTERN 
BLOT QUANTIFICATION

Primary and secondary antibodies used for western 
blotting are listed in Supporting Table S2. Western 
blot quantification was performed using the Image 
J software program (National Institutes of Health, 
Bethesda, MD). Percent intensity was calculated by 
normalizing the indicated gene protein level to the 
glyceraldehyde 3-phosphate dehydrogenase protein 
level; i.e., % intensity = (intensity of indicated protein/
intensity of glyceraldehyde 3-phosphate dehydrogenase 
protein) × 100 (Supporting Table S3). Quantification 
results are presented in Supporting Table S3. Blot  
results shown are representative of similar results from 
three independent experiments.

ULTRALOW ATTACHMENT 
SPHEROID ASSAY, COLONY 
FORMATION ASSAY, AND 
INVASION ASSAY

For the spheroid assay, cells were cultured on 
ultralow attachment plates at densities of 1,000/mL in 
medium as described.(24,25) Detailed procedures for this 
assay, colony formation assay, and invasion assay are 
described in the Supporting Materials and Methods.

ANIMALS AND GENERATION OF 
XENOGRAFTS

Immunodeficient mice were supplied by 
BioLASCO Taiwan (under a technology license from 
Charles River Laboratories, Wilmington, MA) and 
housed under specific pathogen-free conditions at 
the TVGH Animal Facility. LEF1 knockdown cells 

(Mahlavu-shLEF1) and control cells (Mahlavu-short 
hairpin luciferase [shLuc]) were harvested during the 
mid-logarithmic growth phase. Cells (5 × 106) were in-
jected subcutaneously into 8-week-old nude (BALB/c) 
mice, and mice were killed after 4 weeks. Each ex-
perimental group contained six mice. Tumor size was 
measured as length × height × width × 0.5236. For the 
metastasis assay, cells (2 × 106) were injected into the 
tail vein of 8-week-old NOD-SCID (NOD.CB17-
Prkdcscid/NcrCrlBltw) mice. Mice were killed after 6 
weeks, and numbers and volumes of metastatic tumors 
were assessed blindly by two independent experts as 
described.(26) Following subcutaneous or tail vein cell 
implantation, mice were anesthetized by intraperito-
neal injection of ketamine hydrochloride (150 mg/kg) 
and xylazine (12 mg/kg) (Phoenix Pharmaceuticals, 
St. Joseph, MO) or by inhalation of isoflurane  
(3%-5%). All protocols involving animals were in 
compliance with the Regulations of the Institutional 
Animal Care and Use Committee of TVGH. All pro-
cedures were in accordance with institutional animal 
welfare guidelines and designed to minimize suffering.

CLONING OF GENE PROMOTER 
REGIONS, SITE-DIRECTED 
MUTAGENESIS, TRANSIENT 
TRANSFECTIONS, AND Luc ASSAYS

Primer sequences used for polymerase chain reac-
tion amplification of indicated promoter regions are 
listed in Supporting Table S4. Site-directed mutagen-
esis was performed using a QuikChange Lightning 
Site-Directed Mutagenesis Kit (cat #210518; Agilent 
Technologies, Highlands Ranch, CO) as per the man-
ufacturer’s instructions. Transfections and reporter 
assays were performed on Huh7 cells as described,(7) 
with the bacterial β-galactosidase gene (pSV40-βgal) 
used as the control for transfection efficiency. Luc 
activity value was normalized to β-galactosidase ac-
tivity; i.e., fold change of Luc activity = normalized 
Luc activity of Huh7 cells transfected with indicated 
expression vectors with or without vehicle treatment/
normalized Luc activity of cells transfected with con-
trol vector (pcDNA) with vehicle treatment. For re-
porter assays, three independent experiments were 
performed in triplicate. Results shown are representa-
tive of similar results from one of three experiments. 
For β-catenin knockdown, a pool of small interfering 
(si)RNAs targeted to β-catenin (cat # sc-29209; Santa 
Cruz Biotechnology) was transiently transfected into 
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Huh7 cells as per the manufacturer’s protocol. Detailed 
procedures are described in the Supporting Materials 
and Methods.

CHROMATIN 
IMMUNOPRECIPITATION ASSAY

Standard chromatin immunoprecipitation (CHIP) 
assays were performed using EZ-CHIP (cat # 17-371; 
Millipore Corporation) as per the manufacturer’s in-
structions. Primers and antibodies used are listed in 
Supporting Tables S2 and S4. In brief, Mahlavu cells 
(1 × 107) were fixed with 1% formaldehyde, and the cell 
pellet was resuspended in 1 mL sodium dodecyl sulfate 
lysis buffer containing 1X protease inhibitor cocktail 
II. Cell lysate (400 µL) was aliquoted, and chromatin 
was sheared by seven sets of 10-second pulses on ice 
using a Cole Parmer (Branson 250) digital sonifier. 
Cell lysates (input, positive control) containing protein 
and DNA complexes were pulled down by the indi-
cated antibodies (anti-LEF1, anti-Snail, anti-Twist, 
anti-Slug), with immunoglobulin G as the negative 
control. Enriched transcription factor-binding DNA 
fragments (Octp, Twistp, Snailp, Slugp, LEF1p) were 
amplified by polymerase chain reaction using primers 
as listed in Supporting Table S4 (indicated by CHIP). 
For remote control (RC) DNA fragments (OctpRC, 
TwistpRC, SnailpRC, SlugpRC, LEF1pRC), primer 
pairs were designed to detect DNA fragments >1 kb 
away from predicted transcription factor-binding 
DNA element of the indicated genome (Supporting 
Table S4; indicated as RC). Results shown are repre-
sentative of similar results from one of two indepen-
dent experiments.

STATISTICAL ANALYSIS
Pearson’s chi-square analysis or Fisher’s exact test 

were performed to compare categorical variables, and 
continuous variables were compared by the Mann-
Whitney U test. Cumulative overall survival rates and 
recurrence-free rates following resection surgery were 
estimated by the Kaplan-Meier method and compared 
by the log-rank test. Variables with statistically signif-
icant (P < 0.05) or near statistically significant (P < 0.1) 
differences based on univariate analysis were included 
in the multivariate analysis using a forward stepwise 
Cox regression model. Differences with two-tailed  
P < 0.05 were considered statistically significant. 
Statistical analyses were performed using the SPSS 

software program (PASW Statistics 18; IBM, 
Armonk, NY). Repeated measurements in animal ex-
periments were analyzed using the Friedman test two-
way analysis of variance (Statistical Analysis System; 
SAS Institute, Cary, NC). Differences with P < 0.05 
from three independent experiments were considered 
significant. For reporter assays, means of groups were 
compared by unpaired two-tailed Student t tests. 
Differences with P < 0.05 were considered significant.

Results
EFFECT OF LEF1 
OVEREXPRESSION ON HCC 
RECURRENCE AND SURVIVAL

Microarray analysis indicated that 22 up-regulated 
probe sets were recurrence-related genes. Certain 
crucial regulatory genes (e.g., LEF1, metal response 
element binding transcription factor 2 [MTF2], and 
tumor necrosis factor superfamily 4 [TNFSF4]) were 
observed in these probe sets (Supporting Table S5). 
A heat map was constructed using the top 10 ranked 
probe sets (Supporting Fig. S2). Based on the predic-
tion results and z-score, only two probe sets are ranked 
in the top 10 in both Supporting Tables S6 and S7 
(LEF1 and dickkopf WNT signaling pathway inhib-
itor 1 [DKK1]).(27) The high-mobility group box do-
main of LEF1 has been shown to physically interact 
with Smad3, an essential mediator of transforming 
growth factor β1 (TGF-β1).(28) TGF-β and Wnt sig-
naling pathways, key pathways involved in HCC pro-
gression, can independently or cooperatively regulate 
LEF1/TCF target genes.(28) In this study, we exam-
ined the role of LEF1 in HCC progression; this role 
remains poorly understood.

The significance of high LEF1 expression was inves-
tigated by IHC analysis. In an independent cohort of 
74 HCC cases, 44 (59.5%) exhibited positive LEF1 
staining, defined as >30% positively stained HCC cells 
(Fig. 1A). High LEF1 expression levels were observed 
in 59.5% of patients with HCC. LEF1 overexpression 
was associated with a shorter recurrence-free interval 
(P < 0.001; Fig. 1B) and overall survival (P = 0.009; Fig. 
1C). Among primary HCC cases, a high LEF1 level 
was associated with multiple nodules, large tumor size, 
and lower albumin levels. LEF1 overexpression was 
associated with Twist overexpression (P = 0.018), Snail 
overexpression (P = 0.064), and multinodular tumors 



Hepatology Communications, Vol. 2, No. 11, 2018� Chen et al.

1397

(P = 0.025) (Table 1). LEF1 overexpression showed no 
association with hepatitis B surface antigen or hepati-
tis C antibody status, two major risk factors associated 
with HCC.

EFFECTS OF LEF1 ON SELF-
RENEWAL, PROLIFERATION, 
TUMORIGENESIS, AND INVASIVE 
PROPERTIES OF HCC CELL LINES

Differences in the LEF1 level between tumor 
sphere and adherent cell populations were examined 
in the four HCC cell lines. In our previous studies, 
we demonstrated that Mahlavu, compared to the other 
three cell lines, was more invasivee(7) and formed more 
and larger tumor spheres (Supporting Fig. S3). Protein 
and messenger RNA levels of LEF1 were signifi-
cantly higher in tumor spheres than in adherent cells  
(Fig. 2A; Supporting Fig. S3).

To evaluate the role of LEF1 in tumor-initiat-
ing properties and tumorigenesis, cell lines PLC 
and Mahlavu were infected with lentivirus-carrying 
shRNA targeting LEF1 (shLEF1) and with non-
specific shRNA (shLuc; control). LEF1 knockdown 
resulted in a greater frequency of a spindle shape 
(Supporting Fig. S4A, upper panel) and reduced stress 
fiber formation and actin staining in Mahlavu and to 
higher levels of tight junction-associated protein ZO-1 
in both Mahlavu and PLC (Supporting Figs. S4A, 
bottom panel, S5B), whereas the 3-(4,5-dimethyl
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 -(4-sul-
fophenyl)-2H-tetrazolium proliferation assay showed 
no significant difference in growth rate between shLuc-
treated and shLEF1-treated Mahlavu (Supporting Fig. 
S4B). The sphere formation assay revealed that spheres 
in both Mahlavu and PLC were significantly smaller 
and fewer in shLEF1-treated than in shLuc-treated 
cells (Fig. 2B; Supporting Fig. S5C). Similarly, colo-
nies formed were significantly smaller and fewer for 
shLEF1-treated versus shLuc-treated cells in both 
lines (Fig. 2C; Supporting Fig. S5D). Subcutaneous 
injection into nude mice of Mahlavu cells with or 
without LEF1 knockdown revealed that LEF1 defi-
ciency inhibited in vivo tumorigenesis of xenotrans-
plants (Fig. 2E).

Boyden chamber assays with Mahlavu and PLC 
showed that invasion and migration abilities were 
lower in shLEF1-treated cells (LEF1 down-regulated) 

FIG. 1. LEF1 overexpression is associated with a shorter 
recurrence-free interval and overall survival. (A) Representative 
IHC patterns of LEF1 expression in liver and tumor tissues from 74 
patients with HCC (brown color, LEF1 immunostaining). LEF1 
is differentially expressed in liver tissues from patients with HCC. 
(B,C) Survival analysis of 74 patients with HCC by the Kaplan-
Meier method. (B) Recurrence-free survival rate and (C) overall 
survival rate were both significantly lower (P < 0.001) in patients 
with high (solid circle) versus low (open circle) LEF1 expression.
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compared to shLuc-treated cells (Fig. 2D; Supporting 
Fig. S5E). In Mahlavu, the number of colonies metas-
tasized to lungs was lower for shLEF1-treated cells 
(tail vein injection) than for shLuc-treated cells (Fig. 
2F). Western blot analysis revealed that LEF1 down-
regulation increased E-cadherin but reduced fibronec-
tin and vimentin expression, suggesting the involvement 
of LEF1 in HCC metastasis through EMT pathways 
(Fig. 2G; quantification results in Supporting Table 
S3).

To further evaluate effects of LEF1 knockdown on 
self-renewal, proliferation, tumorigenesis, and inva-
sive properties, LEF1 overexpression experiments 

were performed using Huh7, an HCC cell line with 
a low endogenous LEF1 level and low invasiveness.(7) 
Phalloidin staining (green) showed that LEF1 over-
expression induced assembly of F-actin into thick 
parallel bundles of actin stress fibers across the cell 
surface, whereas shLuc-treated cells displayed cor-
tical actin staining and fewer stress fibers (Fig. 3B). 
LEF1 overexpression resulted in reduced levels of 
membrane-bound epithelial markers ZO-1 and 
E-cadherin (Fig. 3B) and significant increases in 
number of spheres (Fig. 3C), colony formation in soft 
agar (Fig. 3D), and migration of cells through matrix 
(Fig. 3E).

TABLE 1. COMPARATIVE DEMOGRAPHIC DATA FOR PATIENTS WITH VERSUS WITHOUT LEF1 
OVEREXPRESSION

Total
(n = 74)

LEF1 <30%
(n = 30)

LEF1 ≥30%
(n = 44) P Value

Demographics

Age (years)* 57.0; 46.0-67.0 54.5; 45.5-66.0 58.5; 47.3-68.0 0.530

Sex (% male/female) 62/12 (83.8%/16.2%) 25/5 (83.3%/16.7%) 37/7 (84.1%/15.9%) 1.000

Serum biochemistry

Albumin (g/dL)* 4.1; 3.9-4.4 4.2; 4.0-4.5 4.0; 3.8-4.4 0.035

Bilirubin (mg/dL)* 0.9; 0.7-1.2 0.8; 0.6-1.1 1.0; 0.7-1.2 0.308

ALT (U/L)* 37.5; 25.8-67.3 37.0; 25.0-64.0 38.5; 26.5-71.8 0.599

ALP (U/L)* 83.5; 71.8-112.8 81.5; 74.3-98.3 86.0; 70.3-127.8 0.172

Tumor factors

Tumor size (cm)* 4.4; 2.5-7.6 3.7; 2.5-6.8 4.7; 2.7-9.9 0.055

Multinodular tumor Y/N 
(%)

30/44 (40.5%/59.5%) 7/23 (23.3%/76.7%) 23/21 (52.3%/47.7%) 0.025

Macroscopic venous 
invasion Y/N (%)

10/64 (13.5%/86.5%) 3/27 (10.0%/90.0%) 7/37 (15.9%/84.1%) 0.731

AFP (ng/mL)* 20.9; 5.9-654.5 11.2; 3.6-2,001.8 51.2; 6.3-577.5 0.988

Microscopic venous 
invasion Y/N (%)

33/35 (48.5%/51.5%) 13/16 (44.8%/55.2%) 20/19 (51.3%/48.7%) 0.778

Edmondson stage I or II / 
III or IV (%)

46/18 (71.9%/28.1%) 20/7 (74.1%/25.9%) 26/11 (70.3%/29.7%) 0.958

EMT markers

Beta-catenin membrane 
expression Y/N (%)

28/38 (42.4%/57.6%) 15/11 (57.7%/42.3%) 13/27 (32.5%/67.7%) 0.077

Slug overexpression Y/N 
(%)

34/31 (52.3%/47.7%) 12/14 (46.2%/53.8%) 22/17 (56.4%/43.6%) 0.577

E-cadherin down-regula-
tion Y/N (%)

41/33 (55.4%/44.6%) 13/17 (43.3%/56.7%) 28/16 (63.6%/36.4%) 0.137

Twist overexpression Y/N 
(%)

28/46 (37.8%/62.2%) 6/24 (20.0%/80.0%) 22/22 (50.0%/50.0%) 0.018

Snail overexpression Y/N 
(%)

38/36 (51.4%/48.6%) 11/19 (36.7%/63.3%) 27/17 (61.4%/38.6%) 0.064

Co-expression of Twist and 
Snail Y/N (%)

20/54 (27.0%/73.0%) 4/26 (13.3%/86.7%) 16/28 (36.4%/63.6%) 0.054

*Continuous variables are expressed as median; 25-75 percentiles.
Abbreviations: AFP, alpha-fetoprotein; ALP, alkaline phosphatase; ALT, alanine aminotransferase.
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RECIPROCAL REGULATION 
BETWEEN LEF1 AND OCT4

Western blot analysis of both Mahlavu and PLC 
revealed that LEF1 down-regulation reduced ex-
pression of pluripotency-associated genes involved 
in self-renewal (Oct4 but not sex determining re-
gion Y-box 2 [Sox2], Nanog homeobox [Nanog], or 
Kruppel-like factor 4 [KLF4]) (Fig. 4A; Supporting 
Fig. S6; quantification results in Supporting Table 

S3). LEF1 overexpression in Huh7 resulted in an in-
creased level of Oct4 but not of Sox2, Nanog, or KLF4  
(Fig. 4A; quantification results in Supporting Table 
S3). We therefore investigated the possible role of 
LEF1 in transcriptional regulation of Oct4. Results 
of CHIP and promoter activity assays revealed that 
LEF1 bound to two LEF1/TCF-binding sites in 
the proximal region of the Oct4 promoter (Fig. 4B). 
Reporter assays showed that LEF1 caused a 7-fold 
increase of reporter activity relative to control of the 

FIG. 2. LEF1 is required for self-renewal, colony formation, and invasiveness of Mahlavu cells. (A, upper panel) Western blot showing 
enhancement of LEF1 in spheres versus adherent cells; (A, lower panel) down-regulation of LEF1 by shRNA in HCC lines (Mahlavu, 
shLEF1) versus nontargeted control (shLuc). (B-F) LEF1 down-regulation reduces (B) sphere formation, (C) colony formation, (D) 
transwell invasiveness, (E) tumor size of subcutaneous xenografts (n = 6), and (F) number of metastatic lung nodules following tail 
vein injection of Mahlavu (n = 5). Data are shown as mean ± SD. (G) Western blot showing that LEF1 down-regulation results in 
increased expression of the epithelial marker E-cadherin but reduced expression of mesenchymal marker vimentin. GAPDH was used 
as the internal control. For sphere formation, colony formation, and transwell assays, three independent experiments were performed in 
triplicate. Results shown are representative of similar results from one of three experiments. *P < 0.05, **P < 0.01 (t test). Abbreviations: 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; H&E, hematoxylin and eosin.
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FIG. 3. LEF1 up-regulation alters cytoskeletal organization, ZO-1 localization, E-cadherin level, sphere formation ability, colony 
formation, and invasiveness of Huh7 cells. (A) Western blot showing different LEF1 levels in LEF1-overexpressing (LEF1) versus vector 
control (pcDNA) Huh7. (B) Immunostaining with phalloidin (F-actin, green; upper panel), anti-ZO-1 (Zo-1, green; middle panel), and 
anti-E-cadherin (green; bottom panel) of LEF1 and pcDNA Huh7 (magnification ×20). Inserted images show higher magnification 
of F-actin organization (magnification ×40). (C) Derived tumor spheres (magnification ×2.5). Sphere size >100 µm (~50 pixels) was 
counted as positive. Fold induction of sphere formation efficacy is shown as mean ± SD. (D) Derived colonies (magnification ×5).  
Colony size >60 µm (~30 pixels) was counted as positive. Fold induction of colony count is shown as mean ± SD (n = 3). (E) Migrated 
cells in transwell invasion assay (magnification ×20). Fold induction of migrated cell number is shown as mean ± SD. Abbreviations: 
DAPI, 4 ,́6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 
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Oct4 promoter (Fig. 4C). To determine whether 
LEF1 binding is specific and crucial, LEF1 consensus 
binding sequences (5′-CAAAG-3′ or complementary 
sequence 5′-CTTTG -3′; black letters in  Figs. 4B, 5B) 
were mutated (red letters). Disruption of LEF1 bind-
ing sites significantly reduced Oct4 promoter activity 
in response to LEF1 induction (Fig. 4D). On the other 
hand, Oct4 overexpression increased Luc activity in-
duced by the LEF1 promoter (Supporting Fig. S7).

RECIPROCAL REGULATION 
BETWEEN LEF1 AND EMT 
REGULATORS

Western blot analysis of both Mahlavu and PLC 
revealed that LEF1 down-regulation reduced pro-
tein levels of major EMT regulators Twist, Snail, and 
Slug (Fig. 5A; Supporting Fig. S6; quantification re-
sults in Supporting Table S3). CHIP assays showed 
that LEF1 bound to their promoter regions (Fig. 5B). 
To test possible transcriptional regulation by LEF1 
of these EMT regulators, we cloned their promoter 
regions and disrupted the LEF1 binding sites located 
in the proximal regions of each promoter. Reporter 
assays showed that LEF1 overexpression caused a 

2-fold to 4-fold increase of Luc activity (Fig. 5C). 
Disruption of LEF1 binding sites in promoter re-
gions reduced such Luc activity induction (Fig. 5D). 
We also examined the promoter region of LEF1 
and found that E-box, the binding element of Snail, 
Twist, and Slug, was located in the promoter region 
close to the transcription initiation site. The CHIP 
assay showed that Snail and Twist bound to E-box 
but Slug did not (Fig. 5E; binding elements shown as 
black letters). The reporter assay revealed that Snail 
and Twist overexpression induced LEF1 promoter 
activity. A mutation in E-box (Fig. 5E, red letter) re-
duced LEF1 promoter activity in response to Twist 
and Snail. Slug had no notable effect on LEF1 pro-
moter activity (Fig. 5F).

LEF1 MAY ACTIVATE 
TRANSCRIPTION OF EMT 
REGULATORS BY A β-CATENIN-
INDEPENDENT MECHANISM

LEF1/TCF1 has been shown to mediate Wnt sig-
nals by recruiting β-catenin and its coactivators WREs 
of target genes. To determine whether transcriptional 
control of EMT regulators by LEF1 depends only 

FIG. 4. LEF1 binds to and transcriptionally activates the Oct4 promoter region. (A) Western blot showing differential effects of 
LEF1-downregulated (shLEF1) Mahlavu versus LEF1-overexpressing Huh7 (LEF1) on expression of stemness genes Oct4, Sox2, and 
Nanog. (B, upper panel) CHIP assay with Mahlavu showing direct association of LEF1 with LEF1 binding sites of Oct4 promoter. 
Oct4p is an Oct4p DNA fragment, amplified by primers f lanking LEF1 binding sites; Oct4pRC (negative control) is a PCR-amplified 
DNA fragment using an RC primer; LEF1 is anti-LEF1 (see Materials and Methods). Results shown are representative of similar 
results from one of two independent experiments. (B, lower panel) schematic diagram showing positions of primers used in the CHIP 
assay (arrows), reporter constructs encoding luciferase (gray line) derived from the cloned Oct4 promoter region (black line), location 
of the LEF1 binding site (gray rectangle), and LEF1 consensus binding sequence (black letters) and its mutated sequence (red letters). 
(C,D) Reporter assays with Huh7 showing transcriptional activation by LEF1 of the Oct4 promoter region. Oct4pWT/MT is the 
luciferase reporter carrying the wild-type/mutated LEF1 consensus binding sequence. For the reporter assays, three independent 
experiments were performed in triplicate. Results shown are representative of similar results from one of three experiments. Error 
bars represent mean ± SD of at least three independent experiments. **P < 0.01 (t test). Abbreviations: GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; IP, input, positive control; MT, mutated; NC, negative control immunoglobulin G; PCR, polymerase 
chain reaction; TSS, transcription start site; WT, wild type.
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on β-catenin, we used inhibitors of Wnt signaling 
(IWR, IWR-endo),(29) siRNA targeted to β-catenin, 
and a deletion mutant of the LEF1 β-catenin-binding 

domain to examine effects of β-catenin activity on 
the reporter assay in the presence and absence of 
LEF. Reporter construct TOP flash,(30) a plasmid 

FIG. 5. LEF1 is physically associated with and transcriptionally regulates EMT regulators Snail, Twist, and Slug. (A) Western 
blots showing that down-regulation (Mahlavu; shLEF1) or overexpression of LEF1 (Huh7; LEF1) alters expression of Snail, Slug, 
and Twist. (B, upper panel) CHIP assays with Mahlavu showing LEF1 binding to Snail, Slug, and Twist promoter regions. Twistp, 
Snailp, Slugp show PCR-amplified DNA fragment using primers f lanking LEF1 binding sites. SnailpRC, TwistpRC, SlugpRC show 
PCR-amplified DNA fragments using remote control primers (see Materials and Methods). (B, lower panel) Luciferase (gray line) 
reporter constructs and promoter regions (black line) of Snail, Slug, and Twist; locations of LEF1 binding sites (gray rectangles), LEF1 
binding consensus binding sequence (black letters) and its mutated sequence (red letters), and position of primer used for the CHIP 
assay (arrow). (C,D) Reporter assays with Huh7 showing specific transcriptional up-regulation of Snail, Slug, and Twist by LEF1. 
Twistp, Snailp, Slugp (or Mt) show the luciferase reporter carrying the wild-type (or mutated) LEF1 consensus binding sequence. 
(E, upper panel) CHIP assay with Mahlavu showing Snail and Twist binding to LEF1 promoter regions. LEF1p shows the DNA 
fragment amplified by primers f lanking E-box. LEF1pRC shows the PCR-amplified DNA fragments using RC primers (see Materials 
and Methods). Twist is anti-Twist. Snail is anti-Snail. (E, bottom panel) Position of primers used for the CHIP assay (arrow), LEF1 
promoter region (bold black line) used to make the luciferase reporter (gray line) construct, locations of E-box (gray rectangles), and 
E-box (Twist, Snail, Slug consensus binding sequence; black letters) and its mutated sequence (red letters). (F) Reporter assays with 
Huh7 showing transcriptional activation of LEF1 expression by Snail and Twist but not Slug. LEF1pWT/Mt is the luciferase reporter 
carrying the wild-type/mutated E-box sequence. For the reporter assay, three independent experiments were performed in triplicate. 
Error bars represent the mean ± SD of at least three independent experiments. Results shown are representative of similar results from 
one of three experiments. *P < 0.05, **P < 0.01 (t test). Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IP, input, 
positive control; Mt, mutated; NC, negative control; PCR, polymerase chain reaction IgG; TSS, transcription start site.
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containing WREs, was used initially to determine 
whether Huh7 cells responded to Wnt-3a. Luc activ-
ity was induced by Wnt-3a, and such induction was 
inhibited by IWR (Supporting Fig. S8). The effect of 
Wnt-3a was enhanced by LEF1 overexpression and 
reduced by IWR, suggesting that induction in Huh7 of 
WREs of TOP flash by LEF1 overexpression depends 
only partially or not at all on β-catenin. To determine 
whether induction of Twist, Slug, and Snail promoters 
by LEF1 overexpression in Huh7 depends on β-cat-
enin activity, we treated cells with IWR and a pool 
of siRNAs targeted to β-catenin in combination with 
LEF1 overexpression in the presence and absence of 
Wnt-3a. IWR and β-catenin siRNA partially affected 
Snail promoter activity but had no effect on Twist or 
Slug promoter activities induced by LEF1 overexpres-
sion. Similarly, deletion of β-catenin-binding domain 
of LEF1 had no effect on induction activity of Twist 
and Slug promoters but partially reduced induction 
activity of Snail promoter (Fig. 6A-C). The efficacy of 
β-catenin siRNA was confirmed by western blotting 
(Fig. 6D).

Discussion
LEF1 is the major mediator of Wnt signaling path-

ways and acts as a promoter of metastasis in several 
types of cancers.(9,10) The number of published reports 
focused on the role of LEF1 in HCC compared to 
other human cancers is small. This study is the first 
to use two independent cohorts to clearly demonstrate 
a clinical relationship between LEF1 and HCC and 
describes mechanisms whereby LEF1 differentially 
regulates expression of stemness genes Oct4, Sox2, and 
Nanog and forms a transcriptional regulation loop with 
EMT regulators Twist and Snail. Our findings also 
suggest that LEF1 overexpression enhances expression 
of Twist and Slug independent of β-catenin.

We showed previously that EMT occurs in >50% 
of primary HCC samples and that Snail and Twist 
expression was associated with EMT, HCC metasta-
sis, and postoperative recurrence.(7) Of eight HCC cell 
lines examined in that study, Twist and Snail expres-
sion and invasiveness were highest for Mahlavu, inter-
mediate for PLC, and lowest for Huh7. In the present 

FIG. 5. Continued. [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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study, effects of LEF1 knockdown on important HCC 
phenotypes (morphology, sphere formation, soft agar 
colony formation, transwell invasion, tumorigenesis 
in nude mice) were examined in Mahlavu, PLC, and 
Huh7. We found that LEF1 knockdown in Mahlavu 
and PLC notably altered morphology and reduced 
self-renewal and invasiveness, whereas LEF1 up-reg-
ulation in less-invasive Huh7 altered morphology and 
increased self-renewal and invasiveness. Our consistent 
findings in these three distinctive HCC lines clearly 

demonstrate the crucial role of LEF1 in HCC self-
renewal and invasiveness.

In HCC, both TGF-β and Wnt play key roles  
in EMT triggering and in transcriptional regulation of 
LEF1.(4,8,31) Huang et al.(18) reported that in response 
to Wnt signaling, LEF1 binds to stabilized β-catenin 
and helps maintain an undifferentiated status of 
embryonic stem cells through up-regulation of Oct4 
promoter activity and physical interaction with 
Nanog. In this study, LEF1 bound to Oct4 promoter 

FIG. 6. LEF1 transcriptionally regulates Twist and Slug independently (in part) of β-catenin. (A-C) Following introduction of 
reporter constructs, transfected cells were treated with 0.1 µg/mL Wnt-3a with/without 800 nM IWR-endo (Wnt signaling inhibitor) 
(left panel), cotransfected with 2.5 µL siRNA targeted to β-catenin (middle panel), or transfected with DLEF1 (N-terminal deletion 
mutant of LEF1 in which β-catenin-binding domain is lacking) (right panel). (A) Reporter assays showing that induction of Snail 
promoter by LEF is partially dependent on β-catenin. (B,C) Induction by LEF1 of Twist or Slug promoter activities was independent 
of β-catenin. Results shown are representative of similar results from two independent experiments performed in triplicate. Means of 
groups were compared by unpaired, two-tailed Student t test. *P < 0.05. **P < 0.01. (D). Western blot confirming efficacy of β-catenin 
siRNA.
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and activated Oct4 expression but showed no such 
effects on Nanog, KLF4, or Sox2. Reprogramming for 
maintenance of stem cell status and the self-renewal 
property may require activation of stemness genes  
at different stages.(32) The mechanisms underlying  
differential activation of these factors remain poorly 
understood. Consistent with the report by Sun et 
al.(33) that Oct4 in HCC regulates LEF1 to activate 
the LEF1/β-catenin-dependent WNT signaling path-
way and promote EMT, findings of the present study 
indicate that reciprocal regulation between LEF1 and 
Oct4 in HCC plays a crucial role in maintaining self-
renewal properties. Such regulation is based on specific 
promoter binding and transcriptional activation.

The Wnt signaling pathway has been shown to be 
involved in posttranslational regulation of Snail.(34,35) 
Our present findings suggest that LEF1 is involved in 
transcriptional regulation of other EMT regulators. 
Transactivation of Snail and Twist by LEF1 evidently 
occurs through its binding to promoters of these genes 
and leads to up-regulation of these EMT regulators, 
which in turn promotes EMT and HCC recurrence, 
in agreement with our previous report.(10) Snail and 
Twist but not Slug transcriptionally regulate LEF1 

expression and create a “positive-feedback loop” for 
cancer progression, consistent with our previous find-
ing that Snail and Twist play roles more important 
than that of Slug in HCC progression.(7)

Niemann et al.(36) reported an association between 
tumor progression and inhibition of Wnt signaling. 
Mutation or deletion of the N-terminus of LEF1 
(DN32Lef1) eliminated β-catenin binding. Transgenic 
mice overexpressing the deletion mutant of the LEF1 
β-catenin-binding domain under control of the K14 
promoter had a high rate of sebaceous tumor develop-
ment.(37) A high proportion of human sebaceous ade-
nomas had double nucleotide substitutions in exon 1 
of the LEF1 gene, and amino acid substitutions E45K 
and S61P in the N-terminus reduced LEF1 binding to 
β-catenin and β-catenin-dependent transcription.(38) 
Several lines of evidence indicate that LEF1 overex-
pression cooperates with factors other than β-cat-
enin.(10,39-42) To avoid off-target effects of IWR-1, we 
knocked down β-catenin using an siRNA mixture. IWR 
or β-catenin siRNA treatment enhanced the effects 
of LEF1 transcriptional activation on Twist and Slug 
promoters. These findings suggest that LEF1 activates 
EMT regulators through a β-catenin-independent 

FIG. 6. Continued.
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pathway, which could have significant clinical impli-
cations. Wnt/β-catenin signaling is involved in liver 
organogenesis during embryonic development,(43) 
whereas the Wnt/β-catenin pathway is generally 
inactive in normal adult liver.(44) In HCC, β-catenin 
accumulation is observed in 10%-50% of tumors and 
is correlated with tumor progression and poor progno-
sis.(45) Although considerable research effort has been 
focused on the development of Wnt inhibitors, there 
are no U.S. Food and Drug Administration-approved 
drugs available for clinical application that are based on 
targeting the Wnt/β-catenin signaling pathway.(46,47) 
A major obstacle to development of such drugs is the 
crucial role of the Wnt/β-catenin pathway in nor-
mal development and adult tissue homeostasis. Thus, 
extreme care is necessary to assure that any potential 
anticancer drug based on targeting the Wnt/β-catenin 
pathway avoids the risk of inhibiting proregenerative 
processes. In view of the wide variety of Wnt/β-catenin 
inhibitors that target different subcellular levels, it is 
important to select appropriate agents for specific tar-
gets.(47,48) Our present findings indicate that LEF1 
expression affects HCC progression, in part, in a β-cat-
enin-independent manner. HCC is a highly heteroge-
neous type of cancer, and its progression is based on 
activation of multiple pathways. Selection of the best 
therapeutic option for an individual patient requires 
knowledge of the genomic background of the tumor. 
The present findings provide important new insights 
into the molecular mechanisms involved in HCC 
progression and a basis for novel anti-HCC therapies 
that target LEF1 separately from the Wnt/β-catenin 
pathway.

In summary, we demonstrate here that LEF1 tran-
scriptionally activates expression of EMT regulators 
(Snail, Twist) and stemness gene Oct4 and that such 
activation plays a crucial role in cancer self-renewal and 
progression. Snail and Twist can also transactivate LEF1 
and create a positive-feedback loop for cancer progres-
sion. Activation of EMT regulators by LEF1 occurs in 
part through a β-catenin-independent pathway.
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