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Abstract 

Introduction: Our previous study identified LIM homeobox domain 6 (LHX6) as a frequently 
epigenetically silenced tumor-suppressor gene in lung cancer. However, its clinical value has never been 
evaluated, and the in-depth anti-tumor mechanism remains unclear.  
Methods: Public database was used for lung cancer, lung adenocarcinoma and lung squamous 
carcinoma patients and tissue microarray data was used for lung adenocarcinoma patients to study 
prognostic outcome of LHX6 expression by Kaplan-Meier and Cox-regression analysis. In vitro 
proliferation, metastasis and in vivo nude mice model were used to evaluate the anti-tumor effect of 
LHX6 on lung adenocarcinoma cell lines. The mechanisms were explored using western blot, TOP/FOP 
flash assays and luciferase reporter assays. LHX6 expression and clinical stages data were collected from 
The Cancer Genome Atlas database (TCGA). 
Results: Expression of LHX6 was found to be a favorable independent prognostic factor for overall 
survival (OS) of total lung adenocarcinoma patients (P=0.014) and patients with negative lymph nodes 
status (P=0.014) but not related the prognostic outcome of lung squamous cell carcinoma patients. The 
expression status of LHX6 significantly correlated to histological grade (P<0.01), tumor size (P=0.026), 
lymph node status (P=0.039) and clinical stages (P<0.01) of lung adenocarcinoma patients. Functionally, 
LHX6 inhibited the proliferation and metastasis of lung adenocarcinoma cells in vitro and in vivo. 
Furthermore, LHX6 suppressed the Wnt/β-catenin pathway through transcriptionally silencing the 
expression of β-catenin, and the promoter region (-1161 bp to +27 bp) was crucial for its inhibitory 
activity.  
Conclusions: Our data indicate that the expression of LHX6 may serve as a favorable prognostic 
biomarker for lung adenocarcinoma patients and provide a novel mechanism of LHX6 involving in the 
tumorigenesis of lung adenocarcinoma. 
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Introduction 
Lung cancer, one of the most common 

malignancies, is the primary cause of cancer-related 
death worldwide [1, 2]. Among the different types of 
lung cancers, non-small cell lung cancer (NSCLC), 
primarily comprising lung adenocarcinoma and lung 
squamous cell carcinoma, constitutes over 80% of 

lung cancer patients [3, 4]. Lung adenocarcinoma is 
the most frequent type of NSCLC and accounts for 
approximately 40% of lung cancer [5]. Although 
numbers of novel therapies have been applied in the 
clinic, the five-year survival rate of lung cancer 
patients is lower than 20% [6, 7]. The undesirable 
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prognosis of lung cancer is largely due to its high 
mortality rate and aggressive phenotypes. Recently, 
various genetic and epigenetic alterations have been 
shown to drive this process in lung cancer and even 
one gene may indicate adverse prognostic outcomes 
in lung adenocarcinoma and lung squamous cell 
carcinoma patients [8-10]. Thus, identification of new 
functional genes and biomarkers in different types of 
lung cancer may elucidate the mechanism of lung 
tumorigenesis and provide alternative approaches to 
improve cancer therapy and diagnosis.  

The human genome contains at least 12 LIM 
homeobox (LHX) genes encoding LIM homeodomain 
transcription factors. These genes usually have a LIM 
domain in addition to a homeo domain [11]. Studies 
have shown that LHX6 plays important roles in organ 
development and oncogenesis [12-17]. 
Hypermethylation of LHX6 serves as a sensitive 
biomarker in early diagnosis of head and neck 
carcinomas and cervical cancer [11, 18]. We have 
previously reported that LHX6 is a novel tumor 
suppresser which is epigenetically silenced by DNA 
methylation in lung cancer, but whether it is related to 
the clinical progression has yet to be evaluated [17]. A 
recent study has demonstrated that LHX6 suppresses 
breast cancer progression by interfering the 
Wnt/β-catenin pathway. However, the in-depth 
regulatory mechanism has not been investigated [16].  

It is well established that Wnt/β-catenin 
signaling helps maintain cancer stem cells and is a 
putative stem cell marker [19, 20]. Abnormal 
activation of this pathway is a crucial oncogenic step 
in tumor initiation and progression [21, 22]. 
Wnt/β-catenin signaling is normally over-activated in 
the tumorigenesis process through accumulation of 
β-catenin (the key mediator of this signaling pathway) 
present in the cytoplasm which is then subsequently 
translocated into the nucleus where it forms a 
complex with members of the T-cell factor 
(TCF)/Lymphoid enhancer-binding factor (LEF) 
family of transcription factors, leading to the 
activation of downstream targets genes, such as the 
oncogenes Cyclin D1, MMP7 and c-Myc [19, 23, 24]. 
Previous studies have indicated that Wnt/β-catenin 
signaling is frequently activated with promoted lung 
cancer cell proliferation and metastasis [20, 25-27]. 
However, the mechanisms leading to the abnormal 
activation of the Wnt/β-catenin signaling still remains 
unclear in lung cancer. 

In the present study, we found that LHX6 
expression was an independent favorable prognostic 
factor and tightly associated with clinical parameters, 
which indicated that LHX6 might be a potential 
prognostic biomarker for lung adenocarcinoma 
patients. Furthermore, LHX6 suppressed tumor 

growth and metastasis by transcriptional silencing the 
expression of β-catenin, and this provided a novel 
mechanism of the tumorigenesis process of lung 
adenocarcinoma. 

Materials and Methods 
Cell lines and patient samples 

The human lung cancer cell lines SPC-a-1, 95D, 
LTEP-a-2, A549, H358 and an immortalized HBE cell 
line were obtained from the Cell Bank of the Chinese 
Academy of Science (Shanghai, China). All cells were 
cultured in the corresponding medium 
(recommended by the suppliers) supplemented with 
10% fetal bovine serum, and maintained at 37 °C in an 
incubator with 5% CO2. For expression assay, 15 
matched tumor and adjacent non-tumor lung cancer 
patients’ samples were obtained from the Southwest 
Hospital in Chongqing, China. For the tissue 
microarray analysis, a total of 88 primary lung 
adenocarcinoma tissues were obtained from cancer 
patients who had undergone surgical resection with 
curative intent between 2004 and 2009 at the 
Southwest Hospital in Chongqing, China. The 
clinicopathological information was retrieved from 
the patients’ electronic medical records including age, 
gender, tumor size, histological grade, lymph node 
status (negative or positive) and clinical stage 
(defined according to American Joint Committee on 
Cancer. 7th edition) and follow-up information (5-10 
years) for overall survival rates. This study was 
approved by the ethics committee of the Southwest 
Hospital Affiliated with Third Military Medical 
University, and all experiments were carried out in 
accordance with approved guidelines of Third 
Military Medical University. Informed consent was 
signed by all of the recruited patients. 

Reverse-transcription polymerase chain 
reaction (RT-PCR) and real-time qPCR 

Total RNA was extracted with TRIzol 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol. RT-PCR and real-time 
quantitative PCR analyses were performed as 
previously described [28], and primer sequences are 
listed in Supplementary Table 1. 

Antibodies and western blot 
WB was performed as previously described [17]. 

After incubation with the secondary antibody, the 
proteins were detected by chemiluminescence 
(Millipore Germany). The primary antibodies used in 
this study were anti-LHX6 (1:1000; Santa Cruz 
Biotechnology), anti-CTNNB1 (1:700; Santa Cruz 
Biotechnology), anti-MMP7 (1:1000; Abcam), 
anti-c-Myc (1:1000; Santa Cruz Biotechnology), 
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anti-CCND1 (1:1000; Santa Cruz Biotechnology) and 
anti-GAPDH (1:2000; Beyotime China). 

Tissue microarray analysis (TMA) generation 
All samples from lung adenocarcinoma patients 

were reviewed histologically after hematoxylin and 
eosin staining. To construct the TMA slides, two cores 
were taken from each representative tumor tissues 
(within a distance of 20 mm). The tissues were stained 
with hematoxylin-eosin and then reviewed 
histologically by at least two pathologists. Finally, the 
TMAs were constructed (in collaboration with 
Shanghai Biochip Company Ltd, Shanghai, China) as 
previously described [8]. 

Immunohistochemical (IHC) analysis and 
scoring 

IHC staining was performed using an antibody 
against LHX6 (1:500; Abcam) as described previously 
[29]. A double-blind method was used to analyze IHC 
results by randomly choosing three visual fields from 
different areas of each specimen. The immunostaining 
was considered positive when ≥10% of the tumor cells 
was immunoreactive, and samples were scored as 
previously described [8]. Comprehensive score = 
staining percentage × intensity. The LHX6 expression 
≤4 was denoted as low expression, and >4 were 
scored as high expression, according to the median of 
88 lung adenocarcinoma patients. 

Construction of LHX6 mi-RNA expression 
vectors  

Negative control-miRNA and targeting LHX6- 
miRNA were generated by Invitrogen and the 
sequences are: LHX6-miRNA forward strand 5’-3’ 
TGCTGAGAAGCAGGCGAAGCAGGCCAGTTTTGGC
CACTGACTGACTGGCCTGCCGCCTGCTTCT (The 
italic indicated mature mi RNAi sequence targeting 
the open reading frame region of human LHX6); 
LHX6-miRNA reverse strand 5’-3’ CCTGAGAAGC 
AGGCGGCAGGCCAGTCAGTCAGTGGCCAAAAC
TGGCCTGCTTCGCCTGCTTCTC; Negative control- 
miRNA forward strand 5’-3’ TGCTGAAATGTACT 
GCGCGTGGAGACGTTTTGGCCACTGACTGACGTC
TCCACGCAGTACATTT (The italic sequence 
indicated mature control-mi-RNA); Negative 
control-miRNA reverse strand 5’-3’ CCTGAAATGT 
ACTGCGTGGAGACGTCAGTCAGTGGCCAAAAC
GTCTCCACGCGCAGTACATTTC. Each miRNA 
oligo was cloned into the pcDNA6.2™-GW/ 
EmGFP-miR expression vector as previously 
described [30, 31] and then sequenced for following 
experiments.  

Cell viability assay 
Briefly, cells were seeded in 96-well plates at a 

density of 4000 cells/well and transfected with 
LHX6-overexpression or Vector control and 
LHX6-miRNA or Control-miRNA respectively. The 
absorbance was determined one day after cells were 
plated to confirm an identical number of cells within 
groups. After 1–4 days of transfection, cell viability 
was evaluated by with a Cell Proliferation Reagent 
MTS (Promega) according to the manufacturer’s 
instructions. 

Generation of stable cell lines 
The LHX6 over-expression or knockdown cell 

lines were generated as previously described [28]. The 
stably transfected cells were screened with G418 
(Calbiochem, La Jolla, CA, USA) or Blasticidin 
(Invitrogen Preservation). Single clones were obtained 
by the cylinder method. Several positive clones were 
confirmed by WB and then mixed for subsequent 
experiments. 

Cell migration and invasion assay 
For the migration assay, cells (4×104/ chamber) 

were resuspended in 300 µL of serum-free medium to 
avoid the effect of proliferation and seeded in the 
upper Transwell chamber (8 µm pore size, BD 
Biosciences). For the invasion assay, cells in 
serum-free medium were placed into the upper 
chamber of an insert coated with Matrigel (BD 
Biosciences). For each assay, medium supplemented 
with 20% fetal bovine serum was added into the lower 
chamber. After incubation for 24 h at 37 °C, 
non-migrated or non-invaded cells on the upper 
membrane were removed with a cotton swab. Cells 
that had migrated or invaded through the membrane 
were stained with 0.1% crystal violet. The experiment 
was performed in triplicate wells. 

Colony formation assay 
The colony formation assay was conducted as 

previously described [28]. Briefly, LTEP-a-2 and 
SPC-a-1 cells were plated in 6-well plates at a 
concentration of 2.5×105 cells per well. For 
knockdown, LTEP-a-2-LHX6 stably cells were plated 
in 6-well plates at a concentration of 2×105 cells per 
well. After culturing for 24 h, the cells were 
transfected with LHX6-overexpression or Vector 
control and LHX6-miRNA or Control-miRNA, 
respectively. After 48 h of transfection, cells were 
collected, diluted 1:3, plated in 6-well plates and 
selected with 0.8 mg/mL of G418 or 2 μg/mL of 
Blasticidin for 14 days to establish stable clones in 
which the plasmids had stably integrated into 
genomic DNA. Surviving colonies (>50 cells per 
colony) stained with crystal violet (Sigma-Aldrich, St 
Louis, MO, USA) were counted. 
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Animal experiments 
BALB/c-nude mice (4 weeks of age, 18-20 g) 

were purchased from the Center of Experimental 
Animals of Third Military Medical University, China 
and housed in a sterile environment. Eight 4-week-old 
male BALB/c-nude mice (half males and half females) 
were randomly divided into two groups (n=4/group). 
LTEP-a-2 cells (8×106) stably expressing LHX6 or 
control vector were injected subcutaneously into the 
right flanks of the nude mice. The tumor volume was 
determined using the equation V = 0.5 × D × d2 (V, 
volume; D, longitudinal diameter; d, latitudinal 
diameter) every 3 days. The mice were sacrificed after 
28 days for the following experiments. For the 
tumorigenesis experiments, tumors were dissected 
and weighed. To evaluate metastasis, livers were 
dissected to observe the metastatic sites after H&E 
staining and to quantify the metastasis of the human 
cancer cells with qPCR. All experimental animal 
procedures were approved by the Institutional 
Animal Care and Use Committee of Third Military 
Medical University, China. 

Luciferase and TOP/FOP flash reporter assays 
The previously reported promoter region of 

full-length human β-catenin (CTNNB1) promoter 
(Catenin-promoter-full: −2760/+27) [32] and two 
overlapping regions, Catenin-promoter-1 (−2760/ 
−1161) and Catenin-promoter-2 (−1952/+27), were 
amplified and cloned into a pGL3-basic vector 
(Promega, Madison, WI, USA). LTEP-a-2 and SPC-a-1 
cells were transfected with the pGL3-CTNNB1- 
promoters together with pIRES2-EGFP-LHX6 or 
control vector and pRLTK-Luc (Renilla-TK-luciferase 
vector, Promega) to normalize the transfection 
efficiency. After 36 h, the activities of firefly luciferase 
and renilla luciferase were measured in triplicate 
using the fluorescence microplate reader 
measurement system Varioskan LUX (Thermo Fisher, 
Waltham, MA, USA) with a Dual-luciferase reporter 
kit (Promega) as previously described [9]. For the TOP 
and FOP flash assay, LTEP-a-2 and SPC-a-1 cells were 
plated into 24-well plates at a concentration of 2.0×104 
cells per well. Cells were co-transfected with 300 ng of 
either TOP flash (T-cell factor reporter plasmid) or 
FOP flash (mutant T-cell factor reporter plasmid) 
expression plasmids (Millipore, Temecula, CA, USA) 
and 300 ng of pIRES2-EGFP-LHX6 or control vector 
and 20 ng pRL-TK. Luciferase activity was detected as 
described above. The experiment was performed in 
triplicate wells for three times. 

Analysis of publicly available datasets 
To analyze the effect of LHX6 expression on 

prognosis of lung cancer patients, we generated 

Kaplan-Meier survival curves of lung cancer patients 
with low or high expression of LHX6 using 
Kaplan-Meier Plotter (www.kmplot.com/analysis) 
[33]. Specifically, “Lung cancer” at the upper-right 
corner of the home page of www.kmplot.com/ 
analysis was selected, and “LHX6” was entered into 
the Gene symbol. The 2015 release of the database was 
used, auto select best cut-off was chosen in the 
analysis by clicking “Auto select best cutoff”, and 
then, “Draw Kaplan-Meier plot” was clicked. The 
patients were automatically split into low LHX6 and 
high LHX6 groups according to the LHX6 expression 
values determined by the microarray. 

To analyze the expression status of LHX6 in lung 
cancer patients and normal samples and the 
expression correlation between LHX6 and CTNNB1, 
we first used The UCSC Cancer Genomics Browser 
(https://genome-cancer.soe.ucsc.edu/proj/site/hgH
eatmap/) to analyze the results and further 
downloaded the raw data from TCGA data base. The 
TCGA lung cancer (LUNG) RNAseq (IlluminaHiSeq; 
n=1124), TCGA lung adenocarcinoma (LUAD) 
RNAseq (IlluminaHiSeq; n=571) and TCGA lung 
squamous carcinoma (LUSC) RNAseq 
(IlluminaHiSeq; n=553) data sets were downloaded 
and analyzed. 

Statistical analysis 
Statistical analyses were performed using SPSS 

16.0 software (SPSS, Inc., Chicago, IL). Data are 
expressed as the means ± standard deviation (SD). 
Student’s t-test or Mann-Whitney U test was used to 
compare means between groups. Kaplan-Meier 
survival plots and the Cox regression methods were 
used to compare the survival outcome between the 
two LHX6 expression groups. Pearson χ2 test was 
applied to analyze the relationship between LHX6 
expression and clinical-pathological parameters, 
except the histological grade and clinical stages 
classification which were analyzed by Mann-Whitney 
U test. Pearson correlation was used to analyze the 
expression relation. P-value <0.05 was considered to 
denote statistical significance.  

Results 
LHX6 expression is significantly 
down-regulated in lung cancer tissues 

Our previous work identified LHX6 as an 
epigenetically silenced gene in lung cancer [17]. To 
further investigate its clinical values in lung cancer, 
we first analyzed the expression status of LHX6 in 
lung tumor tissues. The results showed that LHX6 
was down regulated in tumor tissues compared with 
adjacent non-tumor tissues (Fig. 1A). To further 
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confirm this observation, the expression pattern of 
LHX6 was subsequently analyzed in lung cancer 
patients from The Cancer Genome Atlas (TCGA) 
database. LHX6 expression was significantly 
down-regulated in TCGA lung cancer as well as in 
lung adenocarcinoma and lung squamous carcinoma 
tissues compared with normal lung tissues (P<0.01) 

(Fig. 1B). Furthermore, LHX6 was down-regulated in 
lung cancer cell lines compared with a normal human 
bronchial epithelial (HBE) cell line both at mRNA and 
protein level (Fig. S1). These results suggested that 
LHX6 was down-regulated in lung cancer, indicating 
a role in lung cancer development. 

 

 
Figure 1. LHX6 is down-regulated in lung tumor tissues. (A) Analysis of LHX6 expression levels in tumor and adjacent tissues of lung cancer patients using 
immunohistochemistry. LHX6 was down regulated in lung tumor tissues compared with adjacent tumor tissues. Scale bars represent 50 μm. (B) Down-regulation of 
LHX6 in lung cancer patients was further confirmed using public data sets in TCGA database. LHX6 mRNA expression in the TCGA lung cancer (LUNG) RNAseq 
(IlluminaHiSeq; n=1124), TCGA lung adenocarcinoma (LUAD) RNAseq (IlluminaHiSeq; n=571) and TCGA lung squamous carcinoma (LUSC) RNAseq 
(IlluminaHiSeq; n=553) data sets. Error bars indicate s.d. ** P<0.01. 
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Figure 2. Relationship between LHX6 expression and overall survival (OS) of lung cancer patients retrieved from public datasets. (A) Kaplan-Meier survival analysis 
of LHX6 expression in lung cancer patients (n=1926). High expression of LHX6 predicted longer OS of lung cancer patients compared with low LHX6 expression. 
(B) Kaplan-Meier survival analysis of LHX6 expression in lung adenocarcinoma patients (n=720). High expression of LHX6 predicted longer OS of lung 
adenocarcinoma patients compared with low LHX6 expression. (C) Kaplan-Meier survival analysis of LHX6 expression in lung squamous carcinoma patients (n=525). 
The expression status of LHX6 was not correlated with the OS of lung squamous carcinoma patients. 

 

Low expression of LHX6 is significantly 
associated with poor clinical outcomes in lung 
adenocarcinoma patients  

To investigate the clinical significance of LHX6, 
we first performed a meta-analysis to explore the 
association between LHX6 expression and prognostic 
outcomes in 1928 lung cancer patients using the 
Kaplan–Meier Plotter (KMplotter) software program 
(www. kmplot.com). The results showed that low 
expression of LHX6 was significantly associated with 
poor prognostic outcome in lung cancer patients 
(n=1926, Hazard ratio (HR)=0.87, 95% confidence 
interval (CI)=0.76–0.99, P=0.031) (Fig. 2A) by 
univariate analysis. A subgroup analysis based on 
histological types revealed that LHX6 was associated 
with overall survival (OS) of lung adenocarcinoma 
patients (n=720, HR=0.66, 95% CI =0.53–0.84, P<0.001) 

(Fig. 2B) but not of lung squamous carcinoma patients 
(n=525, HR=1.22, 95% CI=0.94–1.59, P=0.14) (Fig. 2C). 
These results indicated that LHX6 may be a favorable 
prognostic factor only in lung adenocarcinoma 
patients.  

To confirm this observation, we conducted IHC 
on a TMA containing 88 lung adenocarcinoma tissues 
from patients with OS clinical statistics. After IHC, we 
used the scoring system to consolidate the results by 
the intensity and positive staining percentage of 
tumor cells. Based on the results, the staining was 
quantified and classified into two groups: high and 
low (Fig. S2). Survival analysis using the 
Kaplan-Meier method and log rank test showed that 
high expression of LHX6 presented a longer survival 
time than that of low LHX6 expression in total lung 
adenocarcinoma patients and patients with negative 
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lymph nodes (Fig. 3 A and B). To correct the bias 
caused by univariate analysis, LHX6 expression as 
well as other parameters were examined in a 
multivariate Cox-regression analysis (after adjusting 
for gender, age, histological grade, clinical stage, 
tumor size and lymph node). In addition to clinical 
stage (HR=1.888, P=0.000), LHX6 expression was 
found to be an independent prognostic factor for OS 
of patients (HR=0.390, P=0.014) and the patients with 
negative lymph nodes (HR=0.212, P=0.014) in lung 
adenocarcinoma (Fig. 3 C and D). We further 
investigated the relationship between LHX6 
expression and clinical parameters and found that 
LHX6 expression was evidently correlated with 

histological grade (n=88, P=0.006), tumor size (n=88, 
P=0.026) and lymph node status (n=84, P=0.039) of 
lung adenocarcinoma patients (Table S2). The 
incidence of LHX6 high expression was 31.57% 
(12/38) in lymph node-negative patients but 13.04% 
(6/46) in lymph node-positive patients and we found 
that LHX6 was down-regulated in two independent 
lung adenocarcinoma cohorts from TCGA data sets 
with metastatic lung cancer (Fig. S3 A and B), these 
results suggested that LHX6 may be involved in lung 
tumor metastasis. Furthermore, by analyzing a TCGA 
lung adenocarcinoma cohort with tumor stage data, 
LHX6 expression was found to be significantly related 
to the clinical stages (n=513, P=0.004) (Table S3).  

 

 
Figure 3. High expression of LHX6 predicts a longer survival time in lung adenocarcinoma patients. (A) Kaplan-Meier survival analysis of LHX6 expression in lung 
adenocarcinoma patients. Long OS was observed in the high LHX6 expression group compared with the low LHX6 group. (B) Kaplan-Meier survival analysis of LHX6 
expression in lung adenocarcinoma patients with metastasis-negative lymph nodes. Long OS was observed in the high LHX6 expression group compared with the low 
LHX6 group. (C) Multivariate Coxregression analysis of the relationship between LHX6 expression and OS of lung adenocarcinoma patients. LHX6 was determined 
to be an independent favorable prognostic factor. (D) Multivariate Coxregression analysis of the relationship between LHX6 expression and OS of lung 
adenocarcinoma patients with a metastasis-negative lymph node status. LHX6 was determined to be an independent favorable prognostic factor. 
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Figure 4. LHX6 suppresses tumor cell proliferation, migration and invasion. (A) Transfectants of the control vector and LHX6 were identified by WB in LTEP-a-2 
and SPC-a-1 cells. (B) MTS assays were performed to examine the effect of LHX6 overexpression on the relative number of viable cells based on the absorbance. (C) 
Transwell assays were used to examine the effect of LHX6 on cell migration and invasion in LTEP-a-2 and SPC-a-1 cells. (D) Knockdown of LHX6 in LTEP-a-2-LHX6 
stably cells was identified by WB. (E) MTS assays were used to examine the effect of LHX6 knockdown on the relative number of viable cells based on the absorbance. 
(F) Transwell assays were performed to examine the effect of LHX6 knockdown on cell migration and invasion in LTEP-a-2-LHX6 stably cells. Error bars indicate s.d. 
(n=3).* P<0.05; ** P<0.01. 

 

LHX6 inhibits lung adenocarcinoma cell 
proliferation, migration and invasion in vitro 

To investigate the role of LHX6 in lung 
adenocarcinoma progression, we established a 
gain-of-function cell model by transfecting an 
LHX6-expression vector into two lung 
adenocarcinoma cell lines, LTEP-a-2 and SPC-a-1, and 

the expression of exogenous LHX6 was confirmed by 
WB (Fig. 4A). We then examined the effects of LHX6 
overexpression on cell proliferation, migration and 
invasion. Using a 4-days growth curve analysis, 
ectopic expression of LHX6 was found to significantly 
inhibit the proliferation of LTEP-a-2 and SPC-a-1 cells 
(Fig. 4B). The suppressive effect on lung 
adenocarcinoma cell growth was further confirmed 
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by colony formation assays (Fig. S4A). We further 
investigated the effect of LHX6 on lung 
adenocarcinoma cell metastasis. Transwell assays 
with or without matrix gel showed that LHX6 
significantly suppressed the migration and invasion 
ability of LTEP-a-2 and SPC-a-1 cells (Fig. 4C). To 
further confirm the role of LHX6 in lung 
adenocarcinoma cell growth and metastasis. We 
knocked down LHX6 expression in the 
LTEP-a-2-LHX6 stably cell line with LHX6-miRNA. 
LHX6 expression was significantly reduced in the 
cells transfected with LHX6-miRNA as shown by WB 
(Fig. 4D). Knockdown of LHX6 markedly enhanced 
cell viability and colony formation ability compared 
with the control group (Fig. 4E and Fig. S4B). 
Furthermore, knockdown of LHX6 reversed the 
inhibitory effect on cell metastasis of LTEP-a-2-LHX6 
stably cells (Fig. 4F). Collectively these data suggested 
that LHX6 serves as a tumor suppressor by inhibiting 
tumor cell proliferation, migration and invasion in 
lung adenocarcinoma. 

LHX6 inhibits tumor formation and metastasis 
in nude mice 

To determine the anti-tumorigenic and 
anti-metastasis role of LHX6 in vivo, LTEP-a-2-LHX6 
stably and vector control cells were subcutaneously 
injected into nude mice. The tumor volume was 
significantly smaller in the LHX6 over expression 
group compared with the control group (Fig. 5 A and 
B). The mean tumor weight was lower in nude mice 
injected with LHX6-overexpressing cells than in 
vector control mice (n=4, P=0.033) (Fig. 5C). Next, the 
liver metastasis was determined by both tissue 
observation using H&E staining and quantification of 
human-specific β2-MG (beta-2-microglobulin) [34] 
(Fig. 5 D and E). The results revealed that the nude 
mice of the LHX6 over expression group 
demonstrated a significantly reduced liver metastasis 
compared with the empty vector control mice. These 
data indicated that LHX6 had a significant effect on 
impeding tumor growth and metastasis, supporting 
LHX6 as a tumor suppressor in lung adenocarcinoma 
in vivo. 

 

 
Figure 5. LHX6 inhibits tumor formation and metastasis in nude mice. (A) Control vector and LTEP-a-2-LHX6 cells stably expressing LHX6 (8 × 106) were 
subcutaneously injected into the right flank of nude mice. Pictures of BALB/c-nude mice and solid tumor tissues were taken after 4 weeks. (B) The tumor growth 
curve of LHX6-overexpressing cells was compared with vector control cells. (C) Tumor weights in the vector control and LHX6 groups were determined. Error bars 
indicate s.d. (n=4). (D) Liver metastases were observed by H&E staining in the control group but not in the LHX6 group. Arrows indicate the metastatic loci. (E) Liver 
metastasis was further quantified using RT-qPCR. Human-specific β2-MG levels were used to quantify metastatic human cancer cells with the mouse-specific β2-MG 
level as an internal control. The nude mice that were injected with LHX6-overexpressing cells demonstrated a significantly lower number of metastatic cancer cells 
in the liver compared with those that were injected with an empty control. Error bars indicate s.d. (n=4).* P<0.05; ** P<0.01.  
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LHX6 represses the Wnt/β-catenin pathway 
by transcriptional silencing of β-catenin  

We next explored the possible mechanism by 
which LHX6 suppresses lung adenocarcinoma 
progression. A TOP/FOP flash reporter assay showed 
that LHX6 significantly inhibited the transcriptional 
activity of β-catenin/T-cell factor (TCF) compared 
with the vector control transfectants in LTEP-a-2 and 
SPC-a-1 cell lines (Fig. 6A). We subsequently analyzed 
the expression of the downstream genes of the 
Wnt/β-catenin pathway and found that LHX6 
decreased the mRNA and protein level of Cyclin D1, 
c-Myc and MMP7 (Fig. 6 B and C).  

Next, we thought to determine the possible 
mechanism by which LHX6 could interrupt 
Wnt/β-catenin signaling. As an important signal 
transmitter involved in the Wnt/β-catenin pathway, 
the expression of β-catenin was first detected both at 
mRNA and protein level and the results showed that 
β-catenin was significantly down-regulated by LHX6 
overexpression (Fig. 7A-C). This observation was 
further confirmed in the xenografted tumors derived 

from the nude mice (Fig. 7D). We further referred to 
an online data base to confirm whether LHX6 
expression was reversely correlated with β-catenin 
expression. Interestingly, a reversed correlation was 
only found in the TCGA lung cancer patients (n=1124 
P=0.038 R=−0.053) and lung adenocarcinoma patients 
(n=571 P=0.045 R=−0.071) (Fig. S5). However, we 
failed to observe this correlation in lung squamous 
carcinoma patients (n=553 P=0.272 R=0.026) (Fig. S5). 
These results indicated that LHX6 exerted its tumor 
suppressor function through down regulation of 
β-catenin in lung adenocarcinoma. 

To further confirm that β-catenin was 
responsible for the suppressive effect of LHX6, a 
recovery assay was performed by re-introducing 
β-catenin into the LTEP-a-2-LHX6 cells. β-catenin 
re-expression reversed the inhibitory effect of LHX6 
on cell proliferation and metastasis (Fig. S6). These 
data indicated that LHX6-mediated β-catenin 
down-regulation plays a crucial role in inhibiting lung 
adenocarcinoma cell proliferation and metastasis. 

 

 
Figure 6. LHX6 suppresses the Wnt/β-catenin pathway. (A) LHX6 decreased the transcriptional activity of the Wnt/β-catenin pathway, as determined by a TOP 
flash/FOP flash reporter luciferase activity assay in LTEP-a-2 and SPC-a-1 cell lines. TOP and FOP flash plasmids were co-transfected with control vector or LHX6 and 
PRL-TK plasmids in LTEP-a-2 and SPC-a-1 cells. (B, C) LHX6 inhibited the expression of Wnt/β-catenin pathway target genes at both the mRNA and protein levels. 
Error bars indicate s.d. (n=3). * P<0.05; ** P<0.01. 
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Figure 7. LHX6 inhibits the expression of β-catenin. (A, B) Ectopic expression of LHX6 significantly reduced the expression of β-catenin on the mRNA level. The 
mRNA expression was examined by RT-qPCR and RT-PCR with β-actin as an internal control. Error bars indicate s.d. (n=3). * P<0.05; ** P<0.01. (C) Overexpression 
of LHX6 significantly decreased the expression of β-catenin on the protein level; GAPDH was used as an internal control. (D) LHX6 decreased the endogenous 
protein expression of β-catenin in xenografted tumors, as detected by WB. 

 
We next further investigated the possible 

mechanism by which LHX6 suppressed the 
expression of β-catenin. As a transcription factor, we 
first considered whether LHX6 could transcriptional 
silence the expression of β-catenin. An online 
database showed 42 predicted binding sites for LHX6 
on the promoter region of β-catenin (Fig. S7). We next 
performed a luciferase assay. Over expression of 
LHX6 significantly suppressed the transcription of 
β-catenin (Fig. 8 A and B). To further confirm this 
observation, the full promoter region of β-catenin was 
divided into two overlapping regions, and LHX6 
inhibited the luciferase reporter activity only when 
the catenin-promoter-2 was included, which indicated 
that the region ranging from -1161bp to +27bp was 
crucial for the inhibitory activity of LHX6 (Fig. 8C). 
Taken together, these results indicated that LHX6 
suppresses lung adenocarcinoma cell proliferation 
and metastasis by transcriptional silencing β-catenin 
(Fig. 8D).  

Discussion 
In the present study, we investigated for the first 

time the clinical significance of LHX6 expression in 
lung cancer patients. Using IHC, we found that LHX6 
was down-regulated in lung cancer patients, and 
these results were further confirmed by analyzing 
TCGA data base with larger patient samples. 
Moreover, LHX6 expression was an independent 
favorable prognostic factor in lung adenocarcinoma 
patients but not in lung squamous carcinoma patients, 
and its expression was tightly associated with clinical 
stages, histological type, tumor size and lymph node 
status of lung adenocarcinoma patients. In addition, 
our data indicated that LHX6 inhibited the 
proliferation and metastasis of lung adenocarcinoma 
cells in vitro and in vivo. Furthermore, we showed that 
LHX6 exerted anti-tumor activity via transcriptional 
silencing the expression of β-catenin. 
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Figure 8. LHX6 transcriptionally represses the expression of β-catenin. (A) The schema of different regions of the β-catenin promoter (Catenin-promoter-full, -1 
and -2) were constructed into a luciferase reporter vector. The region in the dotted line indicates the overlap region of Catenin-promoter-1 and -2. TSS indicates the 
transcription start site. (B) LHX6 inhibited the luciferase activity in LTEP-a-2 and SPC-a-1 cells transfected with Catenin-promoter-full. (C) LHX6 inhibited the 
luciferase activity only when the Catenin-promoter-2 region was co-transfected into LTEP-a-2 and SPC-a-1 cells. This result indicated that the region ranging from 
-1161bp to +27bp is crucial for the inhibitory activity of LHX6. Error bars indicate s.d. (n=3). ** P<0.01. (D) Schematic diagram of the mechanisms of LHX6-mediated 
suppression of lung adenocarcinoma cell proliferation and metastasis based on our study and previous studies. LHX6 transcriptionally silences the expression of 
β-catenin, which subsequently inhibits the expression of Wnt/β-catenin pathway genes; the pathway shown with the dotted lines indicates the possible mechanism 
reported in mice odontogenesis, and this mechanism needs further investigation in a cancer model. 

 
Previous studies have reported that different 

histological subtypes of lung cancer showed different 
molecular tumorigenesis events and prognostic 
outcomes [35-37], indicating the importance of 
characterizing new biomarkers separately in different 
subtypes of lung cancer. Our data showed that LHX6 
expression was a favorable prognostic factor in lung 
adenocarcinoma but not in lung squamous carcinoma 
patients. Recent studies have reported that SOX30 
was a favorable prognostic factor in lung 
adenocarcinoma but an unfavorable one in lung 
squamous carcinoma [8], and GPC5 was also found to 
be related to the clinical progression only in lung 
adenocarcinoma patients [9]. Furthermore, our 
clinical study suggested that LHX6 was an 
independent prognostic factor for lung 
adenocarcinoma patients and for patients with 
negative lymph node status. This observation 
demonstrated that LHX6 is a potential prognostic 
marker for lung adenocarcinoma patients. 

Wnt/β-catenin signaling is a conserved 
molecular pathway involved in regulating a variety of 
physiological and pathological processes, including 
cell-fate determination, cell behavior and organ 
development [38-40]. Abnormal activation of 
Wnt/β-catenin signaling, an important oncogenic 

step in cancer progression [20, 27], is largely 
dependent on the fate of β-catenin. Previous studies 
have indicated different suppression mechanisms of 
β-catenin in the inhibition of the Wnt/β-catenin 
pathway in cancer progression, such as promotion of 
the degradation of β-catenin in breast cancer [41], by 
retention of β-catenin in the cytoplasm in lung cancer 
[25], physical interaction with β-catenin to impede 
Wnt/β-catenin signaling in colon carcinoma cells [42] 
and impede the translocation of β-catenin into the 
nucleus [9]. In that case, even though a recent study 
has found that LHX6 could inhibit breast cancer 
proliferation by interfering Wnt/β-catenin pathway, 
the exact regulation mechanism was not further 
explored [16]. In our study, we found that LHX6 
inhibited the canonical Wnt/β-catenin signaling by 
transcriptional silencing the expression of β-catenin in 
lung adenocarcinoma. Our data indicated that the 
promoter region ranging from -1161bp to +27bp was 
crucial for the inhibition of β-catenin mediated by 
LHX6, and further, by bioinformatics analysis, we 
found three potential binding sites (CTCAATTAGG, 
CCTAATTGAC and AATAACTAAT) in this promoter 
region, and our future studies will try to determine 
the exact binding sequence. In addition to studies in 
cancer, a previous study has demonstrated that LHX6 
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could transcriptional silence the expression of PITX2 
and LEF1 in the regulation of odontogenesis in mice 
[43], and studies have indicated that PITX2 and LEF1 
function in the Wnt signaling pathway by recruiting 
and interacting with β-catenin to activate target genes 
[44, 45]. Together with our results, it can be concluded 
that LHX6 might be a conservative suppressor of the 
Wnt/β-catenin pathway not only in normal tissue 
development but also in tumor progression. 
Furthermore, because previous studies have indicated 
important roles of LHX6 in head and neck carcinomas 
and cervical cancer [11, 18], our present work may 
provide clues for the future mechanism investigation 
of these cancers. 

Paradoxically, some studies have reported that 
over-expression of β-catenin predicted a prolonged 
survival time for NSCLC patients [46, 47], while 
others have reported completely adverse results [48, 
49]. Interestingly, we found a reversed correlation 
between LHX6 and β-catenin expression in the lung 
adenocarcinoma patient data sets but not in lung 
squamous carcinoma patient data (Fig. S5), and low 
expression of β-catenin was found to predict a 
favorable OS in lung adenocarcinoma but an 
unfavorable OS in lung squamous carcinoma patients 
(Fig. S8). Accordingly, our data showed that LHX6 
overexpression down regulated the expression of 
β-catenin and predicted a longer survival time in lung 
adenocarcinoma patients. These observations further 
consolidated our results that LHX6 suppressed lung 
adenocarcinoma progression via down-regulation of 
the expression of β-catenin. Furthermore, this 
observation could provide a possible explanation to 
the different prognostic results of LHX6 expression in 
lung adenocarcinoma and lung squamous carcinoma. 
Importantly, since the molecular tumorigenesis events 
vary in different histological subtypes of lung cancer 
[35, 37], the complex relationship between LHX6, 
β-catenin and their prognostic outcome in lung 
squamous carcinoma patients remains an interesting 
question. Our future studies may focus on this issue.  

In summary, our study indicates for the first time 
that LHX6 expression is an independent favorable 
prognostic factor in lung adenocarcinoma patients 
and is tightly associated with tumor progression. This 
may provide a new prognostic biomarker for lung 
adenocarcinoma patients and a target for new 
therapies to treat lung adenocarcinoma. Furthermore, 
we showed that LHX6 inhibits the Wnt/β-catenin 
pathway by transcriptional silencing the expression of 
β-catenin. This not only adds to our current 
knowledge of the tumorigenesis process in lung 
adenocarcinoma but also provides clues for future 
studies of LHX6 in other types of cancer.  
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