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Background: miR-214 has been reported to contribute to erlotinib resistance in non-small- 
cell lung cancer (NSCLC) through targeting LHX6; however, the molecular mechanisms 
underlying the involvement of LHX6 in mediating the resistance to EGFR-TKIs in erlotinib- 
resistant NSCLC HCC827 (HCC827/ER) cells remain unknown. This study aimed to 
investigate the mechanisms responsible for the contribution of LHX6 to EGFR-TKIs resis-
tance in HCC827/ER cells.
Materials and Methods: HCC827/ER cells were generated by erlotinib treatment at 
a dose-escalation scheme. LHX6 knockout or overexpression was modeled in HCC827 and 
HCC827/ER cells, and then erlotinib IC50 values were measured. The cell migration ability 
was evaluated using a transwell migration assay, and the TCF/LEF luciferase activity was 
assessed with a TCF/LEF reporter luciferase assay. LHX6, β-catenin and Cyclin D1 expres-
sion was quantified using qPCR and Western blotting assays. In addition, the LHX6 expres-
sion was detected in lung cancer and peri-cancer specimens using immunohistochemical 
staining, and the associations of LHX expression with the clinicopathological characteristics 
of lung cancer were evaluated.
Results: Lower LHX6 expression was detected in HCC827/ER cells than in HCC827 cells 
(P < 0.0001), while higher β-catenin expression was seen in HCC827/ER cells than in HCC827 
cells (P < 0.001). LHX6 knockout increased erlotinib resistance and cell migration ability in 
HCC827 cells, and LHX6 overexpression inhibited erlotinib resistance and cell migration 
ability in HCC827/ER cells. In addition, LHX6 mediated erlotinib resistance and cell migra-
tion ability in HCC827/ER cells via the Wnt/β-catenin pathway. Immunohistochemical stain-
ing showed lower LHX6 expression in lung cancer specimens relative to peri-cancer 
specimens, and there were no associations of LHX6 expression with pathologic stage, gender, 
age or tumor size in lung cancer patients (P > 0.05).
Conclusion: LHX6 down-regulation may induce EGFR-TKIs resistance and increase the 
migration ability of HCC827/ER cells via activation of the Wnt/β-catenin pathway.
Keywords: non-small-cell lung cancer, epidermal growth factor receptor tyrosine kinase 
inhibitor, EGFR-TKI, LIM homeobox domain 6, LHX6, erlotinib, chemotherapy resistance, 
Wnt/β-catenin signaling

Introduction
Lung cancer leads global cancer morbidity and mortality.1 In 2018, there were 
2.09 million new cases suffering from this malignancy (11.6% of total new cancer 
cases) and 1.76 million deaths attributed to lung cancer (18.4% of total cancer 
deaths).2 There are two main types of lung cancer, small-cell lung carcinoma (SCLC) 
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and non-small-cell lung carcinoma (NSCLC),3,4 and NSCLC, 
which accounts for approximately 85% of all lung cancers, is 
characterized by relative insensitivity to chemotherapy, high 
recurrence and poor prognosis.5

The discovery of epidermal growth factor receptor 
(EGFR) gene mutation has changed the treatment paradigm 
for advanced NSCLC,5 and EGFR tyrosine kinase inhibitors 
(EGFR-TKIs) have become the standard care for advanced 
NSCLC harboring EGFR mutations.6–8 Despite an initial 
satisfactory response to TKIs, however, development of 
acquired resistance is inevitable in most NSCLC patients 
with EGFR mutations after 10–14 months of treatment.9–11 

Multiple mechanisms underlying the acquired resistance to 
EGFR-TKIs have been hypothesized, including secondary 
EGFR mutation in threonine 790 (T790M), MET amplifica-
tion, human EGFR 2 (HER2) amplification, transformation 
from NSCLC to SCLC or conferred epithelial to mesenchy-
mal transition, and loss of phosphatase and tensin homolog 
(PTEN);12 however, the exact mechanisms have not been 
fully understood. Recently, there is increasing evidence prov-
ing that non-coding RNA contributes to the mechanisms of 
acquired resistance.12 Our previous study showed the invol-
vement of miR-214 in the acquired resistance to erlotinib in 
NSCLC through targeting LIM homeobox domain 6 
(LHX6).13

LHX6, a member of the LIM-homeobox transcription 
factor family that plays a critical role in tumor development 
and progression,14 has shown potential as a novel cancer 
biomarker as well as a promising therapeutic target for 
several types of cancers.15 Previous studies have identified 
LHX6 as a sensitive methylation marker for head and neck 
squamous cell carcinoma,16 and a putative tumor suppres-
sor gene with epigenetic silencing in lung cancer.17 Further 
studies showed that LHX6 may serve as a favorable prog-
nostic biomarker for lung adenocarcinoma.18 In addition, 
LHX6 was found to suppress breast cancer cell growth and 
invasion through inhibiting Wnt/β-catenin signaling.19 Our 
previous study showed that CRISPR-Cas9 system-induced 
miR-214 knockdown inhibited the resistance to EGFR- 
TKIs in erlotinib-resistant NSCLC HCC827 (HCC827/ 
ER) cells via its direct target gene LHX6.13 However, the 
molecular mechanisms underlying the involvement of 
LHX6 in mediating the resistance to EGFR-TKIs remain 
unknown in HCC827/ER cells. The present study was 
therefore designed to investigate the mechanisms responsi-
ble for the contribution of LHX6 to the EGFR-TKIs resis-
tance in HCC827/ER cells.

Materials and Methods
Cell Line and Culture
NSCLC HCC827 cell line harboring a deletion mutation at 
exon 19 of the EGFR gene was purchased from American 
Type Culture Collection (Manassas, VA, USA) and incubated 
in RPMI 1640 medium (Gibco; Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, 
CA, USA), 100 U/mL penicillin and 100 µg/mL streptomycin 
at 37°C in a humidified atmosphere containing 5% CO2.

Generation of HCC827/ER Cells
Erlotinib-resistant HCC827/ER cells were generated as 
described previously.13 Briefly, HCC827 cells were exposed 
to erlotinib (Selleckchem; Houston, TX, USA) at dose esca-
lation from 10 to 1600 nM in RPMI 1640 medium containing 
10% FBS for 6 months, and then were transferred to erloti-
nib-free RPMI 1640 medium for a further incubation for 
2 months (HCC827/ER cells). Subsequently, both HCC827/ 
ER and HCC827 cells were exposed to erlotinib at concen-
trations of 100, 200, 400, 800 and 1600 nM in RPMI 1640 
medium supplemented with 10% FBS, while erlotinib-free 
RPMI 1640 medium supplemented with 10% FBS served as 
controls. The viability of HCC827 and HCC827/ER cells 
was measured with the MTS assay (Promega; Madison, 
WI, USA) 72 h post-treatment, and the half maximal inhibi-
tory concentration (IC50) of erlotinib was estimated for 
HCC827 and HCC827/ER cells using the software SPSS 
version 17.0 (SPSS, Inc.; Chicago, IL, USA).20 All measure-
ments were repeated in triplicate. Finally, the experimentally 
induced HCC827/ER cells were identified erlotinib resistant 
based on the drug IC50 values.

Vector Construction and Viral Infection
The first exon of LHX6 was selected as the target of sgRNA, 
and a pair of oligonucleotides was designed for sgRNA 
synthesis using the online CRISPR software (http://crispr. 
mit.edu/), while AAV-sg served as a control. The synthesized 
oligonucleotides were annealed and ligated to BsmBI 
(Thermo Fisher Scientific; Waltham, MA, USA) digested 
CRISPR/Cas9 vector lentiCRISPRv2. The CDS sequences 
of LHX6 and β-actin were retrieved in The University of 
California Santa Cruz (UCSC) Genome Browser Database 
(http://genome.ucsc.edu/),21 and the sequences of clones 
containing EcoRI/BamHI and XbaI/BamHI restriction diges-
tion sites were designed, respectively (Table 1). The LHX6 
fragment was cloned, ligated to the pLVX-IRES-ZsGreen1 
vector, transformed in the Stlb3, and plated into the agar plate 
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containing ampicillin. Positive clones were selected and sub-
jected to Sanger sequencing. Then, the clones with correct 
sequencing were amplified, and plasmid extraction was done 
with the Plasmid Mini Preparation Kit (Fermentas, Inc.; 
Burlington, Canada). The plasmid concentration was quanti-
fied using a Nanodrop® ND-1000 spectrophotometer 
(NanoDrop Technologies, Inc.; Wilmington, DE, USA).

The expression vectors lentiCRISPRv2-LHX6-sg1, 
lentiCRISPRv2-LHX6-sg2, lentiCRISPRv2-AAV-sg, pLV, 
pLV-LHX6 and pLV-CNTTB1 were co-transfected with the 
packaging plus envelope plasmid PsPAX2 and the packa-
ging plasmid pCMV-VSVG into HEK293T cells. At 24 and 
48 h post-transfection, the cell culture supernatant was col-
lected and centrifuged at 21,600 r/min at 4°C for 90 min. 
The sediment was re-suspended in serum-free RPMI 1640 
medium, and the viral titer was measured at 107 TU/mL. 
HCC827 and HCC827/ER cells were seeded onto 6-well 
plates at a density of 5 × 105 cells per well for 24 h, and the 
multiplicity of infection (MOI) for each cell line and lenti-
viral vector combination was all determined at 10. Cells 
were infected with 6 µg/mL polybrene for 48 h, and 
screened with 2 µg/mL puromycin for 2 weeks to generate 
stably transfected HCC827/AAV-sg, HCC827/LHX6-sg1, 
HCC827/LHX6-sg2, HCC827/ER/pLV, HCC827/ER/pLV- 
LHX6 and HCC827/ER/pLV-LHX6/CNTTB1 cell lines.

MTS Assay
HCC827, HCC827/AAV-sg, HCC827/LHX6-sg1, HCC827/ 
LHX6-sg2, HCC827/ER, HCC827/ER/pLV and HCC827/ 
ER/pLV-LHX6 cells were seeded onto 96-well plates 
(Corning, Inc.; Corning, NY, USA) at a density of 5 × 103 

cells per well for 24 h. Then, log-phase cells were treated 
with erlotinib at concentrations of 100, 200, 400, 800 and 

1600 nM in RPMI 1640 medium supplemented with 10% 
FBS, while erlotinib-free RPMI 1640 medium supplemented 
with 10% FBS served as controls. Following 72 h treatment, 
the supernatant was removed, and 100 μL of RPMI 1640 
medium and 20 μL of MTS solution (Promega; Madison, 
WI, USA) were added to each well for 2 h further incubation 
at 37°C containing 5% CO2. The cell viability was measured 
72 h post-treatment, and the erlotinib IC50 values were cal-
culated. All measurements were repeated in triplicate.

Transwell Migration Assay
HCC827, HCC827/AAV-sg, HCC827/LHX6-sg1, HCC827/ 
LHX6-sg2, HCC827/ER, HCC827/ER/pLV and HCC827/ 
ER/pLV-LHX6 cells digested in 0.25% trypsin-EDTA 
(Gibco; Rockville, MD, USA), and re-suspended in serum- 
free RPMI 1640 medium at a density of 5 × 105 cells/mL. 
The lower transwell chamber was coated with 1 mg/mL 
fibronectin (Millipore; Bedford, CA, USA), and added with 
200 µL of cells, while the lower chamber was immersed in 
the RPMI 1640 medium supplemented with 20% FBS. The 
transwell chamber was inserted in a 24-well plate, which was 
incubated at 37°C in a humidified atmosphere containing 5% 
CO2 for 24 h. Then, the chamber was collected, and cells 
were gently removed from the upper chamber using cotton 
swabs, washed twice in PBS, fixed in methanol for 15 min 
and stained with 0.1% crystal violet. Five fields of vision 
were randomly selected, and the number of cells in each field 
was counted under an inverted microscope at a magnification 
of × 200. All assays were repeated in triplicate.

Dual-Luciferase Reporter Assay
HCC827/ER, HCC827/ER/pLV and HCC827/ER/pLV- 
LHX6 cells were seeded onto 96-well plates at a density 
of 5 × 103 cells per well for 24 h. Then, the supernatant 
was discarded, and cells were transfected with 0.1 μg TCF/ 
LEF1 luciferase reporter plasmid (Qiagen GmbH; Hilden, 
Germany) using the X-treme GENE HP DNA Transfection 
Reagent (Roche NimbleGen; Madison, WI, USA) follow-
ing the manufacturer’s instructions. The Fly and Renilla 
luciferase activities were measured with the Dual-Glo 
Luciferase Assay System (Promega; Madison, WI, USA) 
on a Synergy H4 Hybrid Multi-Mode Microplate Reader 
(BioTeK; Winooski, VT, USA) 24 h post-transfection. All 
measurements were repeated in triplicate.

qPCR Assay
HCC827 and HCC827/ER cells were seeded onto 6-well 
plates (Corning, Inc.; Corning, NY, USA) at a density of 4 

Table 1 Oligo Nucleotide and PCR Primers

Gene Sequence Size 

(bp)

LHX6-F 5′-CGGAACAGCTGCAGGTTATG-3′ 20

LHX6-R 5′-CTGAACGGGGTGTAGTGGAT-3′ 20

β-actin-F 5′-CATCCGCAAAGACCTGTACG-3′ 20

β-actin-R 5′-CATCCGCAAAGACCTGTACG-3′ 20

LHX6-sg1-F 5′-CACCGCGTTCTCGGCGGCCCTCTTG-3′ 25

LHX6-sg1-R 5′-AAACCAAGAGGGCCGCCGAGAACGC-3′ 25

LHX6-sg2-F 5′-CACCGGAAGGACGTCCGCGCGCGCT-3′ 25

LHX6-sg2-R 5′-AAACAGCGCGCGCGGACGTCCTTCC-3′ 25

CNTTB1-clone-F 5ʹ-TCTAGAATGGAGTTGGACATGGCC-3’ 24

CNTTB1-clone-R 5ʹ-CCTAGGTTACAGGTCAGTATCAAACC-3’ 26

LHX6-clone-F 5ʹ-GAATTCATGTACTGGAAGCATGAGAA-3’ 26

LHX6-clone-R 5ʹ-GGATTCTCAGCGGCTGAGGGGCAGCT-3’ 26
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×105 cells per well for 24 h. Then, log-phase cells were 
digested in 0.25% trypsin-EDTA (Gibco; Rockville, MD, 
USA), and washed twice in PBS. Total RNA was extracted 
with an RNeasyPlus Mini Kit (Qiagen GmbH; Hilden, 
Germany), and the RNA concentration was determined 
using a Nanodrop® ND-1000 spectrophotometer. 
Subsequently, approximately 1 µg of total RNA was rever-
sely transcribed into cDNA using the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific; 
Waltham, MA, USA). LHX6 expression was quantified 
with the Lightcycler 480 SYBR Green I Master (Roche 
Applied Science; Indianapolis, IN, USA) under the follow-
ing conditions: at 95°C for 15 min, followed by 40 cycles of 
at 95°C for 15 s, at 55°C for 30 s and at 72°C for 1 s, while 
β-actin was used as an internal control. Relative quantity of 
LHX6 expression was estimated using the 2−ΔΔCT method. 
All experiments were repeated in triplicate.

Western Blotting Assay
HCC827, HCC827/ER, HCC827/AAV-sg, HCC827/AAV- 
sg1, HCC827/AAV-sg2, HCC827/ER/pLV, HCC827/ER/pLV- 
LHX6 and HCC827/ER/pLV-LHX6/pLV-CNTTB1 cells onto 
6-well plates at a density of 5 ×105 cells per well for 24 h, and 
then log-phase cells were digested in 0.25% Trypsin-EDTA, 
washed twice in PBS, and lysed in cell lysis buffer (1 ×; Cell 
Signaling Technology; Beverly, MA, USA) containing 1 mM 
phenylmethylsulfonyl fluoride (PMSF) on ice for 20 min. The 
solution was centrifuged at 12,000 r/min at 4°C for 15 min and 
the supernatant was collected. The concentration of total pro-
tein was determined with the BCA Protein Assay Kit (Thermo 
Fisher Scientific; Waltham, MA, USA) and total protein was 
separated with SDS-PAGE. Subsequently, the blots were trans-
ferred to nitrocellulose (NC) membranes and blocked in 3% 
bovine serum albumin (BSA) at 25°C for 1 h. Subsequently, 
the blots were incubated in mouse monoclonal anti-LHX6 
antibody (1:500 dilution; Santa Cruz Biotechnology; Santa 
Cruz, CA, USA) at 4°C overnight, while β-actin served as 
a loading control. The blots were then washed three times in 
TBST (20 mM Tris-HCl, 150 mM NaCl and 0.05% Tween-20; 
pH 7.4), of 10 min each time, incubated in anti-mouse/rabbit 
HRP-conjugated IgG antibody (1:4000 dilution; Cell 
Signaling Technology; Beverly, MA, USA) at 25°C for 3 h, 
and washed three times in TBST, of 10 min each time. The 
protein bands were visualized using an ECL Kit (Thermo 
Fisher Scientific; Waltham, MA, USA), and the expression 
level of LHX6 was normalized to that of β-action. All determi-
nations were repeated in triplicate.

Immunohistochemistry (IHC)
The tissue microarray that is comprised of 15 pairs of 
pathologically confirmed lung cancer and peri-cancer spe-
cimens was purchased from Shanghai Outdo Biotech Co., 
Ltd. (Shanghai, China). Immunohistochemical staining of 
LHX6 was performed using the ElivisionTM plus Polymer 
HRP IHC kit (Fuzhou MXB Biotechnologies; Fuzhou, 
China) according to the manufacturer’s protocol with the 
primary mouse monoclonal anti-LHX6 antibody (1:200 
dilution; Santa Cruz Biotechnology; Santa Cruz, CA, 
USA). The cytoplasm was stained, and nuclear staining 
was defined positive. The intensity of staining was scored 
as following: 0, no obvious staining; 1, weak staining; 2, 
moderate staining; and 3, strong staining. In addition, the 
positively stained specimens were scored based on the 
proportion of the stained cells: 0, < 5% of positively 
stained cells; 1, 5% to 25% of positively stained cells; 2, 
26% to 50% of positively stained cells; 3, 51% to 75% of 
positively stained cells; 4, 76% to 100% of positively 
stained cells. The final score was calculated by multiplying 
the staining intensity score by the percentage score. All 
scores were independently read by two well-experienced 
pathologists. A score of 0 to 7 was defined as negative 
LHX6 expression, and a score of 8 to 12 was defined as 
positive expression.

Ethical Consideration
This study was approved by the Ethical Review Committee 
of Fujian Provincial Cancer Hospital (approval no. 
FJZLYY2015-00179). All experimental procedures were 
performed in accordance with the Declaration of Helsinki.

Statistical Analysis
All measured data were described as mean ± standard devia-
tion (SD), and all statistical analyses were performed using the 
software GraphPad Prism version 6.0 (GraphPad Software, 
Inc.; La Jolla, CA, USA). Comparisons of means between 
groups were done with Student t-test, with a P value of < 0.05 
indicative of statistical significance.

Results
LHX6 Expression Negatively Correlates 
with β-Catenin Expression in HCC827/ 
ER Cells
Our previous study identified LHX6 as a downstream tar-
get gene of miR-214.13 Hereby, the LHX6 expression was 
found to be significantly lower in HCC827/ER cells than 

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                           

OncoTargets and Therapy 2020:13 10986

Wang et al                                                                                                                                                            Dovepress

http://www.dovepress.com
http://www.dovepress.com


in HCC827 cells at both translational and transcriptional 
levels (P < 0.0001). Western blotting assay determined 
significantly higher β-catenin expression in HCC827/ER 
cells than in HCC827 cells (P < 0.001) (Figure 1). These 
data indicated a correlation between LHX6 and β-catenin 
expression in HCC827/ER cells. In addition, the activity of 
the Wnt/β-catenin signaling pathway was greater in 
HCC827/ER cells than in HCC827 cells.

LHX6 Knockout Increases the Resistance 
to Erlotinib and Cell Migration Ability in 
HCC827 Cells
We used the CRISPR/Cas9 system to knockout LHX6 
expression, and HCC827/LHX6-sg1 and HCC827/LHX6- 
sg2 cells were generated following puromycin screening, 
while HCC827/AAV-sg cells served as controls. Western 
blotting detected significantly lower LHX6 expression in 
HCC827/LHX6-sg1 and HCC827/LHX6-sg2 cells than in 
HCC827/AAV-sg cells (P < 0.0001), with a more remark-
able decline seen in HCC827/LHX6-sg2 cells (Figure 2A 
and B). MTS assay measured 0.24 μM erlotinib IC50 for 
HCC827 cells, 0.19 μM for HCC827/AAV-sg cells and 
1.34 μM for HCC827/LHX6-sg1 cells, respectively. In 
addition, the viability of HCC827/LHX6-sg2 cells was 
significantly greater than that of HCC827/AAV-sg cells 
post-treatment with erlotinib (P < 0.05) (Figure 2C). 
Transwell migration assay showed much more HCC827/ 
LHX6-sg2 cells penetrating through the polyester mem-
brane relative to HCC827/AAV-sg cells (P < 0.0001) 
(Figure 2D).

LHX6 Overexpression Inhibits the 
Resistance to Erlotinib and Cell Migration 
Ability in HCC827/ER Cells
HCC827/pLV-LHX6 cells were generated by overexpres-
sing LXH6 and puromycin screening in HCC827/ER cells, 
while HCC827/ER/pLV cells served as a negative control. 
Western blotting determined significantly higher LHX6 
expression in HCC827/ER/pLV-LHX6 cells than in 
HCC827/ER/pLV cells (P < 0.001) (Figure 3A and B), and 
MTS assay measured 1.94 μM erlotinib IC50 for HCC827/ 
ER cells, 1.6 μM for HCC827/ER/pLV cells and 0.56 μM 
for HCC827/ER/pLV-LHX6 cells, respectively. In addition, 
the viability of HCC827/ER/pLV-LHX6 cells was signifi-
cantly lower in relative to HCC827/ER/pLV cells post- 
treatment with erlotinib (P < 0.05) (Figure 3C). Transwell 
migration assay showed significantly less HCC827/ER/pLV- 
LHX6 cells penetrating through the polyester membrane 
than HCC827/ER/pLV cells (P < 0.001) (Figure 3D).

LHX6 Mediates the Resistance to 
Erlotinib and Cell Migration Ability in 
HCC827/ER Eells via the Wnt/β-Catenin 
Signaling Pathway
As shown above, LHX6 expression was significantly 
lower in HCC827/ER cells than in HCC827 cells, and 
β-catenin expression was higher in HCC827/ER cells 
than in HCC827 cells, suggesting a negative correlation 
between LHX6 expression and the activation of the Wnt/β- 
catenin signaling pathway. Western blotting determined 

Figure 1 LHX6 expression negatively correlates with β-catenin expression in HCC827/ER cells. (A) qPCR assay determines LHX6 gene expression in HCC827 and 
HCC827/ER cells; (B and C) Western blotting quantifies the LHX6 and β-catenin protein expression in HCC827 and HCC827/ER cells, while β-actin serves as a loading 
control. ***P < 0.001; ****P < 0.0001.
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lower nuclear β-catenin and Cyclin D1 expression in 
HCC827/ER/pLV-LHX6 cells than in HCC827/ER/pLV 
cells (P < 0.001) (Figure 4A and B), and the TCF/LEF 
reporter luciferase assay revealed a lower relative TCF/ 
LEF luciferase activity in HCC827/ER/pLV-LHX6 cells 
than in HCC827/ER/pLV cells (P < 0.01) (Figure 4C), 
indicating that overexpressing LHX6 suppresses the Wnt/ 
β-catenin signaling pathway in HCC827/ER cells. In addi-
tion, overexpression of β-catenin led to activation of the 

Wnt/β-catenin signaling pathway in HCC827/ER/pLV- 
LHX6 cells (P < 0.05), and higher β-catenin expression 
was determined in HCC827/ER/pLV-LHX6/pLV-CNTTB1 
cells than in HCC827/ER/pLV-LHX6 cells (Figure 4D 
and E). MTS assay measured 0.56 μM erlotinib IC50 for 
HCC827/ER/pLV-LHX6 cells and 1.6 μM for HCC827/ 
ER/pLV-LHX6/pLV-CNTTB1 cells, respectively, and 
the viability of HCC827/ER/pLV-LHX6/pLV-CNTTB1 
cells was significantly higher than that of HCC827/ER/ 

Figure 2 LHX6 knockout increases the resistance to erlotinib and cell migration ability in HCC827 cells. (A and B) Western blotting quantifies LHX6 expression in 
HCC827, HCC827/AAV-sg, HCC827/LHX6-sg1 and HCC827/LHX6-sg2 cells; (C) HCC827, HCC827/AAV-sg1 and HCC827/LHX6-sg2 cells are seeded onto 96-well plates 
at a density of 5000 cells per well for 24 h, and then cells are exposed to erlotinib at concentrations of 0, 0.1, 0.2, 0.4, 0.8 and 1.6 μM for 72 h. The cell viability and erlotinib 
IC50 values are measured using an MTS assay; (D) HCC827, HCC827/AAV-sg and HCC827/LHX6-sg2 cells are re-suspended in serum-free RPMI 1640 medium and 
transferred to the upper chamber of the transwell insert at 1 × 105 cells, and the lower chamber is inserted into the serum-free RPMI 1640 medium supplemented with 20% 
fetal bovine serum for 24 h. Then, cells in the lower chamber of the Tranwell insert are observed under a microscope. ****P < 0.0001.
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pLV-LHX6 cells (P < 0.05) (Figure 4F). Transwell 
migration assay showed more HCC827/ER/pLV-LHX6 
/pLV-CNTTB1 cells penetrating through the polyester 
membrane than HCC827/ER/pLV-LHX6 cells (P < 
0.001) (Figure 4G). These data demonstrate that down- 
regulation of LHX6 expression may induce the resistance 
to erlotinib in HCC827/ER cells through activating the 
Wnt/β-catenin signaling pathway.

Associations of LHX6 Expression with 
Clinicopathological Characteristics of 
Lung Cancer
IHC was performed to detect LHX6 expression in lung cancer 
and peri-cancer specimens, and positive staining showed 
apparently brown. LHX6 was found to be predominantly 
expressed in cytoplasm in both lung cancer specimens and 

Figure 3 LHX6 overexpression inhibits the resistance to erlotinib and cell migration ability in HCC827/ER cells. (A and B) Western blotting determines LHX expression in 
HCC827/ER, HCC827/ER/pLV and HCC827/ER/pLV-LHX6 cells; (C) HCC827, HCC827/AAV-sg1 and HCC827/LHX6-sg2 cells are seeded onto 96-well plates at a density of 
5000 cells per well for 24 h, and then cells are exposed to erlotinib at concentrations of 0, 0.1, 0.2, 0.4, 0.8 and 1.6 μM for 72 h. The cell viability and erlotinib IC50 values are 
measured using an MTS assay; (D) HCC827, HCC827/AAV-sg and HCC827/LHX6-sg2 cells are re-suspended in serum-free RPMI 1640 medium and transferred to the upper 
chamber of the transwell insert at 1 × 105 cells, and the lower chamber is inserted into the serum-free RPMI 1640 medium supplemented with 20% fetal bovine serum for 
24 h. Then, cells in the lower chamber of the Tranwell insert are observed under a microscope. ***P < 0.001.
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Figure 4 LHX6 mediates the resistance to erlotinib and cell migration ability in HCC827/ER cells via the Wnt/β-catenin signaling pathway. (A and B) Western blotting 
detects nuclear β-catenin expression in HCC827/ER, HCC827/ER/pLV and HCC827/ER/pLV-LHX6 cells, with PCNA serving as a loading control, and quantifies Cyclin 
D1 expression in HCC827/ER, HCC827/ER/pLV and HCC827/ER/pLV-LHX6 cells, with β-actin as a loading control; (C) the TCF/LEF reporter luciferase assay 
measures the relative TCF/LEF luciferase activity in HCC827/ER, HCC827/ER/pLV and HCC827/ER/pLV-LHX6 cells; (D and E) Western blotting quantifies β-catenin 
expression in HCC827/pLV, HCC827/pLV-LHX6 and HCC827/pLV-LHX6/pLV-CNTTB1 cells; (F) HCC827/ER/pLV, HCC827/ER/pLV-LHX6 and HCC827/ER/pLV-LHX6 
/pLV-CNTTB1 cells are exposed to erlotinib at concentrations of 0, 0.1, 0.2, 0.4, 0.8 and 1.6 μM for 72 h, and then the cell viability and erlotinib IC50 values are 
measured using an MTS assay; (G) HCC827/ER/pLV, HCC827/ER/pLV-LHX6 and HCC827/ER/pLV-LHX6/pLV-CNTTB1 cells are re-suspended in serum-free RPMI 1640 
medium and transferred to the upper chamber of the transwell insert at 1 × 105 cells, and the lower chamber is inserted into the serum-free RPMI 1640 medium 
supplemented with 20% fetal bovine serum for 24 h. Then, cells in the lower chamber of the Tranwell insert are observed under a microscope. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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peri-cancer specimens, with less than 5% expression in the 
nucleus (Figure 5). We detected lower LHX6 expression in 
lung cancer specimens relative to peri-cancer specimens 
(Table 2). In addition, a significantly lower staining intensity 
of LHX6 was measured in cancer specimens than in peri- 
cancer specimens (P < 0.05), and a low staining intensity 
was seen in interstitial cells and lymphocytes of peri-cancer 
specimens. If the mean score of 8 was defined as the cut-off 
value for the intensity of staining in each field of vision, the 
percentage of negative LHX6 expression was 86.7% in lung 
cancer specimens than in peri-cancer specimens (P < 0.05). If 
an IHC score of 8 was defined as the cut-off value for negative 
and positive LHX6 expression, and there were no associations 
of LHX6 expression with pathologic stage (P = 0.299) or age 
(P = 0.231) in lung cancer patients (Table 3).

Discussion
Currently, acquired resistance to EGFR-TKIs is the biggest 
challenge affecting the therapeutic efficacy in patients with 

EGFR-mutant NSCLC.12,22,23 To date, the known under-
lying mechanisms mainly include EGFR T790M second-
ary mutation, MET amplification, HER2 amplification, and 
loss of PTEN;12 however, the exact mechanisms under-
lying acquired resistance to EGFR-TKIs have not been 
fully illustrated. Our previous study demonstrated that 
overexpressing miR-214 induced the resistance to erlotinib 
in HCC827/ER cells through targeting LHX6.13 In this 
study, we detected lower LHX6 expression in HCC827/ 
ER cells than in HCC827 cells at both translational and 
transcriptional levels, and higher β-catenin expression was 
seen in HCC827/ER cells than in HCC827 cells. We also 
found that LHX6 affected the resistance to erlotinib and 
the cell migration ability in HCC827/ER cells via the Wnt/ 
β-catenin signaling pathway. In addition, IHC detected 

Figure 5 Immunohistochemical staining of LHX6 in lung cancer and peri-cancer specimens. (A) immunohistochemical detection of LHX6 expression in lung cancer and peri- 
cancer specimens (200 ×). The red arrows indicate high LHX6 expression, and the black arrows indicate low LHX6 expression; (B) comparison of LHX6 expression 
between lung cancer and peri-cancer specimens (P = 0.0325).

Table 2 LHX6 Expression in Lung Cancer and Paired Peri- 
Cancer Specimens

Specimen No. 
Specimens

LHX6 Expression P value

Positive 
(%)

Negative 
(%)

Lung cancer 
specimen

15 13.3 86.7 0.021*

Peri-cancer 
specimen

15 60 40

Note: *Determined by Fisher’s exact test.

Table 3 Associations of LHX6 Expression with the 
Clinicopathological Characteristics in Patients with Lung Cancer

Clinicopathological 

Feature

No. 

Cases

LHX6 Expression* P value**

Positive Negative

Pathological 

grade

II 10 6 4 0.299

III 

above

5 4 1

Gender Male 5 1 4 0.604

Female 10 1 9

Age (Years) <54 6 0 6 0.231

≥54 9 2 7

Tumor size 

(cm3)

<28.7 8 1 7 0.922

≥28.7 7 1 6

Notes: *An immunohistochemical score of 8 is defined as the cut-off value for 
negative and positive LHX6 expression; **Determined by Kruskal–Wallis test.
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negative nuclear LHX6 expression in lung cancer speci-
mens and lower LHX6 expression in lung cancer speci-
mens than in peri-cancer specimens.

Epigenetic modification of tumor suppressor genes, 
such as promoter methylation, histone modification and 
microRNA regulation, may lead to drug resistance in 
multiple cancers, including NSCLC.24,25 Previous studies 
have demonstrated the involvement of LHX gene in tumor 
development and progression.14 LHX2 was reported to 
promote breast cancer growth and metastasis,26 and pro-
mote pancreatic ductal adenocarcinoma cell proliferation 
in vitro and in vivo.27 LHX3 was identified as an early- 
stage and radiosensitivity prognostic biomarker, and 
a novel potential oncogene in lung adenocarcinoma,28 

was required to maintain cancer cell development of high- 
grade oligodendroglioma.29 LHX4 may be involved in the 
tumorigenesis of colorectal cancer and leukemia.30,31 

LHX9 was detected to be frequently silenced in pediatric 
malignant astrocytomas by hypermethylation and this epi-
genetic alteration was found to contribute to glioma cell 
migration and invasiveness.32 LHX6 expression was found 
to be downregulated or silenced with hypermethylation 
status in both lung cancer cell lines and tissues, and 
LHX6 overexpression caused suppression of cell viability, 
colony formation and migration and induction of apoptosis 
and G1/S arrest in lung cancer 95D and H358 cell lines, as 
well as inhibition of lung cancer cell tumorigenicity in 
nude mice through upregulating p21 and p53 expression, 
and downregulating Bcl-2, cyclinD1, c-myc, CD44, and 
MMP7 expression.17 Another study showed that overex-
pression of LHX6.1 (an isoform of hLHX6) suppressed 
the proliferation and tumorigenic phenotype of cervical 
cancer cells.33 There is also evidence showing LHX6 as 
a tumor suppressor gene.15,17 Our previous study demon-
strated that miR-214 up-regulation increased the resistance 
to erlotinib in HCC827/ER cells through down-regulating 
its target gene LHX6 expression.13 In this study, IHC 
showed that LHX6 was predominantly expressed in the 
cytoplasm with extremely low expression in the nucleus, 
and lower LHX6 expression was detected in lung cancer 
specimens than in peri-cancer specimens; qPCR and 
Western blotting assays determined lower LHX6 expres-
sion in HCC827/ER cells than in HCC827 cells at both 
transcriptional and translational levels. In addition, the 
CRISPR-Cas9 system-mediated LHX6 knockdown 
increased the resistance to erlotinib and cell migration 
ability in HCC827 cells, and overexpressing LHX6 
resulted in a reduction in the resistance to erlotinib and 

cell migration ability in HCC827/ER cells. We also 
detected a negative correlation between LHX6 expression 
and the activation of the Wnt/β-catenin signaling pathway. 
Our data demonstrate that LHX6 may mediate the resis-
tance to erlotinib via the Wnt/β-catenin signaling pathway.

Wnt/β-catenin signaling is critical for mammalian devel-
opment and maintenance of cell homeostasis.34 Aberrant 
expression of Wnt/β-catenin signaling has been detected and 
has been reported to play an important role in therapeutic 
resistance in multiple cancers.35–39 β-catenin siRNA-induced 
inhibition of the Wnt/β-catenin signaling resulted in reversal 
of multi-drug resistance (MDR) to chemotherapeutics in MDR 
cholangiocarcinoma QBC939/5-FU cells through down- 
regulating P-glycoprotein (P-gp) expression.40 In chronic 
myeloid leukemia stem cells, TKIs induced CD70 expression, 
which mediated the resistance to TKIs through activating the 
Wnt/β-catenin pathway.41 In chronic myeloid leukemia, acti-
vating of the Wnt/β-catenin signaling is required for intrinsic 
BCR-ABL1 kinase-independent resistance to TKIs.42 In addi-
tion, pharmacologic inhibition of β-catenin was found to sup-
press EGFR-L858R-T790M mutated lung tumor growth, and 
genetic deletion of the β-catenin gene dramatically reduced 
lung tumor formation in EGFR-L858R-T790M transgenic 
mice.43 In gefitinib-resistant PC9M2 cells generated from 
gefitinib-sensitive lung cancer PC9 cells, either siRNA- 
induced knockdown of β-catenin or treatment with a β-catenin 
inhibitor at least partially restored the sensitivity to gefitinib.44 

These data link the Wnt/β-catenin signaling pathway to drug 
resistance in human cancers.

Zhang and colleagues found that LHX6 directly inter-
acted with paired-like homeodomain transcription factor 
2 (PITX2) to inhibit PITX2 transcriptional activities.45 

In addition, PITX2 was reported to directly interact with 
β-catenin to synergistically regulate lymphoid enhancer fac-
tor (LEF-1) expression.46 In this study, overexpressing 
LHX6 resulted in nuclearβ-catenin accumulation, down- 
regulation of CyclinD1 expression and a remarkable reduc-
tion in LEF/TCF luciferase activity in HCC827/ER cells than 
in HCC827/ER/pLV cells, suggesting that up-regulation of 
LHX6 may inhibit the Wnt/β-catenin pathway. This may be 
attributed to LHX6-mediated down-regulation of PITX2 
transcriptional activity.45 Then, overexpressing β-catenin 
was found to reactivate the Wnt/β-catenin pathway, which 
led to a marked increase in the resistance to erlotinib and cell 
migration ability in HCC827/ER/pLV-LHX6 cells. Our find-
ings show that down-regulation of LHX6 may induce 
the resistance to TKIs and increase the cell migration 
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ability in HCC827/ER cells through activating the Wnt/β- 
catenin pathway.

Conclusions
In summary, we detect lower LHX6 expression in lung 
cancer specimens than in peri-cancer specimens, and our 
data demonstrate that LHX6 down-regulation may induce 
EGFR-TKIs resistance and increase the migration ability of 
HCC827/ER cells via activation of the Wnt/β-catenin sig-
naling pathway. Our findings suggest that LHX6 may be 
a promising potential target to overcome erlotinib resistance 
in HCC827/ER cells, and our data provide new insights to 
overcome the resistance to EGFR-TKIs in NSCLC.
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