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Abstract: Non-small cell lung cancer (NSCLC) is a major type of lung cancer. Epidermal growth factor receptor 
(EGFR) tyrosine kinase inhibitors (TKIs), represented by gefitinib (Gef), are targeted drugs used for the treatment 
of NSCLC. However, NSCLC patients often develop resistance to tyrosine kinase inhibitors, which limits their effi-
cacy. Homeobox gene HOXC6 is dysregulated in many cancers and contributes to chemoresistance in cancer cells. 
However, the role and mechanism of HOXC6 in the development of Gef resistance in NSCLC remains unclear. In the 
present study, we found that HOXC6 was highly expressed in Gef-resistant NSCLC cells. Further experiments showed 
that silencing of HOXC6 ameliorated Gef resistance in PC9/G cells whereas overexpression of HOXC6 promoted 
Gef resistance in PC9 cells. HOXC6 influenced Gef sensitivity in NSCLC cells by regulating cell proliferation, colony 
formation, cell apoptosis, cell cycle, cell mobility and other related signaling molecules or pathways. HOXC6 was 
also found to be a direct target of miR-27a. As expected, overexpression of miR-27a ameliorated Gef resistance by 
inhibiting HOXC6 expression in vitro and in vivo. Clinical analysis revealed that high HOXC6 levels and low miR-27a 
levels were significantly correlated with more malignant clinical features and poorer survival of NSCLC patients. In 
summary, the present study demonstrates that HOXC6 may be a potential therapeutic target for overcoming Gef 
resistance in NSCLC patients. A combination of Gef and miR-27a agomirs may be an effective intervention for Gef-
resistant NSCLC.
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Introduction

Lung cancer is the second most prevalent can-
cer worldwide with the highest mortality [1]. In 
2020, an estimated 0.82 million new cases 
and 0.72 million deaths were reported in China 
[2]. Non-small cell lung cancer (NSCLC), a major 
type of lung cancer, is generally characterized 
by rapid progression, easy relapse and poor 
prognosis. Epidermal growth factor receptor 
(EGFR) tyrosine kinase inhibitors (TKIs), repre-
sented by gefitinib (Gef), have been widely used 
for the treatment of NSCLC with favorable 
effects in non-smokers and Asian patients with 
active EGFR mutation [3]. Unfortunately, most 
patients with EGFR mutation develop acquired 
resistance after 10-14 months of treatment 
with EGFR TKIs [4], which leads to treatment 

failure. The reported mechanisms of Gef resis-
tance included T790M mutation, HER2 amplifi-
cation, MET amplification, epithelial-mesenchy-
mal transition (EMT), small cell lung cancer 
(SCLC) transformation and so on [5, 6]. However, 
there is still 30% of resistant mechanism 
remains unknown [7].

HOXC6, a member of the Homeobox family, is 
abnormally expressed in carcinomas of the 
lung, liver, prostate, glioblastoma and breast 
cancer, and serves as a biomarker for the diag-
nosis and prognosis of malignant tumors [8- 
12]. In glioblastoma, HOXC6 promotes cell pro-
liferation and migration by regulating the MAPK 
signaling pathway [10]. Besides, HOXC6 plays  
a role in development of chemoresistance of 
cancer cells to 5-Fluorouracil, paclitaxel and 
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tamoxifen [13-15]. However, the specific role 
and mechanism of HOXC6 in the development 
of Gef resistance in NSCLC remains unclear.

MicroRNAs (miRNAs) are a class of endogenous 
small non-coding RNAs that specifically bind to 
3’-UTR of target mRNAs thereby inhibiting their 
expression [16]. Several studies have reported 
the interactions between miRNAs and HOXC6 
in cancer. For example, Chen et al. found that 
overexpression of miR-141 promoted epitheli-
al-mesenchymal transition (EMT) and lymph 
node metastasis in laryngeal cancer by inhibit-
ing the HOXC6/TGF-β signaling pathway [17]; 
You et al. found that miR-495 inhibited cell pro-
liferation, migration, and invasion while promot-
ing apoptosis of cancer stem cells in oral squa-
mous cell carcinoma by targeting HOXC6 [18]. 
However, few studies have investigated the cor-
relation between miRNAs and HOXC6 in drug 
resistance. MiR-27a has been proposed to tar-
get HOXC6. Though miR-27a can act as either 
an oncomiR or a tumor suppressor depending 
on the cancer type [19-21], its effects on Gef 
resistance of lung cancer have not been 
reported.

In this study, we demonstrated that HOXC6 pro-
moted Gef resistance in NSCLC cells by regulat-
ing cell proliferation, colony formation, cell 
apoptosis, cell cycle, cell mobility and other 
related signaling molecules or pathways. 
Furthermore, we identified HOXC6 as a direct 
target of miR-27a. Overexpression of miR-27a 
ameliorated Gef resistance in vitro and rein-
forced the anti-tumor effect of Gef in vivo. 
Importantly, HOXC6 was upregulated and miR-
27a was downregulated in human lung adeno-
carcinoma, both of which correlated with more 
aggressive clinical features and poorer progno-
sis. Taken together, our findings reveal that 
HOXC6 is a novel target for overcoming Gef 
resistance in NSCLC, and a combination of Gef 
and miR-27a agomirs may be an effective inter-
vention for Gef-resistant NSCLC.

Material and methods

Cell culture

The human NSCLC cell lines HCC827, A549, 
H1299 and H1975 were purchased from the 
Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The PC9 cell line was 
obtained from the RIKEN Cell Bank (Tsukuba, 

Japan). The Gef-resistant cell line PC9/G was 
established by culturing PC9 cell lines with 
increasing concentrations of Gef (0.005 μM-1 
μM) for over 3 months. After that, cells were 
washed and cultured in drug-free medium for 
14 days. Then cells were seeded in medium 
containing 1 μM Gef on 96-well plates for sub-
cloning. After 30 days, the colonies were har-
vested and a single clone was obtained. CCK-8 
assay was used to determine the extent of Gef 
resistance in these colonies. The stable resis-
tant phenotype under drug-free conditions  
was picked out, as described previously [22]. 
All cells were cultured with 10% fetal bovine 
serum and 1% penicillin-streptomycin under a 
humidified atmosphere of 5% CO2 at 37°C. 

Cell transfection and cotransfection

The HOXC6 siRNA (si-HOXC6), miR-27a mimics, 
miR-27a inhibitors, and negative control (si-NC, 
miR-NC) were designed and synthesized by 
GenePharma (Shanghai, China). The recombi-
nant plasmid expression vector pcDNA3.1-
HOXC6 and control vector (pcDNA3.1-NC) were 
purchased from GeneCopoeia (MD, USA). The 
PC9/G cells were cultured in 6-well plates to 
30-50% confluence. For each transfection, 
siRNA (100 nM) or miR-27a mimics (100 nM) 
was mixed with Lipofectamine 3000 (Invi- 
trogen), and then added into the 6-well plates 
according to the manufacturer’s instructions. 
The PC9 cells were cultured in 6-well plates to 
70-90% confluence, after which the plasmid 
DNA (2 μg) was transfected into cells using 
Lipofectamine 3000. For the cotransfection, 
PC9/G cells were cotransfected with miR-27a 
mimics plus pcDNA3.1-HOXC6 or pcDNA3.1-
NC, while PC9 cells were cotransfected with 
miR-27a inhibitors plus si-HOXC6 or si-NC. 

Real-time PCR

Total RNA samples were extracted from the cul-
tured cells using Trizol reagent and then 
reverse-transcribed into cDNA. Real-time PCR 
analysis of the cDNA was quantified with the 
ABI 7900HT Fast Real-Time PCR System 
(Thermo Fisher Scientific, MA, USA). The reac-
tion system was heated to 95°C for 10 min fol-
lowed by 40 cycles, denaturing the mixture  
at 95°C for 11 s, annealing at 60 °C for 30 s, 
and extension at 72°C for 32 s. The primers  
of HOXC6 were 5’-TGAATTCGCACAGTGGGGT-3’ 
and 5’-TTGATCTGTCGCTCGGTCAG-3’, respec-
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tively. The primers of β-actin were 5’-TTG- 
CCGACAGGATGCAGAA-3’ and 5’-GCCGATCCAC- 
ACGGAGTACT-3’. At the end of the assay, melt-
ing curve analysis was performed. A standard 
curve with serial dilution control points was pre-
pared for each assay. The mRNA levels were 
calculated by the 2-ΔΔCT method. All the experi-
ments were repeated three times and each 
sample was assayed in triplicate.

Dual-luciferase reporter assay

PC9/G cells were plated at a density of 1 × 105 
cells/well in a 24-well plate, transfected with 
the HOXC6-3’UTR-wt or HOXC6-3’UTR-mut, 
together with miR-27a mimics or miR-NC using 
Lipofectamine 3000. Luciferase activity was 
measured 24 h after transfection using the 
Dual-Luciferase Reporter Assay System (Pro- 
mega, Madison, WI, USA) and normalized to 
Renilla luciferase activity.

CCK-8 assay

The cells were seeded into 96-well plates at a 
density of 3 000 per well (100 μL). After over-
night incubation, cells were transfected with 
HOXC6 siRNA or miR-27a mimics, alone or in 
combination with pcDNA3.1-HOXC6 plasmid.  
A further 24 h later, different concentrations  
of Gef (AstraZeneca, Cambridge, UK) were 
added to each well and incubated for 72 h. 
Subsequently, 10% CCK-8 reagent was added 
to each well and incubated for an additional 2 
h. The absorbance was measured spectropho-
tometrically at 450 nm. 

Colony formation assay

Cells were incubated with culture medium con-
taining Gef (10 μM in PC9/G cells and 10 nM in 
PC9 cells) or vehicle control (0.05% DMSO) for 
48 h after transfection. Then the cells were 
trypsinized, counted, diluted and replated at a 
density of 1000 cells per six-well plates. After 
10 days, colonies were stained with 0.1% crys-
tal violet and counted. Colonies containing at 
least 50 cells were scored. 

Flow cytometry

Cells were incubated with a culture medium 
containing Gef or vehicle control (0.05% DMSO) 
for 48 h after transfection. For apoptosis analy-
sis, cells were collected, washed with PBS 

twice, resuspended in 100 μL of 1 × binding 
buffer and stained with 5 μL Annexin V-FITC 
and 5 μL of PI for 10 min at room temperature 
in the dark. For cell cycle analysis, cells were 
washed with ice-cold PBS and fixed with 75% 
ethanol overnight at -20°C. Fixed cells were 
then rehydrated in PBS for 15 min and subject-
ed to PI staining. The samples were analyzed  
by flow cytometry (Becton-Dickinson, Franklin 
Lakes, NJ), and the acquired data were ana-
lyzed with the CellQuest software (BD 
Biosciences, San Jose, CA, USA).

Cell migration and invasion assay

After transfection, cells suspended in a medi-
um containing 0.5% FBS in the presence of Gef 
or vehicle control were seeded onto either 
uncoated Transwell inserts (Corning, NY, USA) 
for migration assays or Matrigel-coated Trans- 
well inserts for invasion assays, and the bottom 
chamber contained normal culture medium 
supplemented with 10% FBS. After incubation 
for 48 h, the cells on the upper surface were 
carefully removed and those invaded cells on 
the bottom surface were stained with 0.1% 
crystal violet and photographed under a micro-
scope (Olympus, Tokyo, Japan). Cell numbers 
were counted under a light microscope at × 
400 magnification.

Western blot analysis

After transfection, the cells were harvested and 
lysed with RIPA buffer. Equal amounts of pro-
tein (20-80 μg/lane) were subjected to SDS-
PAGE and transferred onto PVDF membranes. 
The membranes were blocked and then incu-
bated overnight with the corresponding primary 
antibodies. Next, membranes were washed 
and subsequently incubated with secondary 
antibodies for 1 h. Protein bands were visual-
ized using an enhanced chemiluminescence 
system (Pierce Biotechnology, Rockford, IL, 
USA). Quantitative analysis was carried out 
using Gel-Pro Analyser (Media Cybernetics Inc., 
Rockville, MD, USA). 

In vivo assay

Balb/c nude mice (female, 5 weeks old) were 
obtained from the Hunan SJA Laboratory 
Animal Co., Ltd. and maintained under SPF con-
dition. PC9/G cells (5 × 106) were subcutane-
ously injected into the right dorsal flank area of 



miR-27a ameliorates gefitinib resistance by targeting HOXC6

4332 Am J Cancer Res 2021;11(9):4329-4346

the mice. Tumor volume was measured with 
caliper and calculated by the formula (width2 × 
length)/2. Following the establishment of size-
able tumors, all nude mice were randomly divid-
ed into four groups. MiRNA agomirs were 
obtained from the Gene Pharma (Shanghai, 
China). MiR-27a agomirs (10 nmol) was injected 
into the tumor in a multi-site injection manner 
two times/week, and Gef (15 mg/kg) was 
administered intragastrically five times/week 
for three weeks. At the end of the treatment, 
the mice were sacrificed and their tumors were 
excised, weighed, fixed in 4% paraformalde-
hyde and embedded in paraffin for immunohis-
tochemical staining of HE, Ki-67 and HOXC6 as 
previously described [23, 24]. All animal experi-
ments were approved by the Animal Care and 
Use Committee of Tongji Medical College of 
Huazhong University of Science and Technology.

Tissue specimens

Lung adenocarcinoma tissue microarrays 
(TMAs) (Cat. No. HLugA180Su02, Shanghai 
Outdo Biotech, China) were constructed using 
93 formalin-fixed, paraffin-embedded lung ade-
nocarcinoma tissues and 87 corresponding 
non-tumor adjacent tissues (NATs). All samples 
used in this study were approved by the 
Institutional Review Board of Tongji Medical 
College of Huazhong University of Science and 
Technology, with informed consent from all 
patients. Immunohistochemistry (IHC) analysis 
of HOXC6 protein was performed as previously 
described [24]. The in-situ hybridization (ISH) 
detection of miR-27a was performed using 
digoxygenin (DIG)-labeled miRCURY Locked 
Nucleic Acid (LNA) microRNA Detection Probes 
(Exiqon, Vedbaek, Denmark). The IHC results of 
HOXC6 staining and ISH results of miR-27a 
staining in epithelial cells obtained from the 
samples were scored using a semi-quantitative 
evaluation as previously described [25]. 

Statistical analysis

All the experiments were repeated at least 
three times and values are presented as mean 
± SD. Statistical analysis was performed using 
SPSS 22.0 (IBM SPSS, Armonk, NY, USA). χ2 
test, two-tailed Student’s t-test, and one-way 
ANOVA test were applied to determine statisti-
cal significance. Survival analysis was estimat-
ed by the Kaplan-Meier method. P<0.05 was 
considered statistically significant. 

Results

HOXC6 influences Gef resistance by regulating 
cell proliferation, apoptosis, cell cycle and cell 
mobility in NSCLC cells

The cell viability of Gef-sensitive cell lines 
(HCC827 and PC9) and Gef-resistant cell lines 
(PC9/G, A549, H1299 and H1975) after Gef 
treatment was determined using CCK-8 assay. 
The IC50 values of Gef in these cell lines are 
shown in Table 1. The IC50 value of Gef on 
PC9/G cells was 600-fold higher than that on 
PC9 cells (12.9 ± 0.58 μM vs 0.021 ± 0.005 
μM). We also found remarkably high levels of 
HOXC6 in Gef-resistant cell lines, especially in 
PC9/G, using qRT-PCR and western blot (Figure 
1A), suggesting that HOXC6 might be involved 
in the development of Gef resistance in NSCLC 
cells. Therefore, we chose PC9 and PC9/G cell 
lines for further study.

To assess the role of HOXC6 in the develop-
ment of Gef resistance, we examined the effect 
of HOXC6 silencing or overexpression com-
bined with Gef treatment on proliferation, apop-
tosis, cell cycle, migration and invasion of 
NSCLC cells. Results of HOXC6 knockdown in 
PC9/G cells and HOXC6 overexpression in PC9 
cells are shown in Figure 1B. CCK-8 assay 
showed that HOXC6 silencing markedly pro- 

Table 1. The characteristics of NSCLC cells

Gef sensitivity Cell lines EGFR gene Met 
gene

K-Ras 
gene

Gef 
IC50 (μM)

sensitive HCC827 Exon19 (E746-A750)del ± WT 0.014 ± 0.008
sensitive PC9 Exon19 (E746-A750)del ± WT 0.021 ± 0.005
resistant PC9/G Exon19 (E746-A750)del ± WT 12.9 ± 0.58
resistant H1299 WT unknown WT 7.08 ± 1.23
resistant A549 WT ± G12S 8.24 ± 0.25
resistant H1975 Exon19 T790M-L858R ± WT 12.35 ± 2.93
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Figure 1. HOXC6 plays a crucial role in Gef resistance in NSCLC. A. The relative mRNA and protein expression lev-
els of HOXC6 in NSCLC cells (Gef-sensitive cell lines: HCC827, PC9; Gef-resistant cell lines: PC9/G, H1299, A549, 
H1975) are determined by qRT-PCR and western blot. B. PC9/G cells were transfected with HOXC6 siRNA; PC9 cells 
were transfected with HOXC6 overexpression plasmid. The level of HOXC6 protein was analyzed by western blot. C. 
Transfected cells were treated with increasing concentrations of Gef for 72 h. Cell viability was assessed by CCK-8 
assay. D. Colony-forming efficiency was detected in PC9/G transfected with HOXC6 siRNA, or PC9 transfected with 
HOXC6 overexpression plasmid followed by exposure to Gef for 48 h. Data are presented as the mean ± SD of 
three independent experiments. P-values are estimated using a two-tailed Student’s t-test. *P<0.05, **P<0.01, 
***P<0.001.
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moted Gef-induced inhibition of the viability of 
PC9/G cells, while HOXC6 overexpression at- 
tenuated Gef-induced inhibition of the viability 
of PC9 cells (Figure 1C). Furthermore, silencing 
of HOXC6 in PC9/G cells inhibited cell colony 
formation, increased cell apoptosis, arrested 
cell at G2/M phase, and inhibited cell migra- 
tion and invasion, which enhanced Gef efficacy 
and ameliorated Gef resistance (Figure 1D, 
Figure 2A-D). Of note, HOXC6 overexpression  
in PC9 cells showed the opposite results 
(Figures 1D, 3A-D). These results indicate that 
HOXC6 promotes Gef resistance in NSCLC  
cells by regulating multiple cellular processes, 
including cell proliferation, cell apoptosis, cell 
cycle and cell mobility.

HOXC6 regulates signaling molecules involved 
in cell apoptosis, cell cycle, cell mobility as well 
as ABC transporters

To determine the mechanisms by which HOXC6 
promoted Gef resistance, we investigated the 
effects of HOXC6 silencing or overexpression 
on key proteins associated with cell apoptosis, 
cell cycle, cell mobility as well as ABC transport-
ers. As shown in Figure 4A, silencing of HOXC6 
increased Bim expression but decreased sur-
vivin and Bcl-2 expression in PC9/G cells, 
whereas overexpression of HOXC6 in PC9 cells 
showed opposite effects. This indicated that 
HOXC6 may impede cell apoptosis by upregu-
lating Bim and downregulating survivin and Bcl-
2. Cyclin D1 and cyclin B1 are known key regu-
lators of cell cycle progression at the G1/S and 
G2/M transition [26, 27]. Our study showed 
that silencing of HOXC6 increased cyclin B1 
expression and decreased cyclin D1 expression 
in PC9/G cells, whereas overexpression of 
HOXC6 in PC9 cells produced opposite effects 
(Figure 4B). Therefore, HOXC6 may affect cell 
cycle progression by regulating cyclin B1 and 
cyclin D1.

The EMT phenotype has been linked high can-
cer cell motility, which contributes to Gef resis-
tance in NSCLC [28, 29]. Our results showed 
that silencing of HOXC6 in PC9/G cells promot-
ed the EMT process accompanied by increas- 
ed E-cadherin expression, decreased N-cad- 
herin and β-catenin expression, while overex-
pression of HOXC6 in PC9 cells produced  
opposite effects (Figure 4C). However, HOXC6 
did not affect the expression of vimentin. It  

has been reported that activation of Akt/
GSK3β/β-catenin pathway promotes cancer 
cell mobility [30]. Here we found that silencing 
of HOXC6 in PC9/G cells decreased Akt ex- 
pression, increased GSK3β expression, where-
as overexpression of HOXC6 in PC9 cells yield-
ed the opposite results (Figure 4C). Therefore, 
we speculate that HOXC6 may activate EMT via 
the Akt/GSK3β/β-catenin pathway, and pro-
mote the migration and invasion of NSCLC 
cells. ABC transporters are considered impor-
tant promoters of drug resistance because  
they can reduce intracellular drug accumula-
tion by pumping the drug out of the cell in vari-
ous cancers [31]. Here we found that silencing 
of HOXC6 in PC9/G cells decreased ABCG2, 
MDR1, and MRP1 expression and increased 
ABCB5 expression. Overexpression of HOXC6 
in PC9 cells exhibited opposite effects (Figure 
4D). This observation indicates that ABC trans-
porters may facilitate HOXC6-induced Gef 
resistance.

HOXC6 is a direct target of miR-27a

Currently, there are no commercially available 
HOXC6 inhibitors. Hence, we utilized bioinfor-
matic tools to search for miRNAs targeting 
HOXC6 3’-UTR and identified miR-27a. By using 
western blot assay, we found that overexpres-
sion of miR-27a decreased HOXC6 expression 
in a dose-dependent manner (Figure 5A). 
Luciferase reporters containing specific muta-
tions at the putative miR-27a binding site of 
HOXC6 3’-UTR were constructed. PC9/G cells 
cotransfected with the wild type HOXC6 3’-UTR 
and miR-27a mimics showed decreased lucifer-
ase activity; in contrast, there was no signifi-
cant change in luciferase activity in PC9/G cells 
cotransfected with the mutant type HOXC6 
3’-UTR and miR-27a mimics (Figure 5B). Taken 
together, these data strongly indicate that 
HOXC6 is a direct and functional target of 
miR-27a.  

MiR-27a overexpression phenocopies HOXC6 
silencing in vitro

We next investigated whether overexpression 
of miR-27a has similar effects on Gef resis-
tance as HOXC6 silencing. The results showed 
that ectopic overexpression of miR-27a rein-
forced Gef-induced inhibition on the viability of 
PC9/G cells, and this effect was partially coun-
teracted by overexpression of HOXC6 (Figure 
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Figure 2. Silencing of HOXC6 induced cell apoptosis and cell cycle arrest, and suppressed cell mobility, thereby 
enhancing sensitivity to Gef in NSCLC cells. PC9/G cells were transfected with HOXC6 siRNA for 24 h and then 
treated with Gef for 48 h. (A) Cell apoptosis and (B) Cell cycle were determined by flow cytometric analysis. (C) Cell 
migration and (D) Cell invasion capacity were measured by transwell assays. Data are presented as the mean ± SD 
of three independent experiments. P-values are estimated using a two-tailed Student’s t-test. *P<0.05, **P<0.01, 
***P<0.001.
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Figure 3. HOXC6 overexpression attenuates cell apoptosis, reverses cell cycle arrest and enhances cell mobility, 
thereby reducing sensitivity to Gef in NSCLC cells. PC9 cells were transfected with HOXC6 overexpression plasmid 
for 24 h and then treated with Gef or vehicle for 48 h. (A) Cell apoptosis and (B) Cell cycle were determined by flow 
cytometric analysis. (C) Cell migration and (D) Cell invasion capacity were measured by transwell assays. Data are 
presented as the mean ± SD of three independent experiments. P-values are estimated using a two-tailed Student’s 
t-test. *P<0.05, **P<0.01, ***P<0.001.



miR-27a ameliorates gefitinib resistance by targeting HOXC6

4337 Am J Cancer Res 2021;11(9):4329-4346

Figure 4. The influence of HOXC6 on the expression of proteins associated with apoptosis, cell cycle, cell mobility as 
well as proteins of ABC transporter family. PC9/G cells were transfected with HOXC6 siRNA for 72 h whereas PC9 
cells were transfected with HOXC6 overexpression plasmid for 72 h. The expression level of (A) Apoptosis-associated 
proteins, (B) Cell cycle-associated proteins, (C) Migration- and invasion-associated proteins, (D) ABC transporter 
proteins were determined by western blot. β-actin or β-tubulin was used as an internal control.

5C). Moreover, ectopic overexpression of miR-
27a inhibited cell colony formation, increased 
cell apoptosis, arrested cell at G2/M phase, 
and inhibited cell migration and invasion, all of 
which enhanced Gef effectiveness and amelio-
rated Gef resistance in PC9/G cells (Figure 
5D-H). These results suggest that miR-27a 
ameliorates Gef resistance by modulating cell 

proliferation, apoptosis, cell cycle and cell 
mobility through targeting HOXC6. 

Subsequently, rescue experiments were per-
formed to explore how the downstream mark-
ers responsible for Gef resistance were affect-
ed by miR-27a and the role of HOXC6 in it. 
Western blot analysis showed that HOXC6 
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Figure 5. miR-27a overexpression phenocopies HOXC6 silencing in vitro. (A) PC9/G cells were transfected with miR-27a mimics (50 nM or 100 nM) for 72 h. Protein 
level of HOXC6 was determined by western blot. (B) The wild type and mutant type binding site of HOXC6-3’-UTR for miR-27a are shown in the upper panel. Relative 
luciferase activity of reporter plasmid carrying wild-type or mutant HOXC6 3’-UTR in PC9/G cells co-transfected with miR-27a mimics are shown in the lower panel. 
(C) PC9/G cells transfected with miR-27a mimics with or without HOXC6 cotransfection were treated with increasing concentrations of Gef for 72 h. Cell viability 
was assessed by the CCK-8 assay. (D) Colony formation by PC9/G cells transfected with miR-27a mimics after exposure to Gef for 48 h. (E-H) PC9/G cells were 
transfected with miR-27a mimics for 24 h and then treated with Gef for 48 h. (E) Cell apoptosis and (F) Cell cycle were determined by flow cytometric analysis. (G) 
Cell migration and (H) Cell invasion capacity were measured by transwell assays. Data are presented as the mean ± SD of three independent experiments. P-values 
are estimated using a two-tailed Student’s t-test. *P<0.05, **P<0.01, ***P<0.001 vs. NC; #P<0.05, ## <0.01 vs. miR-27a+HOXC6.
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expression was increased by miR-27a inhibi-
tors, which was counteracted in PC9 cells  
when cotransfected with si-HOXC6. Cyclin B1 
expression was decreased by miR-27a inhibi-
tors, which was also recovered when cotrans-
fected with si-HOXC6. Meanwhile, Bcl-2, 
N-cadherin and ABCG2 expression levels were 
increased by miR-27a inhibitors, which were 
abolished when cotransfected with si-HOXC6 
(Supplementary Figure 1). These results indi-
cate that miR-27a regulates downstream mark-
ers Cyclin B1, Bcl-2, N-cadherin and ABCG2 
that are responsible for Gef resistance by tar-
geting HOXC6.  

miR-27a overexpression reinforces the anti-
tumor effect of Gef through downregulation of 
HOXC6 in vivo

To further assess the effects of miR-27a on Gef 
resistance in vivo, we generated subcutaneous 
tumors in nude mice using PC9/G cells. As 
shown in Figure 6A-D, miR-27a agomirs com-
bined with Gef markedly reduced the tumor vol-
ume and weight. IHC staining demonstrated 
significant decreases in Ki-67 and HOXC6 
expression in tumor sections harvested from 
mice treated with miR-27a agomirs and Gef 
combined (Figure 6E). These results indicate 
that miR-27a overexpression in NSCLC amelio-
rated Gef resistance through targeting HOXC6 
in vivo.

HOXC6 and miR-27a expression correlate with 
clinical stage and prognosis of NSCLC

Having explored the mechanisms by which 
HOXC6 and miR-27a affected Gef resistance 
and tumor growth, we further investigated the 
clinical significance of HOXC6 and miR-27a in 
human NSCLC. Higher expression of HOXC6 
was observed in NSCLC compared to normal 
tissues, while miR-27a levels were lower in 
NSCLC (Figure 7A, 7B). We next investigated 
the association between clinicopathological 
characteristics of NSCLC patients and HOXC6, 
miR-27a expression (Table 2). HOXC6 expres-
sion was positively correlated with age, lym-
phatic invasion and TNM stage. The correlation 
between HOXC6 level and age might be attrib-
uted to the limited sample size of NSCLC 
patients enrolled, large sample sizes are need-
ed to verify this conclusion. In addition, miR-
27a expression was negatively correlated with 

gender, lymphatic invasion and TNM stage. 
Consistent with a report that females expressed 
lower levels of some miRNAs [32], our results 
showed that miR-27a was expressed at lower 
levels in females compared to males, suggest-
ing a possible role of miR-27a in gender differ-
ences in NSCLC. Kaplan-Meier analysis indicat-
ed that patients with high HOXC6 or low miR-
27a displayed poorer survival (Figure 7C). 

Discussion

For patients with EGFR mutation-positive 
advanced/metastatic NSCLC, Gef treatment is 
superior to chemotherapy regimens. Its appli-
cation has been associated with prolonged 
progression-free survival, improved quality of 
life, and fewer hematological and neurological 
adverse effects [33]. However, almost all 
patients receiving Gef treatment develop resis-
tance and eventually fail to respond to initial 
treatment. About 50% of Gef resistance is due 
to EGFR T790M secondary mutation, which can 
be controlled by Osimertinib (AZD9291) [34]. 
Nevertheless, the mechanisms for the remain-
ing resistance are not well defined. 

It has been reported that HOXC6 plays an 
important oncogenic role in NSCLC cells. For 
instance, overexpression of HOXC6 promoted 
cell proliferation, migration, and invasion in 
NSCLC [12]. Here we showed that HOXC6 not 
only stimulated cell proliferation and inhibited 
cell apoptosis, but also induced cell cycle arrest 
and promoted cell migration and invasion, 
thereby enhancing Gef resistance. We further 
investigated the functional targets of HOXC6. 
The results showed that HOXC6 altered expres-
sion of multiple signaling molecules, including 
survivin, Bim, Bcl-2, cyclin B1, cyclin D1, 
E-cadherin, N-cadherin, β-catenin, Akt, GSK3β, 
ABCG2, MDR1, MRP1, and ABCB5. To our 
knowledge, this is the first experimental study 
to investigate the functional roles of HOXC6 in 
Gef resistance. Since there are currently no 
commercially available HOXC6 inhibitors, our 
results support the prospect of developing 
HOXC6 inhibitors to control Gef resistance in 
NSCLC.

Tumor metastasis is the main cause of death in 
NSCLC patients, and many metastases are 
associated with poor overall survival [35]. The 
EMT process plays an important role in NSCLC 
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Figure 6. miR-27a overexpression enhances the anti-tumor effects of Gef in vivo. Mice bearing established subcuta-
neous PC9/G xenografts were treated miR-27a agomir (10 nmol, intratumoral injection, two times/week), alone or 
combined with Gef (15 mg/kg, intragastric administration, five times/week) (n=5). A. Tumor growth curves of mice 
are shown. B. Total body weight was measured every 3 days during the study. C. The final weight of xenograft tumors 
measured once mice were sacrificed. D. Representative images of the dissected tumors at the end of the experi-
ment. E. Immunohistochemical (IHC) staining of H&E, Ki-67 and HOXC6 of tumors from all treatment groups. Scale 
bar, 100 μm. All images at × 200 magnification. Statistical analysis was conducted using one-way ANOVA. *P<0.05, 
**P<0.01, ***P<0.001.
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Figure 7. High HOXC6 or low miR-27a expression correlate with poor clinical outcomes in NSCLC patients. A. Repre-
sentative images of HOXC6 and miR-27a expression in tumor tissues (Tumor) and the paired non-tumor adjacent tis-
sues (NAT) from two NSCLC patient samples detected by immunohistochemistry (IHC) and in situ hybridization (ISH). 
Scale bar, 100 μm. All images 200 × magnification. B. Box plot depiction of IHC and ISH data. IHC and ISH score 
are indices of HOXC6 and miR-27a level, respectively, and were computed based on the intensity and tissue area 
of positive staining. C. Overall survival curves of NSCLC patients according to HOXC6 or miR-27a expression level. 

metastasis. Li et al. [8] found that HOXC6 pro-
moted metastasis of hepatocellular carcinoma 
(HCC) by driving EMT. Knockdown of HOXC6 sig-
nificantly decreased the migration and invasion 
of HCC cells. In this study, we also found that 
HOXC6 promoted the migration and invasion of 
Gef-resistant NSCLC cells by driving EMT. 
Besides, HOXC6 regulated the Akt/GSK3β/β-
catenin pathway. Downregulation of HOXC6 
might inhibit Akt expression and therefore 
enhance ubiquitin-mediated degradation of 

β-catenin by upregulating GSK3β. Taken togeth-
er, these findings show that HOXC6 promotes 
migration and invasion of NSCLC cells through 
regulating the EMT process via the Akt/GSK3β/
β-catenin pathway.

Overexpression of ABC family transporters 
impedes drug uptake and retention, resulting in 
diminished intracellular drug accumulation, 
which is an important mechanism of resistance 
to EGFR TKIs [36]. Gef is a dual substrate for 
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Table 2. Association between HOXC6 or miR-27a expression and the clinicopathological characteris-
tics of patients with NSCLC

Clinical Characteristics n
HOXC6

P
miR-27a

P
Low (n=52) High (n=41) Low (n=57) High (n=36)

Gender 0.412a 0.047a*
    Male 50 26 24 26 24 0.049b*
    Female 43 26 17 31 12
Age (year) 0.015a* 0.501a
    >60 45 31 14 0.015b* 26 19
    ≤60 48 21 27 31 17
Location 0.69a 0.842a
    Left 38 22 16 24 14
    Right 54 29 25 33 21
    Unknown 1 1 0 0 1
Tumor size(cm) 0.763a 0.934a
    >3 46 25 21 28 18
    ≤3 47 27 20 29 18
Lymphatic invasion 0.005a*

0.005b*
0.042a*
0.043b*

    Present 14 3 11 12 2
    Absent 79 49 30 45 34
AJCC stage 0.007a* 0.043a*
    1~2 45 30 15 0.007b* 23 22 0.044b*
    3~4 31 11 20 23 8
    Unknown 17 11 6 11 6
Pathological grade 0.765a 0.316a
    I~II 65 37 28 42 23
    III 28 15 13 15 13
Status 0.258a 0.808a
    Survival 22 10 12 13 9
    Death 71 42 29 44 27
a: Pearsoν χ2 test; b: Fisher’s Exact Test; *P<0.05.

MDR1 and ABCG2. Concurrent knockout of 
MDR1 and ABCG2 increased the intracellular 
accumulation of Gef [37]. Kim et al. [14] found 
that silencing of HOXC6 downregulated MDR1 
expression and increased accumulation of pa- 
clitaxel in paclitaxel-resistant human pharyn-
geal squamous cell carcinoma. Our results 
revealed that HOXC6 increased MDR1, ABCG2, 
and MRP1 expression, indicating that HOXC6 
enhances Gef resistance and impairs Gef effi-
cacy by affecting the intracellular Gef accumu-
lation via upregulation of ABC transporters 
expression. However, ABCB5 was upregulated 
following HOXC6 silencing, this might be 
explained by the co-expression phenomenon of 
members of ABC transporters family, which 
implies that the dysfunction in some transport-

ers may be compensated by the enhanced 
expression of other transporters [38].

Several papers have documented that miR-27a 
are key determinants of the diagnosis, progno-
sis, chemosensitivity and radiosensitivity of 
many cancers, such as gastric cancer, colorec-
tal cancer, and ovarian cancer [39-42]. In this 
study, we confirmed that overexpression of 
miR-27a phenocopied the effect of HOXC6 
silencing, ameliorated Gef resistance by inhibit-
ing HOXC6 in vitro and in vivo. Besides, miR-27a 
regulated the expression of downstream mark-
ers (Cyclin B1, Bcl-2, N-cadherin and ABCG2) 
responsible for Gef resistance by targeting 
HOXC6. Moreover, low miR-27a level was corre-
lated with more malignant prognostic features 
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and poorer survival of NSCLC patients. These 
results indicated that miR-27a serves as a 
tumor suppressor miRNA in NSCLC, making it 
an important molecular marker for the diagno-
sis, treatment and prognosis prediction of 
NSCLC patients. 

Recently, miRNAs have also been reported to 
mediate the chemopreventive effects of natu-
ral compounds on tumors. Resveratrol is a nat-
ural polyphenol compound that modulates vari-
ous miRNAs in cancer and inflammatory disor-
der [43]. We previously showed that resveratrol 
overcame Gef resistance by increasing intracel-
lular Gef concentration and triggering apopto-
sis, autophagy and senescence in NSCLC cells 
[22]. Interestingly, Partha et al. [44] found that 
resveratrol normalized and upregulated miR-
27a expression by 5.5-fold in the ischemic 
heart. Given that restoration of miR-27a expres-
sion enhanced Gef efficacy, we hypothesized 
that upregulation of miR-27a might be one of 
the mechanisms by which resveratrol over-
comes Gef resistance in NSCLC cells. However, 
this hypothesis needs to be confirmed.

In summary, our results demonstrate that 
HOXC6 promotes Gef resistance by regulating 
cell proliferation, colony formation, cell apopto-
sis, cell cycle, cell mobility and related signaling 
molecules or pathways. MiR-27a ameliorated 
Gef resistance by targeting HOXC6 in vitro and 
in vivo. Besides, high HOXC6 levels and low 
miR-27a levels were significantly correlated 
with more malignant prognostic features and 
poorer survival of NSCLC patients. These find-
ings show that HOXC6 and miR-27a are poten-
tially new targets for developing strategies to 
improve clinical outcomes in NSCLC patients 
with Gef resistance.  
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Supplementary Figure 1. Western blot analysis of HOXC6, Cyclin B1, Bcl-2, N-cadherin and ABCG2 in PC9 cells 
transfected with miR-27a inhibitors alone or combined with si-HOXC6.


