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Abstract: Recent findings indicate that microRNAs (miRNAs) play a crucial role in lung cancer development, progres-
sion and regression. In our previous study, we identified miR-326 is down-regulated in lung cancer. However, the 
role of miR-326 hasn’t been revealed yet. The aim of the current study is to investigate the function and regulation 
mechanism of miR-326 in lung cancer. MTT assays, Transwell migration assays and xenograft model in nude mice 
were carried to detect the effects of miR-326 on cell proliferation, migration and tumor growth in nude mice. Flow 
cytometry was used to analyze the effects of miR-326 on cell cycle and apoptosis. By using siRNAs and luciferase 
assays, we also demonstrated that Phox2a is a functional target of miR-326, and that miR-326 is regulated by 
long non-coding RNA HOTAIR through silencing HOTAIR. Enforced expression of miR-326 inhibited cell proliferation 
and migration in vitro and tumor growth in nude mice, decreased proportion of cells in S phase and increased cell 
apoptosis in both A549 and H838 cells. In addition, we found miR-326 bound to 3’UTR of Phox2a but not KLF3, and 
enforced expression of miR-326 decreased accumulation of Phox2a in both A549 and H838. Moreover, exogenous 
expression of Phox2a compromised inhibitory effects of miR-326 on cell proliferation and migration. We also found 
silencing of HOTAIR caused increased expression of miR-326. miR-326 regulates cell proliferation and migration in 
lung cancer by targeting Phox2a and is regulated by HOTAIR.
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Introduction

Lung cancer is one of the most aggressive 
malignancies in worldwide. The current stan-
dard of care for lung cancer is surgical resec-
tion followed by adjuvant radiation therapy and 
chemotherapy. Intensive efforts have been ma- 
de to investigate the initiation and develop-
ment of lung cancer. However, the molecular 
mechanisms of carcinogenesis remain unclear. 
Recent findings indicate that microRNAs (miR-
NAs) plays a crucial role in the development, 
progression and regression of lung cancer.

MiR-326 was first reported as miRNA expressed 
in neurons [1]. Expression of miR-326 associ-
ates with multiple pathological process, includ-
ing multiple sclerosis [2], brain tumor [3], lung 
cancer [4], pulmonary fibrosis [5] and type 1 
diabetes [6]. Recent studies indicate miR-326 

regulates TH-17 differentiation [2], carcinogen-
esis [3], metastasis [7] and invasion [8] of tu- 
mor, adipogenic differentiation of adipose-de- 
rived stem cells [9], chemotherapy resistance 
[10]. One of the most important mechanisms 
underlying function of miR-326 is that miR-326 
binds to the 3’ un-coding regions of mRNA com-
plementarily. Studies in multiple fields suggest 
that miR-326 regulates multiple targets in dif-
ferent pathological context. Several targets of 
miR-326 have been identified, including pyru-
vate kinase type M2 (PKM2) [11], multidrug 
resistance-associated protein 1 (ABCC1) [12], 
nin one binding protein (NOB1) [13] and Bcl-xL 
[14].

Paired-like homeobox 2a (phox2a) is first identi-
fied in differentiating neurons and essential for 
neurogenesis [15, 16]. Phox2a is a transcrip-
tion factor that regulates transcription of dopa-
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mine beta-hydroxylase (DBH) [17] and alpha3 
nicotinic receptor subunit [18]. Mutation of 
Phox2a associates with congenital fibrosis of 
the extraocular muscles type 2 [19-21]. Single 
point mutations in the homeodomain of Phox2a 
resulted in a failure to transactivate the DBH 
[22]. Phox2a is overexpressed in neuroblasto-
ma tumors [23]. Kruppel-like factors (KLFs) are 
a large class of basic transcription element-
binding protein in eukaryotrs, and KLF3 is a 
stronger transcriptional repressor of KLFs fam-
ily. KLF3 could increase maturation toward the 
marginal zone B cells and bind to the promoters 
of β-globin [24, 25]. In this study, Phox2a and 
KLF3 are predicted the target genes of miR-
326 through using online program TargetScan.

LncRNA HOX transcript antisense intergenic 
RNA (HOTAIR) is overexpressed in a variety of 
malignancy, and is linked closely with increase 
in cancerous metastasis. HOTAIR is up-regulat-
ed by tumor-promoting Col-1 in NSCLC cells 
[26]. More importantly, HOTAIR could sponge 
miRNAs and function as a competing endoge-
nous RNA, to regulate the expression of HER2 
in GC cells [27]. Despite HOTAIR plays an impor-
tant role in tumor growth and metastasis, the 
mechanism in lung cancer is still unclear.

In this study, we report the inhibitory role of 
miR-326 in tumor growth and metastasis of 
lung cancer. Furthermore, we demonstrate that 
Phox2a is a functional target of miR-326 and 
miR-326 is regulated by long non-coding RNA 
HOTAIR. Taken together, our data establish 

HOTAIR-miR-326-Phox2a axis as regulator of 
lung cancer with potential therapeutic implica- 
tions.

Materials and methods

Cell culture and transfection

Human lung cancer cell lines A549, 95D, NCI-
H460, HLamp and H838 were obtained from 
Shanghai Cell Institute Country Cell Bank, (Sh- 
anghai, China). A549 cells were grown in DMEM 
medium with 10% fetal bovine serum (FBS) 
(GIBCo/BRL, MD), supplemented with 100 U/
ml penicillin G and 100 μg/ml streptomycin 
(Sigma-Aldrich Corp., St. Louis, MO). 95D, NCI-
H460, HLamp and H838 cells were grown in 
1640 medium with 10% fetal bovine serum 
(FBS) (GIBCo/BRL, MD), supplemented with 
100 U/ml penicillin G and 100 μg/ml strepto-
mycin (Sigma-Aldrich Corp., St. Louis, MO). 
Cells were maintained at 37°C in a humidified 
5% CO2 incubator.

For miRNA and siRNA transfection, A549 and 
H838 cells plated in triplicate in 6-well plates. 
100 nM mimics of miR-326 or siRNA of HOTAIR 
were transfected into lung cancer cells using 
lipofectamine 2000 (invitrogen) according to 
manufacturer’s protocol.

Plasmids

The wild type 3’UTR of Phox2a and KLF3, and 
mutant 3’UTR of Phox2a and KLF3were ampli-
fied and inserted into the downstream of psi-
CHECK2 vector (Promega) All the primers were 
listed in Table 1. The sequences of all con-
structs were confirmed by DNA sequencing. 
siRNA of HOTAIR, and scrambled HOTAIR were 
synthesized by Jima Biotech (Shanghai, China), 
the primers of siRNA were listed in Table 2.

Table 1. Primers for luciferase reporter constructs
ID Sequence (5’-3’)
psiCHECK-KLF3-XhoI F CCGctcgagCCCACTCACCTGGCTCTCT
psiCHECK-KLF3-NotI R ATAAGAATgcggccgcTCCATACTCTTACCCGAAA
psiCHECK-KLF3-3’UTR-mut-F ATCCAGACTGCTAGTCCTTGATGCCTACATTCTTACCTCTGCCCTG
psiCHECK-KLF3-3’UTR-mut-R CAGGGCAGAGGTAAGAATGTAGGCATCAAGGACTAGCAGTCTGGAT
psiCHECK-PHOX2A-XhoI F CCGctcgagCCTCTGGAGGCTCCGAGC
psiCHECK-PHOX2A-NotI R ATAAGAATgcggccgcGAAAAAGGACAACCAAAAAAAT
psiCHECK-Phox2a-3’UTR-mut-F CTGGAGGCTCCGAGCCTGCCATTGTCTACGTCCCTGCCCCTCCAGGA
psiCHECK-Phox2a-3’UTR-mut-R TCCTGGAGGGGCAGGGACGTAGACAATGGCAGGCTCGGAGCCTCCAG
psiCHECK-326-XhoI-F CCGctcgagCTCATCTGTCTGTTGGGCTGGA
psiCHECK-326-NotI-R ATAAGAATgcggccgcTGAATCCGCCTCGGGGCT

Table 2. siRNA for HOTAIR
ID Sequence (5’-3’)
scrambled siRNA GAACGGAGCGAGCAGACCUUU
HOTAIR siRNA GAACGGGAGUACAGAGAGAUU



HOTAIR-miR-326-Phox2a axis as a regulator of lung cancer

175 Am J Cancer Res 2016;6(2):173-186

RNA extraction and quantitative real-time 
reverse transcription PCR (qRT-PCR)

Total RNA was extracted from cultured cells 
using the TRIzol reagent (Invitrogen) according 
to the manufacturer’s protocol. RNA samples 
were then reverse transcribed into cDNA using 
a PrimeScriptTM RT reagent kit with gDNA Eraser 
(TaKaRa) in a total volume of 20 μL according 
to the manufacturer’s protocol. Equal amounts 
of cDNA samples were used as a template for 
real-time PCR to detect the level of Phox2a or 
KLF3 expression. Quantitative PCR was per-
formed using a LightCycler480 Real-Time PCR 
system and a SYBR Premix Ex TaqTMII PCR Kit 
(Takara); GAPDH was used as an endogenous 
reference, and each sample was normalized to 
its GAPDH content. All experiments were per-
formed in duplicate and repeated twice. Results 
are represented as fold induction using the 
2-ΔΔCt method. Primers for quantitative PCR 
are shown in Table 3.

MTT assays

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assays were per-
formed according to the manufacturer’s proto-
col. Briefly, 5000 cells/well were plated in 
triplicate in 96-well plates. The MTT reagent 
was prepared at 5 mg/ml in Phosphate 
Buffered Saline (PBS). This MTT stock solution 
was then added to each well at a 1:10 dilution. 
Cells were incubated for 4 h, and the resulting 
crystals were dissolved in 100 µl Dimethyl sulf-
oxide (DMSO). The absorbance at 490 nm was 
measured using a multi-well plate reader.

Transwell assays

The assay was done by using chambers with 
polycarbonate filters (pore size, 8 µm) (Becton 
Dickinson Labware). Twenty-four hours after 

let in 20% ethanol, and counted in five random-
ly selected fields under phase contrast micro-
scope. The migrated cells were monitored by 
photographing at 400× magnification with LE- 
ICA Microscope. The assays were performed in 
triplicate.

Xenograft model in nude mice

Six-week-old female athymic nude mice were 
subcutaneously injected in the right armpit 
region with 1×107 cells in 0.1 mL of PBS. Two 
groups of mice (n = 6/group) were tested. Group 
1 (NC) was injected with A549 or H838 cells 
transfected with NC; and group 2 (miR-326) 
was injected with A549 or H838 cells transfect-
ed with mimics of miR-326. The tumor sizes 
were measured every 7 days with calipers. The 
tumor volume was calculated with the formula: 
(L×W2)/2, where L is the length and W is the 
width of the tumor. After the mice were killed at 
five weeks, the weights of the tumors were 
measured. All experimental procedures involv-
ing animals were in accordance with the Guide 
for the Care and Use of Laboratory Animals 
(NIH publication no. 80-23, revised 1996) and 
were performed according to the institutional 
ethical guidelines for animal experiments.

Cell cycle analysis

For cell cycle analysis, 2×105 cells were seeded 
in a 6-well culture plate and grown for 24 h. 
Twenty-four hours after miRNA transfection the 
cells were trypsinized, washed twice with cold 
PBS and fixed with cold 70% ethanol at 4°C 
overnight. The cells were then washed twice 
with PBS and incubated with 10 mg/ml RNase 
A, 400 mg/ml propidium iodide (Sigma-Aldrich) 
and 0.1% Triton-X in PBS at room temperature 
(RT) for 30 min. Cells were subsequently ana-
lyzed by flow cytometry.

Table 3. Primers for quantitative real-time RT-PCR
ID Sequence (5’-3’)
hsa-mir-326 CCTCTGGGCCCTTCCTCCAG
hsa-mir-326-RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTGGAGGA
hsa-mir-326-F ACACTCCAGCTGGGCCTCTGGGCCCT
U6-F CTCGCTTCGGCAGCACA
U6-R AACGCTTCACGAATTTGCGT
All-R CTCAACTGGTGTCGTGGA
HOTAIR-F TGCTACTTGTGTAGACCCAG
HOTAIR-R AGCAAAGGCTGGACCTTTGCT
GAPDH-F ACACCCACTCCTCCACCTTT
GAPDH-R TTACTCCTTGGAGGCCATGT

miRNA transfection, the cells 
were harvested and 5×104 
transfected cells in 200 µL 
of 0.1% serum medium were 
placed in the upper cham-
ber. The lower chamber was 
filled with 10% fetal bovi- 
ne serum medium (600 µL). 
After 24 h incubation and 
removal of the cells on the 
upper chamber of the filter 
with a cotton swab, the cells 
on the underside were fixed 
with 4% paraformaldehyde, 
stained with 0.1% crystal vio-
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Apoptosis assays

KGI Annexin V-FITC apoptosis detection kit was 
used to detect apoptosis in A549 and H838 
cells. According to manufacturer’s instruction 
manual, the cells were digested with trypsin, 
and centrifuged on 2000 rpm for 5 min. After 
collection, the cells were washed twice with 

PBS, and centrifuged at 2000 rpm for 5 min, 
1-5×105 cells were collected and suspensed 
with 500 μl Binding Buffer. 5 μl Annexin V-FITC 
and 5 μl Propidium Iodide was respectively 
added and mixed on room temperature, and 
away from light for 15 min. Within 1 hour, the 
cells were detected by flow cytometry. The exci-
tating wavelength (Ex) was 488 nm and emis-

Figure 1. Effects of miR-326 on cell transfection, proliferation and migration in nude mice. A. QPCR assay was used 
to examine the efficiency of transfection in A549 and H838 cells. B. MTT assay of A549 and H838 cells. *P<0.05 vs 
NC. **P<0.01 vs NC. C. Transwell migration assays of A549 and H838 cells. Up, representative images from three 
independent experiments. Down, graph. Column, means; bar, SD. **P<0.01 vs NC. ***P<0.001 vs NC.
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sion wavelength (Em) was 530 nm. Green fluo-
rescence of Annexin V-FITC was detected th- 
rough FITC channel (FL1); PI red fluorescence 
was detected by PI channel (FL2 or FL3). Flu- 
orescent compensation adjustment: normal ce- 
lls without apoptosis-inducing treatment were 
used as controls for fluorescence compensa-
tion settings adjustment.

Luciferase assays

A549 cells were seeded in 96-well plates at 
6,000 cells per well the day before transfec-
tion. A mixture of 100 ng luciferase reporter 
constructs (psiCHECK-Phox2a-WT or psiCHE- 
CK-KLF3-WT, and psiCHECK-Phox2a-mutant or 
psiCHECK-KLF3-mutant) and 200 ng of NC or 
miR-326 mimics was transfected into A549 
cells with Lipofectamine 2000. Forty-eight ho- 
urs later, Firefly and Renilla luciferase activities 
were measured with a Dual-Luciferase Reporter 
System (Promega) according to the manufac-
turer’s protocol.

Western blot analysis

Western blot analysis was performed according 
to standard Western blot procedures as previ-

ously described [28]. Briefly, proteins were sep-
arated by 10% SDS-PAGE and then transferr- 
ed to nitrocellulose membrane (Bio-Rad). After 
blocking in 5% nonfat milk, the membranes 
were incubated with the following primary anti-
bodies: mouse anti-KLF3 monoclonal antibody 
(mAb; 1:300; Abcam), mouse anti-Phox2a mo- 
noclonal antibody (mAb; 1:300; Abcam), mouse 
anti-GAPDH mAb (1:1,000; Abcam). The pro-
teins were visualized with enhanced chemilu-
min escence reagents (Pierce).

Statistical analysis

The experimental results were shown as mean 
± standard deviation (SD) unless otherwise 
noted; the Student’s t-test and one-way analy-
sis were used for statistical analysis. A P value 
of <0.05 was considered statistically signifi- 
cant.

Results

Effects of miR-326 on proliferation and migra-
tion in vitro and tumor growth in vivo

We investigated the effects of miR-326 on pro-
liferation by MTT assays, and migration by tran-

Figure 2. Effects of miR-326 on tumor growth in nude mice. A. Representative images of tumors isolated from nude 
mice that had been injected with A549 or H838 cells transfected with NC and mimics of miR-326. B. Representative 
hematoxylin and eosin stained sections of the tumor tissues isolated from nude mice. C. Growth curves of tumors 
in nude mice. *P<0.05 vs NC.
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swell assays. Exogenous expression of miR-
326 was achieved by transfected miR-326 mi- 
mics into H838 and A549 cells, in which expres-
sion of miR-326 was relatively low. NC was 
served as negative control. Efficiency of trans-
fection was verified by significant increase of 
miR-326 expression which was determined by 
QPCR (Figure 1A). We found exogenous expres-

sion of miR-326 inhibited proliferation and mi- 
gration of A549 and H838 cells (Figure 1B and 
1C).

In order to verify our findings in vivo, we exam-
ined the effects of miR-326 on tumor growth in 
nude mice. NC or mimics of miR-326 transfect-
ed A549 or H838 cells were injected subcuta-

Figure 3. Effects of miR-326 on cell cycle and apoptosis. A. Cell cycle analysis of A549 and H838 cells. B. Cell distri-
bution of A549 and H838 cells transfected with miR-326 or NC. Column, means; bar, SD. **P<0.01 vs NC. C. Cell 
apoptosis analysis of A549 and H838 cells transfected with miR-326 or NC. D. Apoptosis rate of A549 and H838 
cells. Column, means; bar, SD. **P<0.01 vs NC.
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neously into nude mice. NC was served as con-
trol. Tumor sizes were recorded twice a week. 
We found nude mice injected with miR-326 
transfected cells generated much smaller tu- 
mors than those injected with NC transfect- 
ed cells (Figure 2A), which indicated miR-326 
inhibits tumor growth in nude mice. The de- 
creased tumor volume also demonstrated it 
(Figure 2C). We also observed the tumor cell 
from the nude mice in miR-326 treatment gr- 
oup exerted a loose arrangement a large ne- 
crotic region with H&E staining (Figure 2B).

Effects of miR-326 on apoptosis and cell cycle

In order to study the mechanisms underlying 
the effects of miR-326 on promoting prolifera-

tion of lung cancer cells, the effects of miR-326 
on cell cycle and apoptosis were examined by 
flow cytometry. We found enforced expression 
of miR-326 could increase the cells in G1 phase 
and decrease the cells in S phase (Figure 3A), 
which indicated miR-326 could induce G1 
arrest in both A549 and H838 cells. Cell apop-
tosis assays also indicated that enforced ex- 
pression of miR-326 could increase cellular 
apoptosis in both A549 and H838 cells (Figure 
3B).

miR-326 modulate the expression of Phox2a

miRNAs modulates cell proliferation by down-
regulating expression of downstream targets. 
The mechanism underlying down-regulating ef- 

Figure 4. miR-326 negatively regulates Phox2a by binding to the Phox2a 3’UTR. A. Schematic of putative miR-326 
binding sites and mutated binding sites in Phox2a and KLF3 3’UTR. Putative miR-326 binding site and mutated 
binding sites is indicted with red character. B. Luciferase reporter assay of A549 and H838 cells. Column, means; 
bar, SD. **P<0.01 vs NC. C. Protein expression of Phox2a and KLF3 in tumors isolated from nude mice that had 
been injected with A549 cells transfected with NC or mimics of miR-326. GAPDH served as an internal control. Col-
umn, means; bar, SD. ***P<0.001 vs NC.
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fects of miRNAs on gene expression is that 
miRNAs could bind to 3’UTR of mRNA, which 
leads to consequential degradation or inhibit 
translation of mRNA. We identified several 
potential targets of miR-326 using online pro-
gram TargetScan (data not shown). We specu-
lated Phox2a and KLF3, which are well estab-
lished transcription factor and main targets of 
miR-326. miR-326 binding sites were found in 

position 395-401 of KLF3 3’UTR and position 
31-38 of Phox2a 3’UTR (Figure 4A). We con-
structed the wild type and mutant KLF3 and 
Phox2a to transfect the A549 and H838 cells. 
Luciferase assays were performed after 48 h 
transfection. Data of luciferase assays showed 
significant decreased relative luciferase activi-
ties in miR-326 and Phox2a transfected cells, 
while no significant changes were found in miR-

Figure 5. Enforced expression of Phox2a compromised effects of miR-326 on cell proliferation, migration. A. MTT 
assay of A549 and H838 cells. *P<0.05 vs NC. B. Transwell migration assays of A549 and H838 cells. Left, rep-
resentative images from three independent experiments. Right, graph. Column, means; bar, SD. *P<0.05 vs NC.
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326 and KLF3 transfected cells (Figure 4B). 
These data indicated miR-326 could bind to the 
3’UTR of Phox2a but not the 3’UTR of KLF3.

The complementary binding of miRNAs with 
3’UTR of mRNA could cause consequential 
degradation of target gene. Now that we had 

Figure 6. Enforced expression of Phox2a compromised effects of miR-326 on cell cycle and apoptosis. A. Cell cycle 
analysis of A549 and H1838 cells. Up, representative images from three independent experiments. Down, graph. 
Column, means; bar, SD. **P<0.01 vs NC. B. Apoptosis assays of A549 and H838 cells. Up, representative images 
from three independent experiments. Down, graph. Column, means; bar, SD. *P<0.05 vs NC.
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proved miR-326 bound to 3’UTR of Phox2a, we 
speculated miR-326 could down-regulate the 
expression of Phox2a. We examined the expres-
sion of Phox2a with western blot assay. Our 
data showed enforced expression of miR-326 
caused decreased accumulation of Phox2a (Fi- 
gure 4C). Interestingly, we also found exoge-
nous expression of miR-326 also could dec- 
rease endogenous expression of KLF3, althou- 
gh miR-326 didn’t bind to 3’UTR of KLF3 (Figure 
4C).

Phox2a compromises effects of miR-326 on 
cell proliferation, cell cycle and apoptosis. We 
had proved miR-326 binds to 3’UTR of Phox2a 
and regulated the expression of Phox2a, which 
indicated Phox2a may be a downstream targ- 
et of miR-326. We speculated miR-326 could 
modulate cell proliferation, cell cycle and apop-
tosis by regulating expression of Phox2a. In 
order to verify our hypothesis, we investigated 
whether the expression of Phox2a could exert 
an impact o on cell proliferation, invasive capa-
bility, cell cycle and apoptosis. Results of MTT 
assays showed enforced expression of Phox2a 
could alleviate the inhibitory effects of miR-326 
on cell proliferation of lung cancer cells (Figure 

5A). Data also showed that enforced expres-
sion of Phox2a could significantly increase the 
invasive capability of lung cancer cells (Figure 
5B). The results of flow cytometry suggested 
enforced expression of Phox2a could reverse 
the cells in S phase in lung cancer cells (Figure 
6A). Apoptosis assays also indicated that en- 
forced expression of Phox2a could decrease 
the apoptosis rates on apoptosis of lung cancer 
induced by miR-326 (Figure 6B).

HOTAIR regulates expression of miR-326

Using online tools we had identified the binding 
sites of miR-326 in HOTAIR (Figure 4A), which 
indicated HOTAIR could interact with miR-326. 
We investigated whether HOTAIR could regula- 
te the expression of miR-326. QPCR was per-
formed to examine the expression of HOTAIR 
and miR-326in lung cancer cells, and the cells 
were transfected with siRNAs to target HOTAIR. 
Our data showed silencing HOTAIR with siRNAs 
caused reduced expression of HOTAIR and 
increased accumulation of miR-326 in lung 
cancer cells (Figure 7A and 7B), which indicat-
ed HOTAIR could be a negative regulator of 
miR-326.

Figure 7. HOTAIR regulates expression of miR-326. (A and B) expression of HOTAIR and miR-326 in A549 and H838 
transfected with siRNA targeted HOTAIR. NC served as control. Expression of miR-326 and HOTAIR was normalized 
with U6 and GAPDH, respectively. Column, means; bar, SD ***P<0.001 vs NC. (C) Relative luciferase activities of 
A549 and H838 transfected with siRNA targeted HOTAIR and miR-326 luciferase reporter construct psiCHECK-326. 
NC served as control. Column, means; bar, SD. *, P<0.05 vs NC. **P<0.01 vs NC. (D, E) Expression of miR-326 and 
HOTAIR in lung cancer cells. mRNA expression of miR-326 and HOTAIR in human lung cancer cell lines A549, 95D, 
H460, HLamp and H838 were examined with QPCR. Expression of miR-326 and HOTAIR was normalized with U6 
and GAPDH, respectively. Column, means; bar, SD.
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In order to further verify our finding, we con-
structed dual-luciferase reporters, which con-
tained the predicted seed sequence in the 
3’UTR of siRNA of HOTAIR. The empty vector of 
psiCHECK-2 was used as a negative control. 
After all vectors transfection, the luciferase 
activities were examined in lung cancer cells. 
Results showed that decreased relative lucifer-
ase activities were observed in lung cancer-
cells (Figure 7C). Because silencing HOTAIR 
could increase accumulation of miR-326, and 
then miR-326 binds to reverse complementary 
sequence of pre-miR-326 in psiCHECK-326, 
which results in decreased luciferase activities 
of A549 cells. This result proves again that 
HOTAIR is a negative regulator of miR-326.

We also examined mRNA the expression of 
miR-326 and HOTAIR by QPCR in human lung 
cancer cell lines, including A549, 95D, H460, 
HLamp and H838 cells. Expression of miR-326 
and HOTAIR was normalized with U6 and 
GAPDH, respectively. Our data showed higher 
expression of miR-326 was found in HLamp 
and H460 cells, while the expression of HOTAIR 
was relatively low. Lower expression of miR-
326 and higher expression of HOTAIR were 
observed in 95D, H838 and A549 cells (Figure 
7D and 7E). These findings supported our theo-
ry that HOTAIR could be a negative regulator of 
miR-326.

Discussion

Dysregulation of miR-326 is associated with 
various physical process and diseases. Du and 
colleges report that miR-326 regulated TH-17 
differentiation, and is associated with multiple 
sclerosis [2]. Sebastiani and colleagues report 
that miR-326 is expressed at a higher level in 
type 1 diabetic patients with ongoing islet auto-
immunity, and correlated with disease severity 
[6]. Our previous study indicates miR-326 is 
down-regulated in lung cancer, which inspire us 
that miR-326 may play an important role in lung 
cancer. However, the function of miR-326 in 
lung cancer remains unclear. In the current 
study, we report miR-326 regulates cell prolif-
eration, migration, cell cycle and apoptosis in 
both A549 and H838 cells and inhibits tumor 
growth in nude mice (Figures 1-3). These data 
suggest miR-326 functions as tumor suppres-
sor in lung cancer.

Phox2a plays a central role in development of 
the autonomic nervous system [19, 22]. It regu-

lates the expression of tyrosine hydroxylase 
[29], dopamine beta-hydroxylase [30, 31], and 
two catecholaminergic biosynthetic enzymes 
which are essential for the differentiation and 
maintenance of the noradrenergic neurotrans-
mitter phenotype. Phox2a also regulate the 
transcription of the alpha3 nicotinic acetylcho-
line receptor gene [18]. Mutations in this gene 
have been associated with autosomal reces-
sive congenital fibrosis of the extraocular mus-
cles [19-21, 32]. Phox2a is regulated by sp1 
and Phox2b. Phox2b directly binds to 5’ regula-
tory region of Phox2a, and sp1 biding site in 
promoter of Phox2a to stimulate transcription 
of Phox2a, respectively [33]. ERK1/2 regulate 
phosphorylation of Arix/Phox2a homeodomain 
protein, and results in decreased ability to 
interact with target genes [34]. Our data show 
miR-326 binds to 3’UTR of Phox2a, which leads 
to decreased expression of Phox2a in lung can-
cer cells (Figure 4). Our results also showed 
that enforced expression of Phox2a could make 
a difference on cell proliferation, cell cycle and 
apoptosis in lung cancer cells (Figures 5 and 6). 
Moreover, enforced expression of Phox2a com-
promises effects of miR-326 on cell prolifera-
tion, metastasis, cell cycle and apoptosis of 
lung cancer cells (Figure 7). Our findings indi-
cate miR-326 is a negative regulator of Phox2a, 
thus provide new information for the regulatory 
mechanisms of Phox2a.

HOTAIR is a cancer-related long non-coding 
RNA and promotes carcinogenesis metastasis 
and invasion in various types of cancers [35-
38]. HOTAIR negatively regulates miRNA-130a 
through directly binding to miRNA-130a [39]. In 
this study, we found that silencing of HOTAIR 
increases accumulation of miR-326 in both 
A549 and H838 cells (Figure 7B), which indi-
cates HOTAIR is a negative regulator of miR-
326. Moreover, decreased relative luciferase 
activities were observed in A549 cells trans-
fected with psiCHECK-326 and siRNA of HOTAIR 
(Figure 7C). That’s because silencing HOTAIR 
increased accumulation of miR-326, and then 
miR-326 binds to reverse complementary se- 
quence of pre-miR-326 in psiCHECK-326, wh- 
ich results in decreased luciferase activities of 
A549 cells. This result indicates again that 
HOTAIR is a negative regulator of miR-326.

Conclusion

The results of this study reveal that miR-326 
regulates cell proliferation and metastasis in 



HOTAIR-miR-326-Phox2a axis as a regulator of lung cancer

184 Am J Cancer Res 2016;6(2):173-186

lung cancer by targeting Phox2a and is regulat-
ed by HOTAIR.
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