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Abstract: In this study, we confirmed that HOXC13 might be a potential oncogene in lung adenocarcinoma through
an analysis of The Cancer Genome Atlas (TCGA) datasets. Further analysis revealed that the expression of HOXC13
was significantly higher in lung adenocarcinoma tissues than in adjacent normal tissues; importantly, its expression
correlated with poor clinical characteristics and worse prognosis. In vitro experiments showed that HOXC13 expres-
sion generally increased in lung adenocarcinoma cell lines. Moreover, knockdown of HOXC13 inhibited lung adeno-
carcinoma cell proliferation, and induced G1-phase arrest via downregulation of CCND1 and CCNE1. Conversely,
HOXC13 overexpression promoted lung adenocarcinoma cell proliferation, and decreased the percentage of cells in
G1l-phase via upregulation of CCND1 and CCNE1. We also found that miR-141 downregulated HOXC13, by directly
targeting its 3’UTR, and inhibited proliferation of lung adenocarcinoma cells. Taken together, our results suggest
that HOXC13, which is directly targeted by miR-141, is highly expressed in lung adenocarcinoma, and promotes

proliferation of lung adenocarcinoma by modulating the expression of CCND1 and CCNE1.
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Introduction

Lung cancer is the leading cause of cancer-
related deaths worldwide [1, 2]; the most com-
mon type is non-small-cell lung cancer (NSCLC)
[3], which accounts for ~85% of all lung cancer
deaths [4]. Despite recent advances in multi-
modality therapy, the 5-year lung cancer sur-
vival rate is 4-17%, depending on stage and
regional differences [5]. Adenocarcinoma is
currently the predominant histological subtype
of NSCLC [6, 7]; therefore, screening for new
functional genes and biomarkers in lung adeno-
carcinoma development may yield alternative
approaches for managing lung cancer.

By analyzing the TCGA datasets, we obtained
three lung adenocarcinoma-related candidate
genes (PITX2, DMBX1, and HOXC13) that were
expressed at significantly higher levels in lung
adenocarcinoma tissues than in adjacent nor-
mal tissues. The literature reports that HOXC13

is highly expressed in ameloblastoma [8], odon-
togenic tumors [9], metastatic melanoma [10],
and liposarcoma [11]; moreover, knockdown of
HOXC13 affected cell growth, and resulted in
cell cycle arrest, in colon cancer [12]. However,
expression and function of HOXC13 in lung can-
cer remains to be investigated, and, therefore,
HOXC13 was chosen as the subject of our study.
HOXC13 is one of several homeobox HOXC
genes located in a cluster on chromosome 12,
and it has been reported to play a role in the
development of hair, nail, and filiform papilla
[13-15]. Identification of the role of HOXC13 in
lung adenocarcinoma development is expected
to provide new biomarkers and therapeutic
targets.

MicroRNAs (miRNAs) are a class of non-coding
RNAs that bind to the 3’ untranslated region
(UTR) of messenger RNA (mRNA), and either
inhibit protein translation or destabilize target
mMRNA [16]. MicroRNAs play important roles in
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Table 1. Correlation between HOXC13 expression and clinical char-

acteristics (n=243)

SeqV2-2015-02-24, were do-
wnloaded using the UCSC

Characteristics

Low level of HOXC13 High level of HOXC13
expression number  expression number

Cancer Browser (https://geno-
p-Value me-cancer.ucsc.edu/) [27]. All

Age (years)

<65 53 55

>65 68 67
Sex

Male 60 54

Female 68 73
Metastasis

MO 88 94

M1-MX 40 33
Lymph node

NO 98 85

N1 29 18

N2-NX 1 24
Primary Tumor

T1 43 39

T2 72 72

T3 13 13

T4 0 3
TNM stage

| 85 73

Il 43 27

1 0 22

\% 0 5

normalized gene expression
values can be obtained from
“genomicMatrix” files. Using
the co-expression tool in cBio-
Portal (http://www.cbioportal.
org/) [28], we obtained a list
of 313 genes with high co-
expression correlation (Pear-
son score >0.3) with HOXC13.
These genes were submitted
to DAVID Bioinformatics Re-
sources 6.8 (http://david.
abcc.nciferf.gov/) [29] for KE-
GG pathway (GO) enrichment
analysis, and to the Reactome
Pathway Database (http://
www.reactome.org/), [30] for
reactome pathway enrich-
ment analysis.

0.840837

0.484293

0.352308

0.000005*

0.363068

Tissue samples, cell culture,
ShRNA, plasmid DNA, microR-
NA mimics, and transfection

0.000001*

In total, 60 lung adenocarci-
noma tissue samples were

*Significant correlation

physiological processes, including develop-
mental timing, cell death and proliferation,
hematopoiesis, and patterning of the nervous
system [17]. Studies are increasingly implicat-
ing miRNAs in the pathogenesis of many types
of cancer, including lung cancer [18-22]. Herein,
we show that miR-141 targets the 3’UTR of
HOXC13. This miRNA has been widely studied
in oncology, and is involved in the inhibition of
tumor growth or migration in colorectal cancer
[23], esophageal squamous cell carcinoma
[24], breast cancer [25], and gastric cancer
[26]. Further studies on the influence of miR-
141 on HOXC13, and its role in lung adenocar-
cinoma, are meaningful and necessary.

Materials and methods
Data sources and bioinformatics

Two TCGA datasets, named TCGA_LUNG_exp_
HiseqV2-2015-02-24 and TCGA_LUAD_exp_Hi-
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obtained from patients who
had undergone curative surgi-
cal resection at Nanjing Chest
Hospital, from 2013 to 2016. None of the
patients had received preoperative chemother-
apy or radiotherapy. A549 and H1299 cells
were cultured in RPMI1640 media (KeyGEN,
Nanjing, China) supplemented with 10% fetal
bovine serum and penicillin/streptomycin
(KeyGEN, Nanjing, China), and cultured at 37°C
in a humidified incubator containing 5% CO,,.
Transfection of small hairpin RNA (shRNA),
plasmid DNA, and miR-141 mimics were per-
formed according to the Lipofectamine 3000
reagent (Invitrogen, USA) protocol; nonsense
shRNA (sh-nc), empty plasmid (pcDNA), and
negative control mimic (miR-NC) were used as
the respective controls. Transfection efficiency
was evaluated by quantitative real-time RT-PCR
(gRT-PCR) and western blot.

The sequences used were as follows: shRNA-1
for HOXC13, 5-GAGCCTTATGTACGTCTATGATT-
CAAGAGATCATAGACGTACATAAGGCTCTTTTTT-
3’; shRNA-2 for HOXC13, 5’-GCAAATCGAAAGC-
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Table 2. Sequences of qRT-PCR primers

Gene Sense Antisense

HOXC13 AAGCTTACGACTTCGCTGCTCCTGC GGATCCTCAGGTGGAGTGGAGATGAGGC
CDKN1B (p27) TGGAGAAGCACTGCAGAGAC GCGTGTCCTCAGAGTTAGCC

CDKN1A (p21) GCAGACCAGCATGACAGATTT GGATTAGGGCTTCCTCTTGGA

CCND1 GCGCTTCCAACCCACCCTCCATG GCGCCGCAGGCTTGACTCCAGAA

CCNE1 TTCTTGAGCAACACCCTCTTCTGCAGCC TCGCCATATACCGGTCAAAGAAATCTTGTGCC
ACTB GAAATCGTGCGTGACATTAA AAGGAAGGCTGGAAGAGTG

GCCTCATCTTCAAGAGAGATGAGGCGCTTTCG-
ATTTGCTTTTTT-3’; sh-nc, 5-GCACCCAGTCCG-
CCCTGAGCAAATTCAAGAGATTTGCTCAGGGCG-
GACTGGGTGCTTTTT-3’; miR-141 mimics, 5-UA-
ACACUGUCUGGUAAAGAUGG-3’, and miR-NC
mimics, 5-UUCUCCGAACGUGUCACGUTT-3". Ov-
erexpression of HOXC13, CCND1, and CCNE1
was achieved using plasmids containing the
respective full-length human genes purchased
from Vigene Biosciences, Shandong, China.

RNA extraction, reverse transcription, and
gRT-PCR

Total RNA was extracted from tissue samples
or cultured cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufac-
turer’s instruction. Reverse transcription was
performed with 1000 ng total RNA in a final vol-
ume of 20 uL, using a Reverse Transcription Kit
(Takara, cat: RRO36A, KeyGEN, Nanjing, China).
For gRT-PCR, SYBR Select Master Mix (Applied
Biosystems, Cat: 4472908. KeyGEN, Nanjing,
China) was used, and the reaction was per-
formed in a QuantStudioTM 6 Flex Real-Time
PCR System as follows: initial denaturation
step at 95°C for 10 min, followed by 40 cycles
at 92°C for 15 s and 60°C for 1 min. Primers
are shown in Table 2 and ACTB was used as
housekeeping gene. The comparative CT meth-
od (AACT) was used to measure relative gene
expression.

Protein extracts and western blot analysis

Cells were harvested and treated with lysis buf-
fer (RIPA, KeyGEN, Nanjing, China) on ice, and
protein concentration was determined using a
BCA kit (KeyGEN, Nanjing, China). Comparable
amounts of extracts were loaded on SDS-PAGE
gels and subjected to electrophoresis. After
separation on the gel, proteins were transferred
to a PVDF membrane. Membranes were
blocked in 2% BSA in TBS-T for 1 h, and subse-
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quently incubated overnight, at 4°C, with anti-
bodies against HOXC13 (Santa Cruz, sc-
514377; 1:1,000), p21 (Santa Cruz, sc-397;
1:500), p27 (Santa Cruz, sc-528; 1:500), cyclin
D1 (CST, #2978; 1:1,000), cyclin E1 (Abcam,
ab7959; 1:1,000), or B-actin (Cell Signaling,
8H10D10; 1:1,000). After washing in TBS-T,
membranes were incubated with goat anti-rab-
bit or goat anti-mouse HRP-conjugated second-
ary antibodies (both from Abcam; 1:10,000),
for 2 h at room temperature. Blots were visual-
ized using ECL detection (Thermo Scientific). All
experiments were repeated at least three
times, independently.

Cell counting kit-8 (CCK-8), colony formation,
5-ethynyl-2’-deoxyuridine (EDU), and xCELLI-
gence system assays

The assays were performed 24 h after transfec-
tion. For CCK-8 assay, cells were plated in
96-well plates at a density of 2,000 cells/100
uL, and the absorbance was measured at 450
nm in an ELx-800 Universal Microplate Reader.
For colony formation assay, a total of 200 cells
were placed in a fresh 6-well plate and cultured
in medium containing 10% FBS, with medium
replacement every 3-4 d. After two weeks, cells
were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Visible colo-
nies were manually counted. For EDU assay,
10,000 cells/100 uL were plated in 96-well
plates. After incubation with EDU solution for 2
h, cells were fixed with 4% paraformaldehyde
for nucleus and DNA staining. Images were
obtained from fluorescence microscope for fur-
ther calculation of proliferation rates. For the
xCELLigence system, 8,000 cells/100 uL were
seeded in E-plates, and the plates were locked
into the RTCA DP device in the incubator. The
proliferative ability in each well was automati-
cally monitored by the xCELLigence system,
and expressed as a “cell index” value. All exper-
iments were repeated at least three times.
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Figure 1. HOXC13 is generally highly expressed in lung adenocarcinoma, and correlates with poorer prognosis. A.
Venn Diagram for gene screening: TCGA dataset genes with fold change >10 and tumor expression >3 are included.
Following this screen, three genes were obtained. B. TCGA datasets show that expression of HOXC13 is signifi-
cantly higher in lung adenocarcinoma tissues than in normal tissues (P<0.0001). C. Lung adenocarcinoma patients
with low expression of HOXC13 show a higher percentage of overall survival than patients with high expression of
HOXC13 (median survival 1,725 d versus 1,258 d; P=0.0247). D. Lung adenocarcinoma patients with low expres-
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sion of HOXC13 show a higher percentage of disease-free survival than patients with high expression of HOXC13
(P=0.0202). E. Quantitative RT-PCR analysis showed that HOXC13 was upregulated in 83.3% of 60 lung adenocar-
cinoma tissues (normalized to adjacent normal tissues). F. Overexpression of HOXC13 is associated with greater T
stage (P<0.0001), N stage (P=0.0025), and TNM stage (P=0.0006). G and H. HOXC13 mRNA and protein are highly

expressed in lung adenocarcinoma cell lines.

Cell cycle analysis

Flow-cytometry analysis was performed to
detect cell cycle distribution. Cells were fixed,
for at least 2 h at 4°C, in centrifuge tubes con-
taining 4.5 mL 70% ethanol. Next, cells were
centrifuged for 5 min at 300xg. The pellet was
resuspended in 5 mL of PBS, for ~30 s, and
centrifuged again at 300xg for 5 min. Finally,
the pellet was resuspended in 1 mL of Pl stain-
ing solution, and kept in the dark at 37°C, for
10 min. Samples were analyzed using a
FACSCalibur flow cytometer. The percentage of
cells in G1, S, and G2-M phases were counted
and compared. Each experimental group was
analyzed at least three times.

Luciferase reporter assay

To construct HOXC13 3-UTR plasmid, a wild
type (WT) 3-UTR fragment of HOXC13 contain-
ing the putative miR-141 binding sequence was
amplified by PCR and cloned into Xbal and Sacl
sites of the pmirGLO dual-luciferase miRNA tar-
get expression vector (Promega, Madison, WI,
USA). This plasmid was named as WT-HOXC13
3’-UTR. The mutant variant of HOXC13 3’-UTR
(named Mut-HOXC13 3’-UTR) was generated
based on WT-HOXC13 3’-UTR, by mutating six
nucleotides that potentially bind to miR-141.
For the luciferase assay, A549 cells were seed-
ed in 24-well plates, at 2x10° cells per well, and
co-transfected with WT-HOXC13 3’-UTR or Mut-
HOXC13 3’-UTR, and miR-141 mimics or miR-
NC mimics, using the Lipofectamine 2000
reagent (Invitrogen). The relative Firefly lucifer-
ase activity, normalized with that of Renilla
luciferase, was measured 48 h after transfec-
tion by using the Dual-Light luminescent report-
er gene assay (Promega, Madison, WI, USA). All
experiments were repeated at least three
times.

Statistical analyses

All results are presented as the mean + stan-
dard deviation (SD). Student’s t test, chi-square
test, Cox regression analysis, Pearson test,
one-way ANOVA analysis, and Kaplan-Meier
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survival analysis were used to analyze the data
using SPSS Statistics software (version 20.0,
Chicago, lll, USA). P<0.05 was considered sta-
tistically significant. Graphs were made using
the GraphPad Prism 6.0 software package.

Results

Bioinformatics and tissue sample analysis
indicates that HOXC13 is highly expressed in
lung adenocarcinoma tissues, correlating with
poorer prognosis and more aggressive clinical
characteristics

To screen for differentially expressed genes
between lung adenocarcinoma tissues and
adjacent normal tissues, we analyzed two data-
sets: TCGA_LUNG_exp_HiseqV2-2015-02-24
and TCGA_LUAD_exp_HiSeqVv2-2015-02-24.
The screening criteria firstly required the fold
change in average gene expression, between
tumor tissues and adjacent normal tissues, to
be >10. Secondly, our criteria required the aver-
age gene expression in tumor tissues to be >3.
This screen yielded three genes: PITX2, DMBX1,
and HOXC13 (Figure 1A). For the reasons
detailed in the introduction, HOXC13 was cho-
sen as our research object. Further analysis of
TCGA_LUAD_exp_HiSeqV2-2015-02-24 reveal-
ed that expression of HOXC13 is significantly
higher in lung adenocarcinoma tissues (513
cases) than in normal tissues (58 cases)
(Figure 1B). For the 511 cases of lung adeno-
carcinoma tissues with clinical prognosis and
TNM stage information, we interpreted cases in
the upper quartile of HOXC13 expression as
having “high HOXC13 expression”, and cases in
the lower quartile as having “low HOXC13
expression”. Survival curve analysis demon-
strated that patients with low expression of
HOXC13 presented a higher percentage of
overall and disease-free survival than patients
with high expression of HOXC13 (for median
overall survival, 1,725 d versus 1,258 d, with
P=0.0247; for disease-free survival, P=0.0202;
Figure 1C and 1D). Additionally, correlation
analysis between HOXC13 expression and clini-
cal characteristics indicated that expression of

Am J Cancer Res 2017;7(9):1820-1834
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Figure 2. Knockdown of HOXC13 inhibits A549 cell proliferation and induces G1-phase arrest, while overexpression
of HOXC13 promotes H1299 cell proliferation and decreases the percentage of G1-phase cells. A. Two specific shR-
NA (sh1 and sh2) and an overexpression plasmid (oe-HOXC13) of HOXC13 were designed and synthesized, and the
transfection efficiency in A549 and H1299 cell lines was measured by qRT-PCR and western blot. B. Knockdown of
HOXC13 inhibited proliferation of A549 cells (sh1, P<0.0001; sh2, P<0.0001), and overexpression of HOXC13 pro-
moted proliferation of H1299 cells (P<0.0001). C. Colony numbers of A549 cells transfected with shRNA-HOXC13
were lower than those of A549 cells transfected with shRNA-nc (sh1, P=0.0012; sh2, P=0.0012), while colony num-
bers of H1299 cells transfected with oe-HOXC13 were greater than those for H1299 cells transfected with pcDNA
(P=0.0003). D. The proliferation ratios of A549 cells transfected with shRNA-HOXC13 were lower than those of A549
cells transfected with shRNA-nc (sh1, P=0.0061; sh2, P=0.0052), while H1299 cells transfected with oe-HOXC13
proliferated more than H1299 cells transfected with pcDNA (P=0.0122). E. Transfection of A549 cell line with
shRNA-HOXC13 yielded more cells in G1-phase than did transfection of A549 cells with shRNA-nc (sh1, P=0.0036;
sh2, P=0.0037), while overexpression of HOXC13 in H1299 cells (0oe-HOXC13) caused a decrease in the number of
cells in G1 phase, compared with this measure for cells transfected with the control plasmid (pcDNA, P=0.0004).

HOXC13 is closely linked to lymph node meta-
stasis (P=0.000005) and TNM stage (P=
0.000001) (Table 1). By measuring the mRNA
expression of HOXC13 in lung adenocarcinoma
tissues from patients at the Nanjing Chest
Hospital, we found that HOXC13 was upregu-
lated in 83.3% of 60 lung adenocarcinoma tis-
sues (Figure 1E), and overexpression of
HOXC13 was associated with greater T stage
(P<0.0001), N stage (P=0.0025), and TNM
stage (P=0.00006) (Figure 1F).

Knockdown of HOXC13 inhibits in vitro lung
adenocarcinoma proliferation and induces G1-
phase arrest, while overexpression of HOXC13
yields the opposite outcomes

Confirmed by qRT-PCR and western blot,
HOXC13 mRNA level and protein expression
were generally higher in lung adenocarcinoma
cell lines compared with normal human bron-
chial epithelial (HBE) cells, with the A549 cell
line showing the highest expression values and
H1299 the lowest (Figure 1G and 1H). For in
vitro investigation of the biological function of
HOXC13, we constructed two shRNA (shl and
sh2) to knockdown HOXC13 in A549 cells and a
plasmid DNA (oe-HOXC13) to overexpress
HOXC13 in H1299 cells. Both shRNAs and the
plasmid DNA were able to effectively decrease
or increase, respectively, HOXC13 mRNA and
protein expression (Figure 2A).

Cell counting kit-8 (CCK-8) assays revealed that
knockdown of HOXC413 inhibited proliferation of
A549 cells, and overexpression of HOXC13 pro-
moted proliferation of H1299 cells (Figure 2B).
In the colony formation test, colony numbers of
A549 cells transfected with shRNA-HOXC13
were lower than those transfected with the con-
trol shRNA-nc, while H1299 cells transfected

1826

with oe-HOXC13 were more numerous than
those transfected with the control pcDNA
(Figure 2C). Similar results were obtained for
the proliferation ratio calculated by the EDU
assay (Figure 2D). Finally, the effect of HOXC13
on cell cycle distribution was evaluated by flow
cytometry analysis. Knockdown of HOXC13
caused a G1-phase arrest in A549 cells, while
overexpression of HOXC13 in H1299 cells
caused a decrease in the number of cells in G1
phase and an increase in the number of cells in
S phase (Figure 2E).

Knockdown of HOXC13 downregulates CCND1
and CCNE1, and overexpression of CCND1 and
CCNE1 partially rescues HOXC13 knockdown
effect on proliferation and cell cycle, in vitro

To further investigate HOXC13 biological func-
tion, a list of 313 genes with high co-expression
correlation (Pearson score >0.3) with HOXC13
was obtained from lung adenocarcinoma TCGA
datasets. KEGG and Reactome pathway enrich-
ment analysis of the 313 genes revealed that
HOXC13 is closely related to cancer and the cell
cycle (Figure 3A); this finding is consistent with
our present experimental results.

As knockdown of HOXC13 induced Gl-phase
arrest, we investigated the influence of HOXC13
on cell cycle-related genes that play vital roles
in G1 phase. Using qRT-PCR and western blot
analysis, we found that the expression of
cyclins D1 and E1 (CCND1 and CCNE1) was sig-
nificantly downregulated in A549 cells trans-
fected with shRNA-HOXC13, compared with
cells transfected with the control shRNA-nc;
however, CDKN1A (p21) and CDKN1B (p27),
two G1-checkpoint cyclin dependent kinase
inhibitors, had no significant change (Figure
3B). To clarify whether the effect of HOXC13 on

Am J Cancer Res 2017;7(9):1820-1834
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Figure 3. HOXC13 promotes cell cycle progression of lung adenocarcinoma cells by influencing CCND1 and CCNE1. A. KEGG and Reactome pathway enrich-
ment analysis showed that genes co-expressed with HOXC13 were enriched in the “pathway in cancer”, “cell cycle”, and “mitotic metaphase and anaphase”. B.
Quantitative RT-PCR and western blot indicated that CCND1 (P<0.0001) and CCNE1 (P<0.0001) expressions were downregulated in A549 cells transfected with
shRNA-HOXC13 compared with cells transfected with shRNA-nc. C. Transfection of A549 cell line with CCND1 or CCNE1 overexpression plasmids (oe-CCND1 and
oe-CCNE1) increased the expression of CCND1 and CCNE1 (both P<0.0001), respectively. D. Overexpression of CCND1 or of CCNE1 partially reversed the inhibi-
tory effect of ShRNA-HOXC13 on the proliferation of A549 cells (both P<0.0001). E. Overexpression of CCND1 (P=0.014) or of CCNE1 (P=0.019) partially reversed
shRNA-HOXC13-mediated G1-phase arrest.
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Figure 4. miR-141 directly targets HOXC13 and inhibits proliferation of A549 cells. A. Venn Diagram for HOXC13-
targeted miRNA prediction: three prediction software packages showed that miR-141 and miR-200a might target
HOXC13. B. Sequence in HOXC13 3'-UTR that is predicted to be targeted by miR141 (nucleotides 1130 to 1137) and
mutated sequence constructed to prevent HOXC13 3'-UTR targeting by miR-141. C. Compared with miR-NC, miR-141
decreased the luciferase activity of the reporter plasmid carrying the wild type HOXC13 3’-UTR (P=0.0085) but not
its mutated version, in A549 cells. D. Quantitative RT-PCR and western blot showed that miR-141 downregulated
the expression of HOXC13 (P=0.0002). E. miR-141 inhibited the proliferation of A549 cells (P<0.0001). F. miR-141

induced G1-phase arrest in A549 cells (P=0.0048).

proliferation and cell cycle relied on CCND1 and
CCNEZ1, CCND1- or CCNEZ1-overexpression plas-
mids (oe-CCND1 and oe-CCNE1) were intro-
duced into sh-HOXC13-treated A549 cells. The
transfection efficiency was determined by qRT-
PCR and western blot (Figure 3C). Both oe-
CCND1 and oe-CCNE1 could partially reverse
the shRNA-HOXC13 inhibitory effect on the pro-
liferation of A549 cells (Figure 3D), as well as
the G1-phase arrest (Figure 3E).

miR-141 inhibits proliferation and induces G1-
phase arrest in A549 cells via downregulation
of HOXC13 by directly targeting its 3'UTR

MicroRNAs have been implicated in the patho-
genesis of many cancer types, including lung
cancer. To identify potential miRNAs that target
HOXC13, three prediction software packages
(MSKCC, http://cbio.mskcc.org/cgi-bin/mirna-
viewer/mirnaviewer.pl?type=miRanda [31]; Co-
MeTa targets, http://cometa.tigem.it/ [32], and
microRNA.org, http://www.microrna.org/micro-
rna/home.do [33]) were used. Two miRNAs,
miR-141 and miR-200a, were identified (Figure
4A). Using DIANA TOOLS [34], which predicts
the binding score of miRNA and genes, miR-141
was shown to present the highest score
(0.987935 vs 0.982702) in the interaction with
the 3'UTR of HOXC13. Luciferase reporter
assays demonstrated that miR-141 inhibited
luciferase activity when the reporter plasmid
carried the wild type version of the HOXC13
3-UTR (WT-HOXC13 3’-UTR), but not the mutant
3-UTR (Mut-HOXC13 3-UTR) (Figure 4C).
Quantitative RT-PCR and western blot also
revealed that miR-141 was able to inhibit the
expression of HOXC13 mRNA and protein
(Figure 4D). Further investigation showed that
miR-141 inhibited proliferation (Figure 4E), and
induced G1-phase arrest (Figure 4F) in A549
cells.

Overexpression of HOXC13 partially reverses
miR-141 effect on in vitro proliferation and cell
cycle

To further investigate the relationship between
miR-141 and HOXC13, we performed a rescue
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experiment in A549 cells. Western blot analysis
showed that miR-141 downregulated the
expression of HOXC13, CCND1, and CCNE1Z,
while overexpression of HOXC13 could reverse
the downregulation of HOXC13, CCND1, and
CCNE1 (Figure 5A). The miR141-mediated inhi-
bition of cell proliferation was also partially res-
cued after overexpression of HOXC13 (Figure
5B and 5C). Flow-cytometry analysis showed
that G1-phase arrest induced by miR-141 was
reverted after overexpression of HOXC13
(Figure 5D).

Discussion

Lung adenocarcinoma is the most common
subtype of lung cancer, and it has a high mor-
tality rate [35]. The poor prognosis of lung ade-
nocarcinoma is largely due to late diagnosis
and lack of effective therapeutic targets [36,
37]; therefore, there is a compelling need to
screen for new early detection markers and
pharmacological targets. Through an analysis
of TCGA datasets, we found that expression of
the HOXC13 gene is significantly elevated in
lung adenocarcinomas. A member of the
homeobox HOXC gene family, HOXC13 corre-
lates with the development of hair, nail, and fili-
form papilla [13-15]. Recent studies show that
HOXC13 is overexpressed in human liposarco-
mas [11], squamous cell carcinoma [38], skin
tumors [39], and prostate cancer [40]. BMI-1,
which is a regulator of HOXC13, and is overex-
pressed in breast and other cancers, promotes
self-renewal of cancer stem-like cells [41];
knockdown of BMI-1 causes cell-cycle arrest,
and derepresses p16INK4a in Hela cells [42].
As a transcription factor, HOXC13 synergisti-
cally regulates the expression of Zfp521, which
has been identified as a B-cell proto-oncogene
causing leukemia [43]. It was also reported
that knockdown of HOXC13 affected -cell
growth, and resulted in cell cycle arrest, in
colon cancer [12]. In accordance with these
studies, we have uncovered an oncogenic role
for HOXC13 in lung adenocarcinoma, via upreg-
ulation of CCND1 and CCNE1 expression.
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Figure 5. miR-141 inhibits proliferation and induces G1-phase arrest of A549 cells by suppressing the expression of HOXC13. A. miR-141 downregulated the expres-
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Figure 6. Mechanism of miR-141-targeted HOXC13

promoting proliferation and cell cycle progression via
modulation of CCND1 and CCNE1 expression.

A well-balanced cell cycle progression is neces-
sary for cell proliferation, while dysregulation of
the cell cycle components may lead to tumor
formation [44]. In our study, we confirmed that
HOXC13 was inextricably linked to lung adeno-
carcinoma cell cycle G1/S transition. Cyclins,
as fundamental regulators of the cell cycle, play
an important role in tumorigenesis [45]. Cyclin
D1, encoded by CCND1, is a well-documented
regulator of the G1/S transition through the
activation of CDK4/6 kinase and subsequent
phosphorylation of Rb [46]. Additionally, the
interaction between cyclin E1 and CDK2 plays
an essential role in the G1/S phase transition
via phosphorylation of p27 [47].

CCND1 and CCNE1 are well-recognized onco-
genes, as well as poor prognostic indicators in
lung cancer [48-50]. These studies suggest
that CCND1 and CCNE1 and/or their upstream
regulators can affect proliferation of tumor
cells. Further verification of the influence of
HOXC13 on cell cycle showed that CCND1 and
CCNE1 were significantly downregulated after
knockdown of HOXC13. The rescue experiment
demonstrated that overexpression of CCND1 or
of CCNE1 could partially reverse the inhibition
of cell proliferation and G1-phase arrest caused
by downregulation of HOXC13. We thus con-

1831

clude that HOXC13 can regulate cell prolifera-
tion by influencing the expression of CCND1
and CCNEZ1, during G1 phase.

MicroRNAs regulate post-transcriptional gene
expression by base pairing with complementa-
ry sequences in the 3-UTRs of target mRNAs,
and subsequently inducing mRNA degradation
or translational repression [51]. In general, one
mMiRNA appears to be able to regulate several
hundreds of genes; thus, miRNAs are involved
in a variety of physiological and pathological
processes, including the occurrence and devel-
opment of tumors [52, 53]. Identification of a
particular miRNA that regulates HOXC13 may
lead to promising therapeutic targets and prog-
nostic biomarkers in lung adenocarcinoma
diagnosis and treatment. The present study
confirmed that miR-141 directly targets the
3'UTR of HOXC13, downregulating the expres-
sion of HOXC13, CCND1, and CCNE1, while
overexpression of HOXC13 partially rescues
the effect of miR-1441 on proliferation and cell
cycle. These data indicated that a miR-141-
HOXC13-CCND1/CCNE1 axis participates in
the regulation of lung adenocarcinoma pro-
liferation.

In conclusion, our study showed that HOXC13
expression was significantly elevated in lung
adenocarcinoma, and correlated with worse
clinical characteristics and poorer prognosis.
HOXC13 promoted proliferation and cell cycle
progression via upregulation of CCND1 and
CCNEZ1. Moreover, miR-141 was able to inhibit
lung adenocarcinoma cell proliferation by sup-
pressing the expression of HOXC13, CCND1,
and CCNE1 (Figure 6).
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