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Abstract

Background: MicroRNAs have an important role in diverse biological processes including tumorigenesis. MiR-223
has been reported to be deregulated in several human cancer types. However, its biological role has not been
functionally characterized in lung squamous cell carcinoma (LSCQ). The following study investigates the role of
miR-223-3p in LSCC growth and metastasis and its underlying mechanism.

Methods: MicroRNA profiling analyses were conducted to determine differential miRNAs expression levels in LSCC
tumor tissues that successfully formed xenografts in immunocompromised mice (XG) and failed tumor tissues
(no-XG). RT-PCR and in situ hybridization (ISH) was performed to evaluate the expression of miR-223-3p in 12 paired
adjacent normal tissues and LSCC specimens. Cell proliferation and migration were assessed by CCK-8, colony
formation and Transwell assay, respectively. The role of miR-223-3p in LSCC tumorigenesis was examined using
xenograft nude models. Bioinformatics analysis, Dual-luciferase reporter assays, Chromatin immunoprecipitation
(ChIP) assay and Western blot analysis were used to identify the direct target of miR-223-3p and its interactions.

Results: MiR-223-3p was downregulated in LSCC tissues that successfully formed xenografts (XG) compared with
tumor tissues that failed (no-XG), which was also significantly reduced in LSCC tissues compared with the adjacent
normal tissues. Gain- and loss-of function experiments showed that miR-223-3p inhibited proliferation and
migration in vitro. More importantly, miR-223-3p overexpression greatly suppressed tumor growth in vivo.
Mechanistically, we found that mutant p53 bound to the promoter region of miR-223 and reduced its transcription.
Meanwhile, p53 is a direct target of miR-223-3p. Thus, miR-223-3p regulated mutant p53 expression in a feedback
loop that inhibited cell proliferation and migration.

Conclusions: Our study identified miR-223-3p, as a tumor suppressor gene, markedly inhibited cell proliferation and
migration via miR-223-3p-mutant p53 feedback loop, which suggested miR-223-3p might be a new therapeutic
target in LSCC bearing p53 mutations.
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Background

Lung cancer is a leading cause of cancer-related deaths
worldwide. Non-small cell lung cancer (NSCLC) ac-
counts for 85% of all lung cancer cases. In addition,
more than 65% of patients with NSCLC are diagnosed
with an advanced or metastatic disease and have a
5-year survival rate that is less than 20% [1, 2]. Lung
squamous cell carcinoma (LSCC) is the second most
common type of NSCLC, accounting for more than 30%
of NSCLC [3]. So far, no molecularly targeted agents
have been specifically developed for its treatment [4, 5].
Therefore, a detailed study of the development and pro-
gression of LSCC is essential for improving the diagno-
sis, prevention, and treatment of this disease.

MicroRNAs (miRNAs) are small (18-25 nucleotides)
noncoding RNAs that negatively regulate gene expres-
sion mainly through the 3'-untranslated region (3’'UTR)
[6]. They have been implicated in a variety of biological
processes, such as cell proliferation, invasion, and drug
sensitivity of tumors [7, 8]. Lung carcinogenesis is a
multistep process. Although microRNA profiling has
contributed to the understanding of the biology of
NSCLC, the microRNA signatures identified in NSCLC
(including adenocarcinoma and squamous cell carcin-
oma) were not consistent among different studies [9].
Moreover, miRNAs have different effects on different
tumor subtypes [10, 11]. Therefore, still many questions
remain regarding the exact mechanisms, and biological
functions of miRNAs in the LSCC subtypes.

Patient-derived tumor xenografts (PDTX), which are
xenograft models developed by transplanting human
tumors directly into immunocompromised mice, have
been suggested as a very realistic preclinical cancer
model [12-15]. Tumors that successfully form xeno-
grafts are biologically more aggressive and may be more
representative of cancers with a higher propensity to re-
lapse after surgery [16, 17]. Thus, in order to identify the
miRNAs with greatest potential to affect tumor prolifer-
ation and metastasis, the present study investigated the
miRNAs of LSCC tissues that successfully formed a xe-
nografts (XG) compared with tumor tissues that failed
to form xenografts (no-XG).

Here we reported that miR-223-3p, which was down
regulated in the XG group, was also significantly re-
duced in LSCC tissues compared with the adjacent
normal tissues. MiR-223-3p potently suppressed tumor
proliferation and migration in vitro. Importantly,
miR-223-3p overexpression greatly suppressed tumor
growth in vivo. Our results further demonstrated that
mutant p53 bound to the promoter region of miR-223
and reduced its transcription in LSCC bearing p53
mutations. Meanwhile, we provide evidence that
miR-223-3p directly targets mutant p53, to suppress cell
proliferation and migration. Collectively, the results of
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this study provide an explanation for the aggressiveness
of LSCC and this is a mutual regulation between
miR-223-3p and mutant p53. Our results also suggest
that miR-223-3p might be a new therapeutic target in
LSCC bearing p53 mutations.

Methods
Tissue specimens and cell culture
Twelve primary human LSCC tissues and normal lung
specimens were obtained from patients who underwent sur-
gery at the First Affiliated Hospital of University of Science
and Technology of China (Anhui Provincial Hospital). Each
cancer specimen contained at least 80% tumor cells, as
confirmed by the microscopic examination. Tissues were
preserved by snap-freezing approach and were stored at —
80 °C for subsequent protein and RNA test. Tumor samples
and clinical records were obtained from patients after they
have signed informed consent. Moreover, the Anhui
Provincial Hospital Ethical Committee approved this study.
Human NSCLC cell lines (SK-MES-1, NCI-H520 and
NCI-H2170) were obtained from the Chinese Academy
of Sciences Cell Bank (Shanghai, China). SK-MES-1 cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM), while the rest of the cell lines were grown in
RPMI 1640 medium containing 10% fetal bovine serum
and were cultured at 37 °C in 5% COs.

Establishment of PDTX models

The fresh tumor samples were placed into sterile Petri
dishes, washed three times with phosphate-buffered sa-
line (PBS), and cut into 3 mm?® fragments. Tumor frag-
ments were implanted subcutaneously into the left and
right flanks of mice (3—-5 mice/patient specimen) and
were weekly monitored using calipers when the im-
planted tissue was palpable. The tumor volume was cal-
culated using following formula: (lengthxwidth?)/2.
When the volume of tumor reached 500 mm?, LSCC tis-
sues was considered successful transplantation.

MicroRNA microarray

After RNA isolation from the samples, the miRCURY Hy3/
Hy5 Power Labeling Kit (Exiqon, Vedbaek, Denmark) was
used for miRNA labeling according to the manufacturer’s
instructions. Expressed data were normalized using the
median normalization. After normalization, significant
differentially expressed miRNAs were identified through
Volcano plot filtering. Hierarchical clustering was performed
using MEV software (v4.6, TIGR). Differentially expressed
miRNAs with statistical significance between the two groups
were identified through P value/FDR filtering (P < 0.05).

Transfection of cell lines
Transient and stable transfection experiments in cells
were used. LV-mutant p53*">“>¢ and corresponding
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control lentivirus (LV-NC) were designed and purchased
from GenePharma (Shanghai, China). LV-mutant
p53*1°©> S and LV-NC were initially proved by DNA se-
quencing before transfection. Lentivirus was used to in-
fect SK-MES-1 cells with an appropriate multiplicity of
infection (MOI). The stable overexpression cell lines
were generated by selecting transfected cells in complete
culture medium containing puromycin for at least 14
days. The cell transient transfection was performed using
Lipofectamine 2000 (Invitrogen, CA, USA), according to
the manufacturer’s protocol. The media was changed 4-6 h
after transfection without washing with phosphate-buffered
saline (PBS). The miR-223-3p mimics (sense 5-UGUC
AGUUUGUCAAAUACCCCA-3" and antisense 5-GGGU
AUUUGACAAACUGACAUU-3"), mimics-NC (sense
5-UUCUCCGAACGUGUCACGUTT-3" and antisense
5-ACGUGACACGUUCGGAGAATT-3"), miR-223-3p
inhibitors  (5-CAGUACUUUUGUGUAGUACAA-3’),
inhibitors-NC (5-CAGUACUUUUGUGUAGUACAA-3"),
siRNAs (siRNA-p53-1; sense 5-GCUGUGGGUUGAUU
CCACATT-3" and antisense 5-UGUGGAAUCAACCC
ACAGCTT-3’, and siRNA-p53-2; sense 5-CCACCAUCC
ACUACAACUATT-3" and antisense 5-UAGUUGUAG
UGGAUGGUGGTT-3’, and NC (sense 5-UUCUCCGAA
CGUGUCACGUTT-3" and antisense 5-ACGUGACAC
GUUCGGAGAATT-3") .

Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. For analyzing
miRNA expression, miRNA was reverse-transcribed using
the Mir-XTM miRNA First-Strand Synthesis Kit (TaKaRa,
Dalian, China) under the following conditions: 37 °C for 60
min, 85 °C for 5 min, and were held at 4 °C. qPCR reactions
were performed using the SYBR Premix Ex Taq II kit
(TaKaRa) and detected on the ABI 7500 Real-Time PCR
system. qPCR was performed under the following condi-
tions: 95 °C for 5min, 95°C for 55, and 60 °C for 34 s for
40 cycles. U48 were used as loading controls for the quanti-
tation miRNAs. The primers of miR-223-3p and U48 were
purchased from GeneCopoeia (Guangzhou, China). The
levels of gene expression were calculated using the 2744
methods. The data were representative of three independ-
ent experiments that were performed in different days.

Cell survival assays

The effects of miRNA-223-3p expression on the prolifer-
ation of LSCC cells were assessed using the Cell Count-
ing Kit-8 (CCK-8; Kumamoto, Japan). Briefly, the cells
were transfected for 24 h and plated on 96-well plates.
Subsequently, CCK-8 was added to each well at various
times and incubated at 37 °C for 1.5h. The absorbance
at 450/630nM was measured using a microplate
spectrophotometer (Tecan Group Ltd., Minnedorf,
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Switzerland). A minimum of five wells were assessed for
each group.

Colony formation assay

For colony formation assays, 1 x 10° cells were inoculated
into 6-well plates with 2ml of medium containing 10%
fetal bovine serum (FBS). After 14 days, the resulting col-
onies were rinsed with PBS, fixed with 4% formaldehyde
for 10 min, stained with 0.1% crystal violet for 30 min, and
then rinsed with PBS again. Finally, the number of clones
was counted to evaluate cell proliferation.

Cell apoptosis analysis

Cells were transfected with control or miR-223-3p mimic.
Apoptosis was assessed by measuring the membrane re-
distribution of phosphatidylserine using an Annexin V—PI
apoptosis detection kit (Becton Dickinson).

In vitro migration assays

Cell migration was detected using Transwell chambers
(8 mm, Corning Costar Co., USA). After the treatment, the
cells were seeded in serum-free media on the upper side of
a Transwell chamber. The cells were allowed to migrate
toward the media containing 10% FBS for 24 h. After the
incubation period, the cells on the lower side of the mem-
brane were fixed, stained with crystal violet, and counted.
The migration indices were calculated as the mean number
of cells in 10 random fields at x 100 magnification.

In vivo tumor model

Balb/c female nude mice, 6—8 week old, weighing 20-25 g,
were obtained from the Shanghai SLAC Laboratory Ani-
mal Center (Shanghai, China). All the animals were
housed in an environment with temperature of 22 +1°C,
relative humidity of 50+ 1% and a light/dark cycle of
12/12 h. All animal studies (including the mice euthanasia
procedure) were done in accordance with institutional
guidelines and in compliance with national and inter-
national laws and policies.

Mice were subcutaneously injected with LSCC
patients-derived tumor tissues. When tumor volume
reached 50-100 mm?, the mice were randomly assigned
to treatment or control group. MiR-223-3p agomir
(5nmol) or agomir-NC was given locally by direct
injection into the xenografts twice a week for 3 weeks.
The tumors were monitored every 3days, and tumor
volumes were calculated using the following formula:
1/2 x length x (width)®. After 21 days, the mice were eu-
thanized, necropsies were performed, and tumors were
weighted. The primary tumors were excised, and tumor
tissues were used to perform IHC staining, ISH staining
and qRT-PCR.



Luo et al. Journal of Experimental & Clinical Cancer Research

Western blot

Equal amounts of proteins collected from different types
of cell lysates were fractionated using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and were
then transferred onto a polyvinylidene fluoride mem-
brane (pore size; 0.45 mm). The membrane was blocked
for 2h with 5% non-fat milk at room temperature and
was then incubated with primary antibodies: p53 (1:1000
dilution, Proteintech), B-actin (1:1000 dilution, Protein-
tech), or GAPDH (1:1000 dilution, Proteintech) at 4 °C
overnight. Membranes were then washed and incubated
with secondary antibodies at room temperature for 2 h. The
blot was processed using an enhanced chemiluminescence
kit (Santa Cruz). All experiments were run in triplicate.

Immunohistochemical (IHC) assay

Paraffin sections were reacted with p53 (1:100 dilution),
Ki-67(1:100 dilution) overnight at 4°C, and then incu-
bated with the corresponding secondary antibodies. The
reactions were developed using the DAB Kit (BD
Bioscience, San Jose, CA, USA), and the sections were
counterstained with hematoxylin.

In situ hybridization (ISH) analysis

Human LSCC tissues and normal lung specimens were
fixed in 4% paraformaldehyde and then were embedded
in paraffin. A FAM-labeled miR-223-3p oligonucleotide
probes (5'-TGTCAGTTTGTCAAATACCCCA-3") were
obtained from Sangon Biotech (Shanghai, China). Slides
were deparaffinized and incubated for 25 min at room
temperature with Protease K; subsequently, the sections
were prehybridized in a humid chamber at 37 °C for 1 h.
Then, the tissues were hybridized with a miR-223-3p
probe at 37 °C overnight. After hybridization, the slides
were washed with graded-diluted sodium citrate buffer
(SSC) at 37°C for 30 min; subsequently, the sections
were stained with DAPI for 8 min. Finally, the tissues
were imaged.

p53 mutation analysis

Since p53 mutations occur throughout the gene in hu-
man cancer, the p53 coding sequence was screened for
mutations using Sanger sequencing. The GeneBank ac-
cession number U94788.1 was used. The three primers
for p53 were as follows: (1) forward 5CTTTCCACG
ACGGTGACACGS3 and reverse 5'-CTTCCACTCGGATA
AGATGCTGA-3’; (2) forward 5-CCATCTACAAGCAG
TCACAGCAC-3" and reverse 5-CAAATGGAAGTCCT
GGGTGC-3’; (3) forward 5-CATCTACAAGCAGT
CACAGCAC-3" and reverse 5-CCAAACATCCCTCA
CAGTAAAA-3’. Amplified products were confirmed by
electrophoresis on 1.5% agarose gels. PCR products were
purified using the SanPrep Column DNA Gel Extraction
Kit (Sangon Biotech, Shanghai, China) and were sequenced
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on an ABI PRISM 3730XL Genetic Analyzer (Applied
Biosystems, CA, USA).

Chip assay

SK-MES-1 and NCI-H520 cells were cross-linked with
1% formaldehyde for 15 min at room temperature. The
chromatin fragments ranging between 200 and 1000 bp
were obtained by sonication. The protein-DNA complex
was precipitated by anti-p53 antibody or anti-IgG anti-
body at 4°C overnight, and the antibody-protein-DNA
complex was collected by protein beads. After being
eluted from the beads, the antibody-protein-DNA com-
plex was reversely cross-linked by incubation at 65°C
with 200 mM NaCl. The amount of immunoprecipitated
DNA was detected by semiquantitative-PCR. The
sequences of primer used in PCR experiments were as
follows: sense 5'- GCATCCAGATTTCCGTTGGCTA
AC-3’, antisense 5-GCAAATGGATACCATACCTGTC
AGTG -3".

Luciferase reporter assay

HEK-293 T cells grown in a 96-well plate, wild-type lu-
ciferase reporter (WT-psiCHECK-2), and mutant lucifer-
ase reporter (MUT-psiCHECK-2) were co-transfected
with miR-223-3p mimics or its corresponding negative
control. Firefly and Renilla luciferase activity were mea-
sured in cell lysates using a Dual-Luciferase Reporter
Assay System (Promega), according to the manufac-
turer’s protocol.

Statistical analysis

Numerical data were presented as mean + standard devi-
ation (SD). All statistical analyses were performed using
SPSS 16.0 software. Statistical differences between
two groups were determined using the Students ¢
test. P value < 0.05 was considered statistically significant.

Results

Identification of miRNAs with the potential to affect
tumor proliferation and metastasis

Patient-derived tumors that could be engrafted to
immunocompromised mice were biologically more
aggressive, proliferative, and with a higher propensity to
relapse after surgery. To identify the miRNAs with great-
est potential to affect tumor proliferation and metastasis,
we analyzed miRNAs from three LSCC samples that
successfully formed xenografts in immunocompromised
mice (XG) and compared them with miRNAs from the
other three LSCC samples that failed to form xenografts
(no-X@G). Using miRNA array, we identified 38 miRNAs
that were significantly dysregulated in XG when com-
pared with their expression in no-XG (Fold change> 2,
p<0.05). Among them, 27 were up-regulated, and 11
were down-regulated (Fig. 1a). Among these miRNAs,
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Fig. 1 Downregulation of miR-223-3p promoted lung squamous cell cancer development. a Microarray analysis of miRNAs from different LSCC
tissues that successfully formed xenografts (XG, n=3) and tumor tissues that failed to form xenografts (no-XG, n = 3) were presented in a
heatmap. Each column represents a microRNA, and each row represents a sample. The relative expression values are depicted according to the
color scale. Red indicates high relative expression, and green indicates low relative expression. T: XG tumor tissues; C: no-XG tumor tissues.

b gRT-PCR analysis of miR-223-3p expression of LSCC tissues and adjacent normal tissues. ¢ Representative images of the ISH staining analyses of
two different LSCC tissues and adjacent normal tissues using anti-miR-223-3p probe. d Compared with no-XG group, the miR-223-3p expression
in XG group was significantly decreased. Each qRT-PCR experiment was performed in triplicate. **P < 0.01
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miR-451a [18, 19], miR-222 [20], miR-223 [10, 11, 21], and
miR-200a-3p [22] were highly involved in the regulation of
tumor growth and migration. Paradoxically, miR-223 was
revealed to function as a tumor suppressor in Lewis lung
carcinoma cells [10] while miR-223 may function as an
oncogene in lung adenocarcinoma A549 cells [11]. Thus,
we focused on miR-223-3p for further study in LSCC.
Compared with the no-XG group, miR-223-3p was
dramatically down-regulated in the XG group, and the ex-
pression of miR-223-3p was further measured by qRT-PCR
in 12 LSCC tissues (6 successfully formed xenografts and
remaining 6 failed to form xenografts) and their corre-
sponding adjacent normal lung tissues. RT-PCR results
showed that the miR-223-3p expression was down-regu-
lated in the LSCC tissues compared with that in the nor-
mal lung tissues (Fig. 1b). In situ hybridization (ISH)
staining further confirmed significantly lower miR-223-3p
expression in LSCC tissues compared to that of the adja-
cent normal lung tissues (Fig. 1c). Moreover, compared
with no-XG, miR-223-3p expression in XG was signifi-
cantly decreased (Fig. 1d).

Clinical materials of 12 LSCC patients and histopath-
ology of their tumors were shown in Table 1. Among
them, 5 of 6 patients harboring p53 mutations were suc-
cessfully formed xenografts. However, 5 of 6 patients

harboring wild-type p53 were failed to form xenografts
(no-XG). Furthermore, 4 of 5 patients harboring
p53°'°¢> S missence mutation were successfully formed
xenografts. The results suggested xenograft engraftment
was associated with p53 mutations, especially p53*'°<> €
mutation. Altogether, these results revealed the potential
possibilities of miR-223-3p and p53 mutations in tumor
formation.

MiR-223-3p repressed the proliferation and migration of
LSCC in vitro

To identify the function of miR-223-3p in LSCC,
SK-MES-1 and NCI-H520, cell lines were transfected
with miR-223-3p mimics or negative control (NC), and
miR-223-3p levels of transfected cell lines were tested by
qRT-PCR (Fig. 2a). Furthermore, CCK-8 assays were
performed to measure the effect of miR-223-3p on cell
proliferation; significantly suppressed cell viability was
observed in SK-MES-1 and NCI-H520 cells transfected
with miR-223-3p mimics compared with NC (Fig. 2b).
Similarly, miR-223-3p mimics were identified to exhibit
a significantly inhibited colony-forming ability, as dem-
onstrated by the decrease in colony numbers (Fig. 2c).
Correspondingly, miR-223-3p knockdown by the inhibi-
tor led to a significant increase in cell viability and
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Table 1 Clinical material of 12 lung squamous cell carcinoma patients and histopathology of their tumors

Cases Age/sex TNM stage Differentiation TP53 mutant Xenograft formation forformation
1 69/M T2NOMO Moderate No No
2 73/M T2N2MO Moderate 215C>G, 614A>G Yes
3 70/M T4NOMO Poor 215C>G, 473G>T Yes
4 75/M T2NOMO Moderate 485T>G No
5 72/M T2NOMO Poor No No
6 59/M T2NOMO Moderate No No
7 74/M TINOMO Poor No No
8 58/M T4N2MO Poor 215C>G Yes
9 65/M T3NOMO Poor 215C>G, 701A> G Yes
10 71/M T2NOMO Moderate No No
11 73/M T3NOMO Moderate No Yes
12 61/M T3N2MO Poor 485T>G Yes

colony numbers in SK-MES-1 and NCI-H520 cells
(Additional file 1: Figure Sla-c). In addition, flow cytometry
(FCM) indicated that miR-223-3p mimics significantly pro-
moted cell apoptosis (Fig. 2d). To further study whether the
migration ability of LSCC cells was affected by miR-223-3p,
Transwell assays were performed. The results indicated that
miR-223-3p mimics could significantly inhibit the migra-
tion of SK-MES-1 and NCI-H520 cells (Fig. 2e) whereas

miR-223-3p inhibition promoted the migration (Additional
file 1: Figure S1d). Taken together, these results suggest that
miR-223-3p harbors the ability to suppress the proliferation
and migration of LSCC cells in vitro.

Mutant p53 negatively regulated miR-223-3p expression
Next, further studies were made to investigate the
underlying mechanism for miR-223-3p downregulation
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Fig. 2 MiR-223-3p suppressed cell proliferation and migration in vitro. a Effect of miR-223-3p-mimic transfection into LSCC cells was confirmed
using gRT-PCR. Tumor cells were transfected with miR-223-3p mimics or mimics-NC and then subjected to cell viability assay b, colony-formation assay
¢, apoptosis analysis d and migration assays e. The scale bar was 200 um. Data are presented as the mean +SD of three replicates.

**P < 0.01; *P<0.05
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in LSCC. In fact, Masciarelli et al. reported that mutant
p53 proteins down-regulated miR-223 expression in
breast and colon cancer cell lines by binding miR-223
promoter and reducing its transcriptional activity [23].
Experiments were carried out to explore whether down-
regulation of miR-223-3p expression in LSCC could be
modulated by mutant p53. The p53 gene was sequenced
and analyzed. The p53 sequence analysis found that
SK-MES-1 cells had missense (215C > G) and nonsense
(892G > T) mutations, and that NCI-H520 cells had mis-
sense (215C > G) mutation (Fig. 3a). ChIP assay revealed
that mutant p53 directly binds to the miR-223 promoter
in SK-MES-1 and NCI-H520 cells (Fig. 3b). We thus si-
lenced mutant p53 in the SK-MES-1 and NCI-H520 by
siRNA, and then evaluated miR-223-3p expression.
MiR-223-3p was up-regulated upon transient silence of
mutant p53. Yet, downregulation of p53 expression had
no effect on miR-223-3p expression in NCI-H2170 cells
(wild type p53) (Fig. 3c). In addition, compared to the
LSCC tissues with wild-type p53, the relative expression
level of miR-223-3p did significantly decrease in the
LSCC tissue samples with mutant p53 (Fig. 3d). More-
over, miR-223-3p was significantly down-regulated upon
mutant p53*'°“> S upregulation in the SK-MES-1 (Fig. 3e).
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These observations indicated that miR-223-3p was regu-
lated by mutant p53 at the transcriptional level.

MiR-223-3p directly targeted p53

To elucidate how miR-223-3p inhibits cell proliferation
and migration in LSCC harboring p53 mutant. MiRNA
target-predicted database (http://www.targetscan.org)
showed that p53 is a direct target of miR-223-3p. Then,
we performed a luciferase reporter assay to confirm that
miR-223-3p directly binds to the 3" untranslated region
(UTR) of p53. Our results showed that overexpression
of miR-223-3p significantly reduced luciferase activity of
the reporter gene in wild type, but not in mutant type,
indicating that miR-223-3p directly targeted the p53
3-UTR (Fig.4a). Consistent with the results of the re-
porter assay, transfection with miR-223-3p mimics re-
sulted in a significant decrease in p53 protein level in
SK-MES-1 and NCI-H520 by western blot. Furthermore,
p53 expression was significantly increased by transfec-
tion with miR-223-3p inhibitor (Fig. 4b). In addition,
similar to miR-223-3p mimics, the downregulation of
p53 significantly inhibited the proliferation and migra-
tion, which was measured by CCK-8 and Transwell
assays (Fig. 4c and d). These results indicate that
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co-transfection with either miR-223-3-mimics or the negative control with the psiCHECK-p53 wild-type plasmid or mutant plasmid in 293 T cells.
b p53 protein levels were determined using Western blot analysis after transfection of miR-223-3p mimic, mimic-NC, inhibitor or inhibitor-NC into
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that p53 knockdown markedly decreased the migratory potential of the LSCC cells. These results are representative of at least three independent
experiments. All bars represent the mean values + SD. The scale bar was 200 um. **P < 0.01

miR-223-3p inhibits cell proliferation and migration by
targeting and suppressing mutant p53 in LSCC. All to-
gether, the aforementioned observations indicated that
miR-223-3p and p53 were reciprocally linked in a feed-
back loop in LSCC bearing p53 mutations.

MiR-223-3p suppressed the proliferation of LSCC in the
nude mice

To explore whether the expression level of miR-223-3p
affects tumorigenesis, immunodeficient female BALB/c
mice were subcutaneously injected with LSCC patient—
derived tumor tissues. When the tumor volume reached
50-100 mm?, the mice were treated with an intratu-
moral injection of miR-223-3p agomir or agomir control
twice a week for 3 weeks. During the whole-tumor
growth period, tumors from miR-223-3p agomir treat-
ment group grew slower in comparison with the control
group (Fig. 5a). After three weeks treatment, the average
weight of tumors from miR-223-3p agomir treatment
group was significantly smaller than that of control mice
(Fig. 5b). Next, in situ hybridization (ISH) staining and
qRT-PCR analysis of miR-223-3p expression were per-
formed in resected tumor tissues. As shown in Fig. 5¢

and d, the expression level of miR-223-3p in miR-223-3p
agomir treatment group was significantly higher than
that in control group. Furthermore, immunohistochemi-
cal staining of Ki-67 to assess tumor cell proliferation re-
vealed a reverse correlation between the miR-223-3p
levels and the expression of p53 protein and cell prolif-
eration (Fig. 5e). Such in vivo results were verified again
by intratumoral injection of miR-223-3p agomir into
another LSCC patient-derived tumor xenograft model
(Additional file 2: Figure S2). Together, these results indi-
cated that miR-223-3p may exert a significant inhibitory
effect on tumorigenesis by repressing mutant p53 in vivo.

To sum up, our results showed that miR-223-3p ex-
pression was down-regulated in the LSCC tissues com-
pared to that in the adjacent normal lung tissues,
especially in LSCC tissues with the ability to form xeno-
grafts. Our findings demonstrated a tumor suppressive
role of miR-223-3p in LSCC bearing mutant p53 in vitro
and vivo. MiR-223-3p could be regulated by mutant p53
at the transcriptional level. Meanwhile, p53 is a direct
target gene of miR-223-3p, suggesting miR-223-3p and
mutant p53 were reciprocally linked in a feedback loop
affect LSCC proliferation and metastasis.
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Fig. 5 MiR-223-3p suppressed tumor growth in vivo. a Tumor growth curves measured after intratumoral injections with miR-223-3p agomir or
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Discussion

Accumulating studies have described that miRNA can
function as tumor suppressors or oncogenes by regulat-
ing target gene in various human cancers. Multiple miR-
NAs have been demonstrated to be involved in several
biological processes in NSCLC, such as cell proliferation,
apoptosis, invasion and metastasis. LSCC is the second
most prevalent type of NSCLC. Although the microRNA
profiling of NSCLC has contributed to the understand-
ing of the biology of these cancers, the microRNA signa-
tures identified in NSCLC (including adenocarcinoma
and SCC) were not consistent among different clinical
studies. Moreover, the most aberrantly expressed miRNAs
were identified between tumor and normal samples [24].
As patient tumors that successfully form xenografts repre-
sented more aggressive, therefore, aberrantly expressed
miRNAs between successful engraft tumors and failed en-
graft tumors may possess greatest potential to affect
tumor proliferation and metastasis.

This study investigated and compared miRNA expres-
sion profiles between LSCC tissues that were success-
fully engrafted into immunocompromised mice and
those that were not engrafted. Based on the evidence re-
ported to date, it is clear that miR-223 has an impact on
different cellular processes, ranging from cell cycle regu-
lation and invasiveness to hematopoietic differentiation
and immune cell function [25]. Particularly, miR-223
participates in the different processes of multiple lung
diseases, such as tuberculosis [26], chronic obstructive
pulmonary disease [27], lung inflammation [28], and
similar. Nonetheless, miR-223 has shown to function as
a tumor suppressor in Lewis lung carcinoma cells [10].
However, it may also function as an oncogene in lung
adenocarcinoma A549 cells [11]. Therefore, this study
focused on determining whether miR-223-3p functioned
as a tumor suppressor in LSCC through in vitro and in
vivo experiments; it was down-regulated in successfully
engrafted tumors (Fig. 1a). MiR-223-3p was significantly
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downregulated in 12 LSCC tissues compared with adja-
cent nontumoral lung tissues and was more obvious in
the XG group (Fig. 1b, ¢ and d). Moreover, exogenous
miR-223-3p could significantly affect the growth and mi-
gration of LSCC cells in vitro (Fig. 2 and Additional file 1:
Figure S1). At the same time, the present study also found
that miR-223-3p expression repressed tumorigenesis in
vivo (Fig. 5 and Additional file 2: Figure S2). These results
suggested that the downregulation of miR-223-3p might
be associated with cellular mechanisms related to LSCC
development.

Mutant p53 proteins are expressed at a high frequency
in human tumors and are associated with cell prolifera-
tion and migration [29]. The p53 gene was sequenced
and analyzed in 12 LSCC tumor tissues in this study.
Among them, 6 of 12 patients harbored p53 mutations.
Moreover, 5 of 6 patients harboring p53 mutations were
successfully formed xenografts. Furthermore, 4 of 5 pa-
tients who successfully formed xenografts harbored
p53*1°“> S missense mutation. The results suggested
xenograft engraftment was associated with p53 muta-
tions, especially p53*'°“> S missense mutation. Previous
studies have shown that mutant p53 protein downregu-
lates miR-223 expression in breast and colon cancer cell
lines by binding miR-223 promoter and by reducing its
transcriptional activity [23]. Our results also confirmed
that mutant p53 directly binds to the miR-223 promoter
by ChIP assay (Fig. 3a, and b) in LSCC. Down-regulation
of mutant p53 in the SK-MES-1 and NCI-H520,
miR-223-3p expression was up-regulated (Fig. 3c). In
addition, the relative expression level of miR-223-3p sig-
nificantly decreased in the LSCC tissue samples with
mutant p53 (Fig. 3d). Moreover, miR-223-3p was signifi-
cantly down-regulated upon mutant p53**°“>S upregu-
lation in the SK-MES-1 (Fig. 3e). These observations
indicated that miR-223-3p was also regulated by mutant
p53 at the transcriptional level in LSCC.

Interestingly, miRNA target—predicted database
showed that p53 contained 3’-UTR elements that were
partly complementary to miR-223-3p. Luciferase re-
porter, Western blot and IHC assay confirmed that the
p53 gene was regulated by miR-223-3p in LSCC (Fig. 4a,
and b, Fig. 5e). In addition, we inhibited mutant p53 ex-
pression by RNA interference and found that the inhib-
ition of p53 could significantly inhibit proliferation and
migration in LSCC cells (Fig. 4c and d). Thus, it was
concluded that downregulation of mutant p53 might be
a mechanism by which miR-223-3p exerts its tumor sup-
pressor functions. All together, these data indicated the
existence of a regulatory network between miR-223-3p
and mutant p53 proteins in LSCC cells to affect tumor
proliferation and metastasis. Although we have shed a
new light on the molecular mechanism responsible for
miR-223-3p in LSCC progression, the other targets of
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miR-223-3p require further investigation. On the
other hand, the other detailed mechanisms by which
miR-223-3p is downregulated, such as through DNA pro-
moter methylation [30], interaction with long noncoding
RNA [31] or inflammation cytokines (such as IL-1,
TNF-a) induction [32], still need to be elucidated in
future studies.

Conclusions

Our study reported the altered miRNA expression pattern
between LSCC tissues that were successfully engrafted
into immunocompromised mice (XG) and those that did
not engraft (no-X@G) showing that miR-223-3p was signifi-
cantly down-regulated in the XG group. Our findings
demonstrated a tumor suppressor role of miR-223-3p in
LSCC bearing p53 mutations in vitro and vivo. In
addition, we demonstrated that a regulatory network
existed between miR-223-3p and mutant p53 proteins in
LSCC cells; mutant p53/miR-223-3p feedback loop regu-
lated the proliferation and migration of LSCC cell lines.
The present experimental data suggested that miR-223-3p
plus mutant p53 may serve as an improved prognostic bio-
marker useful for prediction of prognosis in patients with
LSCC. These data may also provide a novel strategy for
treatment of patients with LSCC bearing p53 mutations.

Additional files

Additional file 1: Figure S1. Downregulation of miR-223-3p promoted
cell proliferation and migration in vitro. (a) Effect of miR-223-3p-inhibitor
transfection into LSCC cells was confirmed using gRT-PCR. Tumor cells
were transfected with miR-223-3p inhibitor or inhibitor-NC and then
subjected to cell viability assay (b), colony-formation assay (c) and migration
assays (d). Data are presented as the mean + SD of three replicates.

**P < 0.01; *P < 0.05. (TIF 19219 kb)

Additional file 2: Figure S2. MiR-223-3p suppressed tumor growth in
vivo. (@) Tumor growth curves measured after intratumoral injections with
miR-223-3p agomir or control twice a week for 3 weeks. (b) Tumor
weight was significantly decreased in the miR-223-3p agomir treatment
group compared with the control group. (c-d) gRT-PCR and ISH staining
results showing that miR-223-3p was significantly up-regulated in the
miR-223-3p agomir treatment group compared with the control group.
The scale bar was 50 um. (e) Immunohistochemical analysis of Ki-67 and
p53 in xenografts tumors of MiR-NC and miR-223-3p treated groups. The
scale bar was 50 pm. **P < 0.01. (TIF 30590 kb)
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PDTX: Patient-derived tumor xenografts; UTR: Untranslated region;

XG: Primary tumor tissues that successfully formed xenografts in nude mice

Acknowledgements
Not applicable.

Funding

This study was supported by Province science and technology in the Anhui
offends pass item (No. 160420802072, 2016), Anhui provincial Natural Science
Foundation of China (No. 1708085QH220, 2017), National Natural Science
Foundation of China (No. 81172172, 2011).


https://doi.org/10.1186/s13046-019-1079-1
https://doi.org/10.1186/s13046-019-1079-1

Luo et al. Journal of Experimental & Clinical Cancer Research

Availability of data and materials
The datasets used and analysed during the current study are available from
the corresponding authors on reasonable request.

Authors’ contributions

LP and YY wrote the paper; LP, ZJ and BL conceived and designed the study; LP,
YY, ZJ, WQ and DP, did the experiments; HC, LQ and MR collect the specimens
and analyzed the data. All authors read and approved the final manuscript.

Ethics approval and consent to participate

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the Ethics Committee of the
Institutional Ethical Review Board of Anhui Provincial Hospital. All patients
studied signed an informed consent for participation. All animal procedures
and care were conducted in accordance with institutional guidelines and in
compliance with national and international laws and policies.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Clinical Laboratory, The First Affiliated Hospital of University
of Science and Technology of China, Hefei, China. 2Anhui Medical University,
Hefei, China. *School of Life Sciences, University of Science and Technology
of China, Hefei, China. 4Departmem of Pathology, The First Affiliated Hospital
of University of Science and Technology of China, Hefei, China. *Department
of Thoracic Surgery, The First Affiliated Hospital of University of Science and
Technology of China, Hefei, China. ®Department of Clinical Laboratory,
Division of Life Sciences and Medicine, The First Affiliated Hospital of USTC,
University of Science and Technology of China, Hefei, Anhui 230001, People’s
Republic of China.

Received: 12 September 2018 Accepted: 6 February 2019
Published online: 12 February 2019

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. 201868:7-30.

2. Herbst RS, Morgensztern D, Boshoff C. The biology and management of
non-small cell lung cancer. Nature. 2018;553:446-54.

3. Zappa C, Mousa SA. Non-small cell lung cancer: current treatment and
future advances. Transl Lung Cancer Res. 2016;5:288-300.

4. Hirsch FR, Kerr KM, Bunn PA Jr, Kim ES, Obasaju C, Perol M, Bonomi P,
Bradley JD, Gandara D, Jett JR, Langer CJ, Natale RB, Novello S, Paz-Ares L,
Ramalingam SS, Reck M, Reynolds CH, Smit EF, Socinski MA, Spigel DR,
Stinchcombe TE, Vansteenkiste JF, Wakelee H, Thatcher N. Molecular and
immune biomarker testing in squamous-cell lung Cancer: effect of current
and future therapies and technologies. Clin Lung Cancer. 2018;19:331-9.

5. Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ Jr, Wu YL, Paz-Ares L.
Lung cancer. current therapies and new targeted treatments. Lancet.
2017,389:299-311.

6. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA
targets. Cell. 2005;120:15-20.

7. Jiang C, Hu X, Alattar M, Zhao H. miRNA expression profiles associated
with diagnosis and prognosis in lung cancer. Expert Rev Anticancer Ther.
2014;14:453-61.

8. Xiong J, Du Q, Liang Z. Tumor-suppressive microRNA-22 inhibits the
transcription of E-box-containing c-Myc target genes by silencing c-Myc
binding protein. Oncogene. 2010;29:4980-8.

9. Tan X, Qin W, Zhang L, Hang J, Li B, Zhang C, Wan J, Zhou F, Shao K, Sun Y,
Wu J, Zhang X, Qiu B, Li N, Shi S, Feng X, Zhao S, Wang Z, Zhao X, Chen Z,
Mitchelson K, Cheng J, Guo Y, He J. A 5-microRNA signature for lung
squamous cell carcinoma diagnosis and hsa-miR-31 for prognosis. Clin
Cancer Res. 2011;17:6802-11.

(2019) 38:74

20.

22.

23.

24.

25.

26.

27.

28.

29.

Page 11 of 12

Nian W, Ao X, Wu Y, Huang Y, Shao J, Wang Y, Chen Z, Chen F, Wang D.
miR-223 functions as a potent tumor suppressor of the Lewis lung
carcinoma cell line by targeting insulin-like growth factor-1 receptor and
cyclin-dependent kinase 2. Oncol Lett. 2013;6:359-66.

Huang L, Li F, Deng P, Hu C. MicroRNA-223 promotes tumor progression in
lung Cancer A549 cells via activation of the NF-kappaB signaling pathway.
Oncol Res. 2016;24:405-13.

Morgan KM, Riedlinger GM, Rosenfeld J, Ganesan S, Pine SR. Patient-derived
xenograft models of non-small cell lung Cancer and their potential utility in
personalized medicine. Front Oncol. 2017,7:2.

Byrne AT, Alferez DG, Amant F, Annibali D, Arribas J, Biankin AV, Bruna A,
Budinska E, Caldas C, Chang DK, Clarke RB, Clevers H, Coukos G, Dangles-Marie V,
Eckhardt SG, Gonzalez-Suarez E, Hermans E, Hidalgo M, Jarzabek MA, de Jong S,
Jonkers J, Kemper K, Lanfrancone L, Maelandsmo GM, Marangoni E, Marine JC,
Medico E, Norum JH, Palmer HG, Peeper DS, Pelicci PG, Piris-Gimenez A,
Roman-Roman S, Rueda OM, Seoane J, Serra V, Soucek L, Vanhecke D,
Villanueva A, Vinolo E, Bertotti A, Trusolino L. Interrogating open issues in

cancer precision medicine with patient-derived xenografts. Nat Rev Cancer.
2017,17:254-68.

Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, Arcaroli JJ,
Messersmith WA, Eckhardt SG. Patient-derived tumour xenografts as models
for oncology drug development. Nat Rev Clin Oncol. 2012,9:338-50.

Kopetz S, Lemos R, Powis G. The promise of patient-derived xenografts: the
best laid plans of mice and men. Clin Cancer Res. 2012;18:5160-2.

Wu L, Allo G, John T, Li M, Tagawa T, Opitz I, Anraku M, Yun Z, Pintilie M,
Pitcher B, Liu G, Feld R, Johnston MR, de Perrot M, Tsao MS. Patient-derived
xenograft establishment from human malignant pleural mesothelioma. Clin
Cancer Res. 2017,23:1060-7.

John T, Kohler D, Pintilie M, Yanagawa N, Pham NA, Li M, Panchal D,

Hui F, Meng F, Shepherd FA, Tsao MS. The ability to form primary tumor
xenografts is predictive of increased risk of disease recurrence in early-stage
non-small cell lung cancer. Clin Cancer Res. 2011;17:134-41.

Wang R, Wang ZX, Yang JS, Pan X, De W, Chen LB. MicroRNA-451 functions
as a tumor suppressor in human non-small cell lung cancer by targeting
ras-related protein 14 (RAB14). Oncogene. 2011;30:2644-58.

Bian HB, Pan X, Yang JS, Wang ZX, De W. Upregulation of microRNA-451
increases cisplatin sensitivity of non-small cell lung cancer cell line (A549).
J Exp Clin Cancer Res. 2011;30:20.

Yamashita R, Sato M, Kakumu T, Hase T, Yogo N, Maruyama E, Sekido Y,
Kondo M, Hasegawa Y. Growth inhibitory effects of miR-221 and miR-222 in
non-small cell lung cancer cells. Cancer Med. 2015;4:551-64.

Li R Wu S, Chen X, Xu H, Teng P, Li W. miR-223/FBW7 axis regulates
doxorubicin sensitivity through epithelial mesenchymal transition in
non-small cell lung cancer. Am J Transl Res. 2016;8:2512-24.

Kundu ST, Byers LA, Peng DH, Roybal JD, Diao L, Wang J, Tong P, Creighton CJ,
Gibbons DL. The miR-200 family and the miR-183~96~182 cluster target Foxf2
to inhibit invasion and metastasis in lung cancers. Oncogene. 2016;35:173-86.
Masciarelli S, Fontemaggi G, Di Agostino S, Donzelli S, Carcarino E,

Strano S, Blandino G. Gain-of-function mutant p53 downregulates miR-223
contributing to chemoresistance of cultured tumor cells. Oncogene.
2014;33:1601-8.

Yang S, Sui J, Liang G. Diagnosis value of aberrantly expressed microRNA
profiles in lung squamous cell carcinoma: a study based on the Cancer
genome atlas. Peer). 2017,5:e4101.

Haneklaus M, Gerlic M, O'Neill LA, Masters SL. miR-223: infection,
inflammation and cancer. J Intern Med. 2013;274:215-26.

Dorhoi A, lannaccone M, Farinacci M, Fae KC, Schreiber J, Moura-Alves P,
Nouailles G, Mollenkopf HJ, Oberbeck-Muller D, Jorg S, Heinemann E,
Hahnke K, Lowe D, Del Nonno F, Goletti D, Capparelli R, Kaufmann SH.
MicroRNA-223 controls susceptibility to tuberculosis by regulating lung
neutrophil recruitment. J Clin Invest. 2013;123:4836-48.

Leuenberger C, Schuoler C, Bye H, Mignan C, Rechsteiner T, Hillinger S,
Opitz I, Marsland B, Faiz A, Hiemstra PS, Timens W, Camici GG, Kohler M,
Huber LC, Brock M. MicroRNA-223 controls the expression of histone
deacetylase 2: a novel axis in COPD. J Mol Med (Berl). 2016,94:725-34.
Moschos SA, Williams AE, Perry MM, Birrell MA, Belvisi MG, Lindsay MA.
Expression profiling in vivo demonstrates rapid changes in lung microRNA
levels following lipopolysaccharide-induced inflammation but not in the
anti-inflammatory action of glucocorticoids. BMC Genomics. 2007,8:240.
Yue X, Zhao Y, Xu Y, Zheng M, Feng Z, Hu W. Mutant p53 in Cancer:
accumulation, gain-of-function, and therapy. J Mol Biol. 2017;429:1595-606.



Luo et al. Journal of Experimental & Clinical Cancer Research (2019) 38:74

30.

31

32.

Shao L, Chen Z, Peng D, Soutto M, Zhu S, Bates A, Zhang S, El-Rifai W.
Methylation of the HOXA10 promoter directs miR-196b-5p-dependent
cell proliferation and invasion of gastric Cancer cells. Mol Cancer Res.
2018;16(4):696-1706.

Lu Q, Shan S, Li Y, Zhu D, Jin W, Ren T. Long noncoding RNA SNHGTpromotes
non-small cell lung cancer progression by up-regulating MTDH via sponging
miR-145-5p. FASEB J. 2018;32(7):3957-67.

Leuenberger C, Schuoler C, Bye H, Mignan C, Rechsteiner T, Hillinger S,
Opitz I, Marsland B, Faiz A, Hiemstra PS, Timens W, Camici GG, Kohler M,
Huber LC, Brock M. MicroRNA-223 controls the expression of histone
deacetylase 2: a novel axis in COPD. J Mol Med (Berl). 2016;94(6):725-34.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Tissue specimens and cell culture
	Establishment of PDTX models
	MicroRNA microarray
	Transfection of cell lines
	Quantitative RT-PCR
	Cell survival assays
	Colony formation assay
	Cell apoptosis analysis
	In vitro migration assays
	In vivo tumor model
	Western blot
	Immunohistochemical (IHC) assay
	In situ hybridization (ISH) analysis
	p53 mutation analysis
	Chip assay
	Luciferase reporter assay
	Statistical analysis

	Results
	Identification of miRNAs with the potential to affect tumor proliferation and metastasis
	MiR-223-3p repressed the proliferation and migration of LSCC in vitro
	Mutant p53 negatively regulated miR-223-3p expression
	MiR-223-3p directly targeted p53
	MiR-223-3p suppressed the proliferation of LSCC in the nude mice

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

