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Simple Summary: This research explored the association and interaction between IncRNA H19 and
mutant p53 (R175H) in lung adenocarcinoma development and progression. H19 over-expression
may induce the elevated expression of mtp53 and interact with mtp53, which prolongs the p53
half-life and promotes transcriptional activity, leading to the progression of lung adenocarcinoma.
The simultaneous inhibition of H19 and mtp53 may provide a novel strategy.

Abstract: Background: Accumulating data suggest that long non-coding RNA (IncRNA) H19 and
pb3are closely related to the prognosis of lung cancer. This study aims to analyze the association and
interaction betweenH19 and mutant p53 R175H in lung adenocarcinoma (LAC). Methods: Mutant-
type (Mt) p53 R175H was assessed by using RT-PCR in LAC cells and 100 cases of LAC tissue samples
for association with H19 expression. Western blot, RNA-pull down, immunoprecipitation-Western
blot and animal experiments were used to evaluate the interaction between H19 and mtp53. Results:
Mtp53 R175H and H19 were over-expressed in LAC tissues and cells, while H19 over-expression
extended the p53 half-life and enhanced transcriptional activity. Combined with anti-p53, ShH19
can significantly inhibit tumor growth in vivo. Conclusions: H19 over-expression may induce the
elevated expression of mtp53 and interact with mtp53, leading to LAC progression. In addition, the
high expression of mtp53 R175H is associated with poor overall survival inpatients. The simultaneous
inhibition of H19 and mtp53 may provide a novel strategy for the effective control of LAC clinically.

Keywords: lung adenocarcinoma; H19; p53; gene-gene interaction; VMRC-LCD

1. Introduction

Coinciding with the progression of gene sequencing technology, it was shown that
long non-coding RNAs (IncRNAs) are pervasively transcribed in the genome [1]. Generally,
IncRNAs function to regulate gene expression, and aberrant IncRNA expression leads to
tumor oncogenesis and progression [2]. For example, the imprinted, maternally expressed
mouse H19 gene is located in the vicinity of several imprinted genes on the distal part of
mouse chromosome? [3] and localized at chromosome 11p15.5 in the human genome [4],
and it has been shown to play a significant role in mammalian development and tumorige-
nesis [5,0]. H19 alterations occur in the early stages of cancer development and are thought
to be involved in protein translational dysregulation and genomic instability, leading to cell
proliferation imbalance and tumor metastasis [6,7]. Other studies, including our study, have
disclosed that H19 is up-regulated in numerous human malignancies, such as intestinal [6],
esophageal [8], bladder [9], breast [10], gastric [11] and lung cancer [7,12]. The functions
of H19 can be dissected into two major types, i.e., the reservoir of miR-675 to suppress
its targets [12] and the modulation of microRNAs and proteins through their binding
capacity. P53 protein is a very important binding protein in tumors and the Tp53 gene
is involved in gene regulation and cell apoptosis, and mutations are one of the frequent
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events in NSCLC [13-16]. Therefore, we searched for acorrelation between H19 and p53
and prognosis in 450 patients with lung cancer from The Cancer Genome Atlas (TCGA)
database, and the results showed that there was a significant difference in overall survival
between TP53 (+) H19 High and TP53 (—) H19 Low groups (p = 0.017, Figure 1A). Moreover,
as can be seen from the TGCA database, the expression of H19 was significantly different
between the TP53 (+) group and the TP53 (—) group (p = 0.003, Figure 1B).
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Figure 1. (A)The correlation between H19 and p53 and prognosis in 450 patients with lung cancer
from The Cancer Genome Atlas (TCGA) database; the results showed that there was a marked
difference in survival between the TP53(+)H19 High and the TP53(—)H19 Low groups (p = 0.017).
(B) The expression of H19 was significantly different between the TP53 (+) group and the TP53 (—)
group (p = 0.003). (C,D) Up-regulation of mtp53 (R175H) expression in LAC tissue specimens and cell
lines (p = 0.01 and p = 0.002, respectively). (E) Wild-type p53 was slightly overexpressed in A549 lung
adenocarcinoma cells. (F,G) Kaplan—Meier survival curves stratified by different mutant sites, mtp53
expressions and stages in patients with LAC. Mtp53 level was divided into low vs. high, which used
the Ct value <5 vs. >5. Ct: cycle threshold. * (p < 0.05); ** (p < 0.01).

However, these are only preliminary exploration results, and the actual driving mech-
anism is not clear. In our previous study, the mutation rate of p53 was 93%, and the most
important mutation site was R175H [17]. Does H19 also play a regulatory role in p53
mutation? In this study, we explored the role and increased the understanding of H19 and
mtp53 interactions in the promotion of LAC development and progression in vivo and
in vitro assays.

2. Materials and Methods
2.1. Tissue Specimens

In the current study, samples were retrospectively collected from a total of 100 patients
with LAC who underwent tumor resection at the Shanghai Ninth People’s Hospital, af-
filiated with Shanghai Jiaotong University (Shanghai, China) between 1 December 2012
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and 12 December 2016. All of the patients were histologically diagnosed with LAC and
classified according to the lung cancer TNM stages (the eighth edition) [18]. Tumor samples
were taken from the surgery room during surgical resection of tumor lesions, snap-frozen
in liquid nitrogen and stored at —80 °C. None of the included patients received any pre-
surgery chemoradiotherapy. Patients who received preoperative chemotherapy or radiation
therapy prior to surgery were omitted from this study. The research was approved by the
Research Ethics Committee of Shanghai Jiaotong University (Shanghai, China) and Fudan
University Shanghai Cancer Center, and written informed consent was obtained from all
of the incorporated patients. The clinicopathological data of patients were collected from
their medical records and are displayed in Table 1.

All of the patients were followed up regularly at 3-6-month intervals for 5 years and
6-month intervals thereafter. The last follow-up assessment was performed in December
2021 with a median follow-up duration of 65 months (ranging from 62 to 75 months). The
overall survival was evaluated from diagnosis to the death of the patient.

Table 1. Association of p53 expression with clinicopathological data from patients with LAC.

Clinicopathologic Data N =100 p
Age (year)
<60 68
>80 32
Gender 0.03
Male 58
R175H 11
Female 42
R175H 4
Tobacco smoke 0.02
Yes 49
R175H 10
No 51
R175H 5
P53 Status
Wild type 7
Mutant type 93
Major mutation site
R175H 15
R248Q 10
R249 7
273 5
282
Others
TNM stage 0.01
I 26
R175H 0
1I 23
R175H 2

I 24
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Table 1. Cont.

Clinicopathologic Data N =100 p
R175H 5
v 27
R175H 8

Tumor differentiation

Well/Moderate 37
Poor 63
R175H 15

2.2. Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)

Total cellular RNA was isolated from LAC cell line VMRC-LCD (p53 R175H mutation)
and BEAS2B (normal lung cell) using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and reverse transcribed into cDNA using a TAKARA kit (Invitrogen) according to the
manufacturers’ protocols. The level of H19 expression in LAC cells was analyzed using
gRT-PCR according to a previous study, while U6 mRNA was used as a loading control (5'-
CAAATTCGTGAAGCGTTCCATAT-3' and 5'-CAAATTCGTGAAGCGTATCTAT-3') [10].
The level of p53 was amplified using qPCR with p53 primers (5'-GCCTGCAGTCCTGAGGT
GTAGACGCCAAC-3" and R5'-CGGAATTCTTGGTCTCCTCCACCGCTTCTT-3'). The ABI
Step One Plus (Applied Biosystems, Foster City, CA, USA) was used to perform qRT-PCR
amplification and the qRT-PCR data were quantified by using the 224t method. Each
experiment was performed in triplicate and repeated at least once.

2.3. Cell Culture

Human LAC cell lines A549 (p53 wild type) and VMRC-LCD (p53 R175H mutation)
were originally obtained from the American Type Culture Collection (Manassas, VA, USA)
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), penicillin (100 U/mL, Sigma
Chemicals, St. Louis, MO, USA) and streptomycin (100 ug/mL, Sigma Chemicals) in a
humidified incubator with 5% CO, at 37 °C.

2.4. H19 siRNA, Construction of H19 Expression Vector, and Cell Transfection

H19 cDNA was amplified using PCR with the TaKaRa LA Taq enzyme from A549
cells and the PCR products were then subcloned into pcDNA3.1 (Invitrogen, Carlsbad, CA,
USA) between Kpn I and Xho I sites. The pcDNA3.1-19 cDNA was then DN A-sequence-
confirmed and used to transfect LAC cells, while an empty pcDNA3.1 vector was used as a
negative control. Moreover, H19 siRNA and negative control siRNA were purchased from
Invitrogen and used to knockdown H19 expression in LAC cells.

For cell transfection, A549 cells were grown and transfected with pcDNA3.1 and
pcDNA3.1-H19 or a vector-only control using Lipofectamine 2000 (Invitrogen) for 48 h
and then selected in G418-containing growth medium at a stable cell population. The cells
were then subjected to RNA or protein extraction or further functional experiments. For
H19 siRNA transfection, tumor cells were grown and transfected with 5 pL of lipidosome
H19 siRNA (5'-CCAACAUCAAAGACACCAUATAT-3') or a non-specific control siRNA
(si-NC; purchased from TianGen) using Lipofectamine 2000 reagent for 15 min at room
temperature. The cells were then assessed using qRT-PCR or other functional assays. The
p53 expression was tested after being transfected with pcDNA3.1-H19 and a vector-only
control or H19 siRNA and si-NC.

2.5. Cell Viability Assay

Cell viability was assayed by using a Cell Counting Kit-8 kit (CCKS8; Beyotime, Shang-
hai, China). In brief, A549 and VMRC-LCD cells were plated into 96-well plates at a density
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of approximately 2 x 10* cells per well and transiently transfected with pcDNA3.1-H19,
siRNA-H19 and their controls for 48 h. Cells were then subjected to CCK-8 assay following
the manufacturer’s instructions and the optical values of cells per well were measured
using a SpectraMax®i3x microplate reader (Molecular Devices, Sunnyvale, CA, USA) at the
absorbance of 450 nm. The experiments were performed in triplicate and repeated at least
three times.

2.6. Colony Formation Assay

The H19-transfected LAC cells were seeded into six-well dishes containing pre-laid
agarose at a density of 1 x 10° and grown for two weeks. During this period, the growth
medium was refreshed every three days. At the termination of each experiment, the cell
colonies were stained with 0.5% crystal violet solution and counted under an inverted
microscope (Olympus, Tokyo, Japan).

2.7. Western Blot Analysis of p53 Protein Half-Life

The gene-transfected LAC cells were grown and treated with 100 nug/mL of cyclo-
heximide (Tiangen) for up to 6 h, and the total cellular protein content was lysed using
the RIPA buffer and quantified for a Western blot analysis of the p53 level. Before cell
collection, 100 pg/mL of cycloheximide was added to the 6-well plate for 0 h, 1 h and
6 h. Protein samples were collected at the same time 48 h after transfection. The protein
samples were collected, and the content of target protein p53 in different dosing times
was detected using Western blot. For Western blot assay, 50 pg protein samples were
separated in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
and transferred onto polyvinylidene fluoride membranes (PVDEF; Millipore, Billerica, MA,
USA). The membranes were then blocked in 5% dried milk solution in PBS at room tem-
perature for 2 h and incubated with a primary antibody at 4 °C overnight. The primary
antibodies that were used were mouse monoclonal antibodies (Tiangen, Beijing, China)
at a dilution of 1:100. The membranes were subsequently incubated with a horseradish
peroxidase (HRP)-conjugated secondary antibody against mouse animal IgG (Tiangen) at
room temperature for 1 h and then subjected to enhanced chemiluminescence (ECL) kit
(Tiangen) incubation and exposed to X-ray films.

2.8. Luciferase Reporter Assay

The pGL3M-enhancer and p53-luc vectors were obtained from Tiangen (Beijing, China)
and used to assess luciferase activity. The pGL3-enhancer vector contains an SV40-enhancer
located downstream of luc+ and the poly A signal. It assisted in the verification of the
functional promoter elements. This is why the presence of an enhancer will frequently
result in the transcription of luc+ at higher levels. The p53-luc vector contained a p53
response element and a luciferase reporter gene at positions 32 nt~85 nt and 168 nt~1830 nt,
respectively. For the luciferase reporter assay, VMRC-LCD cells were grown in 24-well
plates and transfected with pcDNA3.1 and pcDNA3.1-H19, plus pGL3M-enhancer and p53-
luc vectors using lipofectamine 2000 (Invitrogen) for 24 h according to the manufacturer’s
instructions. Next, the total cellular protein was extracted using the RIPA buffer and
quantified. The total protein was then subjected to the luciferase reporter assay using a
luciferase dual assay kit from Promega (Madison, WI, USA) and the luciferase activity was
measured using a Promega Glomax machine. The data are presented as the mean =+ s.d. of
triplicate data.

2.9. Biotin-RNA Pull-Down-Western Blot Assay

A pcDNAS3.1-H19 plasmid was first linearized using Xhol enzyme, purified, and
transcribed in vitro using a Qiagen kit (Qiagen, Berlin, Germany) tagged with biotin. The
product of the transcribed RNA was purified using an H19A-clearTM kit (Ambion, Austin,
TX, USA) following the manufacturer’s protocol. For the biotin-RNA pulldown assay, the
gene-transfected LAC cells were lysed in radioimmunoprecipitation assay (RIRA) buffer
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containing 50 mM Tris, 1% Trition X-100 and 10% sodium dodecyl sulfate (SDS) on ice
for 15 min followed by centrifugation and quantification. Cells were then subjected to
Streptavidin bead pulldown (Aimeijie, Wuhan, China) for 1 h. Next, the protein samples
were incubated with 1 mg of the biotin-RNA probe for 1 h at room temperature and then
washed with phosphate-buffered saline (PBS) three times, boiled and subjected to a Western
blot analysis of the p53 protein.

2.10. Immunoprecipitation-Western Blot

Gene-transfected LAC cells were washed in 2 mL of ice-cold PBS, lysed in 500 uL of
the RIPA buffer on ice for 15 min and centrifuged at 10,000 rpm at 4 °C for 10 min, and
the supernatant was quantified. For the RNA binding protein immunoprecipitation assay
(RIP), the protein samples were incubated with 5 ug of the anti-p53 antibody for 2-16 h at
4 °C, during which time they were gently mixed. Next, the mixture was washed three times
with PBS. Through centrifugation, the mixture was suspended on PBS. The suspension was
incubated with 20 pL of protein A /G agarose (Thermo Scientific, Beijing, China) for 2 h at
4 °C, during which time it was gently mixed. The mixtures were then further washed with
PBS three times through centrifugation. The resulting samples were resuspended in 50 uL
of the SDS sample buffer, boiled and subjected to a Western blot analysis of the p53 level.
The input protein samples were used as a negative control.

2.11. Xenograft Tumor Model

Six-week-old BALB/c nude mice were supplied by the Shanghai Jiaotong University
Experiment Animal Center. The animal experiment program was in accordance with the
Guidelines for the Care and Experimentation of Laboratory Animals from Shanghai Jiao-
tong University, and all the rules depicted in this research were approved by the Animal
Care Committee of Shanghai Jiaotong University. ShH19 was acquired from Shanghai Tian-
gen Co., Ltd. (Shanghai, China). VMRC-LCD-shH19 xenografts were established (Shanghai
Jiao Tong University Animal Laboratory Center) by inoculating 1 x 107 cells (together
with 50% Matrigel, BD Biosciences) into the abdominal mammary fat pad. Thirty nude
mice suffering VMRC-LCD tumor xenografts were divided into three groups randomly:
control group (1), shH19 group (2) and shH19 + anti-p53 group (3). In the third group, we
applied the anti-p53 drug pifithrin(PFT) (2.2 mg/kg intraperitoneal injection) mixed with
shH19. The anesthetic method of nude mice is 1% pentobarbital sodium I.P,, and the dose
for 20-25 g nude mice is generally 0.3 mL. The volumes of the tumors were measured every
week. Nude mice were euthanized by pure carbon dioxide anesthesia.

2.12. Hematoxylin-Eosin (HE) Staining

The tumor tissues were paraffin-fixed and embedded in blocks of formalin-fixed tumor
specimens. They were then subjected to routine HE staining and observed through optical
microscopes. All the figures were obtained at a magnification of 400x.

2.13. Statistical Analysis

All statistical analyses used the SPSS 20.0 software (IBM, Armonk, NY, USA). The
significance of the differences between the two groups was evaluated using the Student’s
t-test or the X test, as appropriate. The Kaplan-Meier curve and the log rank test were
used to determine the overall survival stratified by the p53 expression. A two-sided
p-value < 0.05 was considered to be statistically significant.

3. Results
3.1. Up-Regulated Mtp53 Expression in LAC Tissues and Cell Lines Associated with Poor
Prognosis of LAC

Some preliminary results from TCGA data show that H19 and p53 have a certain
correlation with survival rate and expression level (Figure 1A,B). Moreover, in our previous
study, 100 NSCLC specimens were sequenced, in which 15 mutations occurred in codon
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175 [17]. We performed PCR on these 15 cases, and we found, compared with normal
lung tissues, mtp53 and H19 expression significantly increased, and the same result was
obtained in the LAC cell (VMRC-LCD VS BSAS2B) experiment (Figure 1C,D). We found
that mtp53 expression was elevated in both LAC tissues and cells with R175H mutation
(Figure 1C,D). Meanwhile, A549 cells were subjected to PCR to evaluate the expression
of wild-type p53 (Figure 1E). Additionally, in this cohort of patients with LAC, the total
5-year OS was 66%. At the last follow-up stage, 34 participants died. Among the patients
who died, 20 were in stage IV (OS, 25.9%), 8 were in stage III (OS, 66.7%), Swere in stage
II (OS, 78.2%), and 1 was in stage I NSCLC (OS, 96.2%) (Figure 1EG). R175H mutations
were significantly higher in men, smokers and advanced stages (Table 1). Notably, in our
study, we found that mtp53 (R175H) expression was up-regulated and associated with poor
prognosis in LAC, which was significantly different from other mutant sites (Figure 1EG).

3.2. H19 Induction of LAC Cell Viability and Colony Formation of LAC Cells

Next, we transiently transfected H19 cDNA into A549 and VMRC-LCD cell line and
performed a cell viability CCK-8 assay. We over-expressed H19 in A549 and VMRC-
LCD cells (Figure 2A), and the CCK8 assay revealed that H19 over-expression distinctly
accelerated the proliferation of A549 and VMRC-LCD cells (Figure 2B,C). The measured
H19 transfection efficiency was 58% = 5% (n = 10). Our data show that tumor cell viability
and colony formation were significant in A549 and VMRC-LCD cell lines in which H19
was overexpressed (p = 0.001; Figure 2D).
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Figure 2. Effects of H19 over-expression on the regulation of LAC cell viability and colony formation.
(A) H19 expression was significantly elevated after transfection with the vector in A549 and VMRC-
LCD cells. (B,C) CCK8 assays showed that H19 over-expression promoted A549 and VMRC-LCD
cell viability. (D) Colony formation assay results. The H19 cDNA-transfected A549 and VMRC-LCD
cells were grown and subjected to the colony formation assay. The experiments were in triplicate and
repeated at least three times. * (p < 0.05); ** (p < 0.01).

3.3. Over-Expression or Inhibition of H19 on p53 Protein Half-Life in LAC Cells

The underlying cause of the higher level of p53 expression in LAC cells than in normal
cells was analyzed through Western blotting analysis of the p53 protein (Figure 3A,B), after
A549 and VMRC-LCD were transfected with pcDNA3.1-H19. As shown in Figure 3C,D,
after the cells were treated with cycloheximide in different groups, the half-life of mtp53
was detected. We found that, compared toA549 cells, the half-life of p53 was prolonged in
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the over-expression of the H19 group in the VMRC-LCD cells, and if H19 was inhibited,
the half-life of p53 was shortened. This may indicate that the over-expression of H19
prevents the degradation of mutant p53 (Figure 3C,D). There was hardly any difference in
p53 levels between 1 h and 6 h time points for both the si-H19 and H19 conditions. This
may imply that the interaction time between p53 and H19 predominantly occurs within
one hour. A luciferase reporter assay was then performed using the H19 and p53-luc in
VMRC-LCD cells. The results showed that luciferase activity was dramatically higher in
the H19 group than in the pcDNA-3.1 group (p = 0.002; Figure 3E). Similarly, if H19 was
inhibited, the luciferase activity was lower in the si-H19 group than in the si-NC group
(p = 0.001; Figure 3E). In our study, the knockdown efficiency for H19 siRNA was 71.6%.
H19 over-expression can also significantly enhance the transcriptional activity of mtp53.
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Figure 3. Effects of H19 over-expression on the regulation of mtp53 expression and activity.
(A,B) Western blot results. NSCLC A549 and VMRC-LCD cells were grown and transiently trans-
fected with pc-DNA3.1-H19 and subjected to a Western blot analysis of p53 protein. Concentration
appears in the VMRC-LCD cells. (C,D) After transfection of si-H19 or pcDNA3.1-H19 in A549 and
VMRC-LCD cells, 100 ug/mL of cycloheximide was added before cell collection for 0h, 1 hand 6 h,
and protein samples were collected. Compared toA549 cells, the half-life of p53 was prolonged in the
over-expression of H19 in the VMRC-LCD cells. (E) Results of luciferase reporter assay. VMRC-LCD
cells were grown and transiently co-transfected with H19 and p53-luc and subjected to a luciferase

reporter assay. Luc-
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iferase activity was dramatically higher in the H19 group than in the pcDNA-3.1 group (p = 0.002).
Similarly, if H19 was inhibited, luciferase activity was lower in the si-H19 group than in the si-NC
group (p = 0.001) (F) After H19 was over-expressed the level of mtp53 was higher than the control group
(p = 0.02). After H19 was knocked down with siRNA-H19, the expression of mtp53 was lower than in
the control group (p = 0.024). * (p < 0.05); ** (p < 0.01). The uncropped blots are shown in Figure S1.

3.4. H19 Interaction with Mtp53 in LAC Cells

To explore the interaction between H19 and mtp53, H19 was overexpressed in VMRC-
LCD cells, and the level of mtp53 was assessed after that. The results revealed the mtp53 ex-
pression level was higher in H19-transfected cells than in the vector-only control group and
was lower after H19 was knocked down (Figure 3F). For the further biotin-RNA pulldown
test, a negative pair of radiator pcDNA3.1-GAPDH was constructed first. The pcDNA3.1-
H19 and pcDNA3.1-GAPDH plasmids were linearized and purified, respectively. During
in vitro transcription, the RNA was labeled with biotin—UTP, and the RNA-interacting
proteins were obtained by virtue of the strong affinity and binding force between biotins
and chain avidins. As shown in Figure 4A, in VMRC-LCD cells, H19 RNA can enrich the
P53 protein. To exclude the possibility that the intracellular p53 protein complex interacts
with H19, we performed in vitro experiments in which purified p53-GST was incubated
with an H19 cRNA probe tagged with biotin, which still showed that H19 can also enrich
free p53 protein (Figure 4A). However, we did not find that H19 was enriched for p53
protein in A549 cells (Figure 4B); that is, H19 was enriched only for mutant p53 (R175H) but
not wild-type. We found that H19 was able to pulldown the p53 protein. The above results
are the interaction between the H19 and p53 detected in vitro. Moreover, we performed an
immunoprecipitation assay on VMRC-LCD cells, which showed that mtp53 could bind to
H19 (Figure 4C). Negative results occurred in the A549 cell group (Figure 4D). After that,
gqRT-PCR analysis of the level of H19 in these samples revealed that the level of H19 was
higher in VMRC-LCD cells than in the control (Figure 4E). However, no increase in H19
expression was observed in the A549 cell group (Figure 4F). The above results confirmed
that H19 can indeed directly interact with p53.
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Figure 4. Interaction between H19 andmtp53 proteins. (A) In vitro pulldown assay to test if IncRNA
H19 and mtp53 R175H interact with each other. VMRC-LCD cells were grown and transiently trans-
fected with H19 for 48 h and then subjected to an RNA pulldown assay with an H19 cRNA probe and
a Western blot analysis of the mtp53 protein. The H19 over-expression group showed concentration,
suggesting that H19 binds to mtp53 (R175H). It was purified (GST) but still concentrated. (B) In vitro
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control group

pulldown assay to test if IncRNA H19 and wild-type p53 interact with each other. A549 cells were
grown and transiently transfected with H19 for 48 h and then subjected to an RNA pulldown assay
with an H19 cRNA probe and a Western blot analysis of the p53 protein. Compared with the
input, the concentration of the H19 over-expression group was decreased, indicating that H19 did
not bind to wt-p53. After purification, there was still no concentration. (C,D) LncRNA H19 RNA
immunoprecipitation was followed by Western blot to better show, H19 and mtp53 R175H interacted
with each other. VMRC-LCD cells and A549 cells with p53 were grown and subjected to protein
extraction and immunoprecipitation with an anti-p53 antibody and Western blot with a mouse IgG
antibody to identify the protein—protein interaction. The results showed that mtp53 could enrich H19
and wild-type p53 does not bind to H19. (E,F) After the endogenous p53 protein and RNA complex
were obtained and the RNA was extracted, qRT-PCR was used to detect the enrichment of H19 in
the VMRC-LCD cells and A549 cells. The level of H19 was higher in the VMRC-LCD cells than in
the control, and no increase in H19 expression was observed in the A549 cell group. * (p < 0.05);
** (p < 0.01). The uncropped blots are shown in Figure S1.

3.5. ShH19 and Anti-p53 Inhibited Tumor Growth of Lung Cancer In Vivo

Thirty nude mice bearing VMRC-LCD tumor xenografts were generally randomly
divided into three groups: control group, shH19 group and shH19 + anti-p53 group.
Compared with the control group, the tumor growth inhibition was most obvious in the
shH19 + anti-p53 group, followed by the shH19 group (Figure 5A). That is to say, the
shH19 + anti-p53 combination had the most significant tumor inhibition effect. In addition,
HE staining was performed after the mice were sacrificed. The tumor cells of the xenograft
dramatically decreased in mice that received shH19+ anti-p53 in vivo compared to the
control group (Figure 5B). Moreover, the PCR result showed the p53 expression was lower
in the shH19 group than in the control group (Figure 5C), and the H19 expression was lower
in the shH19 group and the shH19 + anti-group compared to the control group (Figure 5D).

@ control group
1.5
shH19 group
c
S ® shH19+anti-ps3 group
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Figure 5. Animal experiments in vivo. (A) The tumor growth inhibition was most obvious in the
shH19 + anti-p53 group, followed by the shH19 + anti-p53 group. (B) We chose two mice from each
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group as representatives, from left to right. The results of HE staining showed that, compared with
the control group, the shH19 group began to show obvious tumor cell necrosis and fibrosis (black
circles), which was more obvious in the shH19 + anti-p53 group. (C) The p53 expression was lower in
the shH19 group than that in the control group (p = 0.02 and p = 0.001, respectively). (D) The H19
expression was lower in the shH19 group and shH19 + anti-group compared to the control group
(p=0.001). * (p < 0.05); ** (p < 0.01).

4. Discussion

Non-coding RNAs are a class of RNA molecules that lack the ability to be translated
into proteins [19]. According to the length (bp) of non-coding RNAs, they can generally be
divided into several groups [20]: miRNAs, piwi-interacting RNAs (piRNAs), and IncRNAs.
The expression of H19 in IncRNA is altered in various cancer types [21-25]. The correlation
between H19 over-expression and lung cancer was reported in our previous studies [4].
Furthermore, wild-type p53 is the most important and well-studied tumor suppressor
gene [26,27]. P53 is frequently mutated in lung cancer, and in our previous study, 93 of the
100 patients had p53 mutations, including 15 R175H [13-15,17]. In this study, we found that
p53 was highly expressed in patients with R175H mutations and associated with poor LAC
prognosis. Mtp53 R175H expression was associated with advanced clinicopathological
features in LAC, such as an advanced NSCLC clinical stage, tobacco smoking and being
male, which may be due to men smoking more. These data further confirm the findings of
previous studies [7,28]. It has been confirmed that tobacco smoke can lead to the mutation of
P53 [29], and one in seven cancer cases is caused by tobacco smoke [30]. The poor prognosis
of the patients with a high expression of mtp53 was mainly due to the induction of the p53
mutation caused by the high expression of H19, and we clearly saw that wild-type p53 and
other mutations were not for this. Therefore, we believe that the over-expression of H19 is
an important cause of p53 mutations, resulting in some oncogene effects.

In this study, after the transfection of H19 into VMRC-LCD cells, cell proliferation and
cell activity significantly increased, and cell colony formation was more intensive. The
same results were obtained in both wild-type and mutant p53 lung cancer cell lines, which
also indicated that the high expression of H19 can induce mutation inp53. In addition, we
found that the expression of mtp53 was significantly increased after H19 over-expression
and decreased after H19 inhibition. Therefore, it is clear that H19 has a close interaction
with mutant p53.

Next, we explored the mechanism of action between H19 and mtp53. VMRC-LCD is
the mtp53 R175H NSCLC cell line, which was our main research object. To date, there have
been many studies investigating the role of p53 in the regulation of and interaction with
other genes in lung cancer [13-15]. However, those were studies on H19 and wild-type
p53, while our study focused on mtp53 R175H, which is the most common mutation site in
lung cancer, revealing a poor prognosis for lung cancer and having a strong translational
oncology value. In this study, we revealed an interesting and strong correlation between
the status of the mtp53 gene and H19 RNA-induced expression. Up-regulations of H19 may
combine and induce p53 mutations or participate in important mutation-induced regulation.
Moreover, we found that the expression level of p53 was higher in H19-overexpressing
A549 and VMRC-LCD cells. The high expression of H19 may induce the mutation of
wild-type p53 to mutant p53. This work could lead to the development of novel therapeutic
treatments for lung cancer.

The half-life of the wild-type p53 protein is awfully short, and some p53 mutations
result in an increase in the half-life of p53 protein in cells; thus, detectable levels of p53
protein in cells or tissues usually represent mutant p53 (mt-p53) [31,32]. Indeed, our current
study revealed that there are two possible causes of H19 over-expression-induced p53
expression: first, H19 induced p53 gene transcription and, second, an extension in the
p53 protein half-life. The results showed that H19 both enhanced transcriptional activity
and altered mtp53 protein degradation to extend the half-life, which is supported by our
Western blotting data (Figure 3A-D). No increase in the p53 protein level was observed in
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H19 cDNA-transfected VMRC-LCD cells that were treated with cycloheximide to block
protein translation. This indicates that the over-expressed of H19 interacts with mtp53 by
prolonging its half-life rather than increasing p53 transcription, but this was negative on
the A549 cells (wt-p53). This proves that H19 can interact with mutant p53 (R175H). The
elucidation of this mechanism is beneficial to the treatment of LAC; that is, anti-p53 must
be combined with anti-H19, which was confirmed in our subsequent animal experiments.

Previous studies have shown that IncRNAs mainly interact via proteins, such as the
TATA-binding protein (TBP), to form an RNA—protein complex and, in turn, to change the
structure and activity of the protein to control the biological functions in cells [33]. The TBP
is thus a link between RNA and other proteins [34]. MtP53 protein is an important TBP.
In our current study, our ex vivo data demonstrated that both p53 and H19 expressions
were higher in LAC tissues and cells than in control cells and that mtp53 expression was
associated with the H19 levels. In addition, we performed in vitro experiments in which
H19 cRNA tagged with biotin was transcribed as a probe to pulldown H19-binding proteins
and then performed a Western blot analysis of the p53 level and found that H19 did bind
to the mtp53 protein in native or H19-transfected LAC cells (VMRC-LCD).However, this
result was not seen in A549 cells. Moreover, we also immunoprecipitated the p53 protein
using a p53 antibody and then performed qRT-PCR to identify H19 in the p53 protein
complex. This further indicates that H19 binds to the mtp53 protein in LAC, and they could
be combined together. However, we could not repeat the positive results in A549 (wt-p53)
cells (Figure 4B,D,F). H19 does not have such strong links to wild-type p53 due to specific
mutations in p53. In addition, H19 can not only bind to mutant p53 but also regulate the
expression of mtP53 by enhancing its transcriptional activity and prolonging its half-life. By
binding with p53 protein, the H19-mtp53 protein complex forms, which affects the function
of the p53 protein, thus regulating downstream genes and the biological behavior of tumors.
Similarly, in animal experiments, we found that shH19 expression can inhibit tumor growth,
but anti-p53 + shH19 had a stronger inhibitory effect. Therefore, the simultaneous inhibition
of H19 and P53 may have important value in the treatment of lung cancer.

5. Conclusions

In summary, our current study reveals the interaction between H19 and mtp53 in
LAC carcinogenesis and development. It demonstrated that H19 over-expression may
induce the elevated expression of mutant p53 and interact with mtp53, which extends the
half-life and enhances transcriptional activity, leading to LAC progression. In addition,
the high expression of mtp53 R175H is associated with poor overall survival inpatients.
The simultaneous inhibition of H19 and p53 may provide a novel strategy for the effective
control of LAC clinically.
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for Figures 3 and 4.

Author Contributions: Conceptualization, Y.Z.; methodology, Y.Z.; software, Y.Z.; validation, Y.Z.
and Q.X,; formal analysis, Y.Z.; investigation, Y.Z.; resources, Y.Z. and Q.X; data curation, Y.Z. and
Q.X.; writing—original draft preparation, Y.Z.; writing—review and editing, Y.Z.; visualization, Y.Z.
and Q.X.; supervision, Y.Z. and Q.X.; project administration, Y.Z. and Q.X.; funding acquisition, Y.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (81902310).

Institutional Review Board Statement: The study was approved by the Research Ethics Committee
of Shanghai Jiaotong University (Shanghai, China) and the Fudan University Shanghai Cancer
Center. All animals were kept according to standard laboratory protocols. The animal experiment
program use was in compliance with the Guidelines for the Care and Use of Laboratory Animals from
Shanghai Jiaotong University, and all experimental rules described in this research were approved by
the Animal Care Committee of Shanghai Jiaotong University.


https://www.mdpi.com/article/10.3390/cancers14184486/s1
https://www.mdpi.com/article/10.3390/cancers14184486/s1

Cancers 2022, 14, 4486 13 of 14

Informed Consent Statement: Written informed consent was obtained from the patients to publish
this paper.

Data Availability Statement: The data used to support the findings of this study are available from
corresponding authors upon request.

Acknowledgments: We thank Hui Shen for advice on this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

Su, W,; Feng, S.; Chen, X.; Yang, X.; Mao, R.; Guo, C.; Wang, Z.; Thomas, D.G.; Lin, J.; Reddy, R-M,; et al. Silencing of Long
Noncoding RNA MIR22HG Triggers Cell Survival /Death Signaling via Oncogenes YBX1, MET, and p21 in Lung Cancer. Cancer
Res. 2018, 78, 3207-3219. [CrossRef] [PubMed]

Dinger, M.E.; Amaral, P.P; Mercer, T.R,; Pang, K.C.; Bruce, S.J.; Gardiner, B.B.; Askarian-Amiri, M.E.; Ru, K,; Solda, G,;
Simons, C.; et al. Long noncoding RNAs in mouse embryonic stem cell pluripotency and differentiation. Genome Res. 2008, 18,
1433-1445. [CrossRef] [PubMed]

Mercer, T.R.; Dinger, M.E.; Mattick, J.S. Long non-coding RNAs: Insights into functions. Nat. Rev. Genet. 2009, 10, 155-159.
[CrossRef] [PubMed]

Ng, S.Y.; Lin, L.; Soh, B.S.; Stanton, L.W. Long noncoding RNAs in development and disease of the central nervous system. Trends
Genet. 2013, 29, 461-468. [CrossRef] [PubMed]

Liang, H.; Yu, T,; Han, Y,; Jiang, H.; Wang, C.; You, T.; Zhao, X.; Shan, H.; Yang, R.; Yang, L.; et al. LncRNA PTAR Promotes EMT
and Invasion-Metastasis in Serous Ovarian Cancer by Competitively Binding miR-101-3p to Regulate ZEB1 Expression. Mol.
Cancer 2018, 17, 119. [CrossRef]

Qiu, M.T,; Hu, J.W,; Yin, R.; Xu, L. Long noncoding RNA: An emerging paradigm of cancer research. Tumour Biol. ]. Int. Soc.
Oncodev. Biol. Med. 2013, 34, 613-620. [CrossRef]

Zhou, Y,; Sheng, B.; Xia, Q.; Guan, X.; Zhang, Y. Association of long non-coding RNA H19 and microRNA-21 expression with the
biological features and prognosis of non-small cell lung cancer. Cancer Gene Ther. 2017, 24, 317-324. [CrossRef]

Okazaki, Y.; Furuno, M.; Kasukawa, T.; Adachi, J.; Bono, H.; Kondo, S.; Nikaido, N.; Osato, N.; Saito, R.; Suzuki, H.; et al. Analysis
of the mouse transcriptome based on functional annotation of 60,770 full-length cDNAs. Nature 2002, 420, 563-573.

Ji, P; Diederichs, S.; Wang, W.; Boing, S.; Metzger, R.; Schneider, PM.; Tidow, N.; Brandt, B.; Buerger, H.; Bulk, E.; et al. MALAT-1,
a novel noncoding RNA, and thymosin beta4 predict metastasis and survival in early-stage non-small cell lung cancer. Oncogene
2003, 22, 8031-8041. [CrossRef]

Shi, X.; Sun, M,; Liu, H.; Yao, Y.; Song, Y. Long non-coding RNAs: A new frontier in the study of human diseases. Cancer Lett.
2013, 339, 159-166. [CrossRef]

Zhang, L.; Zhou, Y.; Huang, T.; Cheng, A.S.; Yu, J.; Kang, W.; To, K.F. The Interplay of LncRNA-H19 and Its Binding Partners in
Physiological Process and Gastric Carcinogenesis. Int. J. Mol. Sci. 2017, 18, 450. [CrossRef] [PubMed]

Ginger, M.R; Shore, A.N.; Contreras, A.; Rijnkels, M.; Miller, J.; Gonzalez-Rimbau, M.E,; Rosen, ].M. Anoncoding RNAis a
potential marker of cell fate during mammary gland development. Proc. Natl. Acad. Sci. USA 2006, 103, 5781-5786. [CrossRef]
[PubMed]

Till, J.E.; Yoon, C.; Kim, B.J.; Roby, K.; Addai, P; Jonokuchi, E.; Tang, L.H.; Yoon, S.S.; Ryeom, S. Oncogenic KRAS and p53
Loss Drive Gastric Tumorigenesis in Mice That Can Be Attenuated by E-Cadherin Expression. Cancer Res. 2017, 77, 5349-5359.
[CrossRef] [PubMed]

Duffy, M.].; Synnott, N.C.; Crown, J. Mutant p53 as a target for cancer treatment. Eur. J. Cancer 2017, 83, 258-265. [CrossRef]
Murlidhar, V,; Reddy, R M.; Fouladdel, S.; Zhao, L.; Ishikawa, M.K.; Grabauskiene, S.; Zhang, Z.; Lin, J.; Chang, A.C.; Carrott, P; et al.
Poor Prognosis Indicated by Venous Circulating Tumor Cell Clusters in Early-Stage Lung Cancers. Cancer Res. 2017, 77, 5194-5206.
[CrossRef] [PubMed]

Denissenko, M.F; Pao, A.; Tang, M.; Pfeifer, G.P. Preferential formation of benzo[a]pyrene adducts at lung cancer mutational
hotspots in P53. Science 1996, 274, 430-432. [CrossRef]

Zhou, Y; Guo, D.; Zhang, Y. Association of microRNA-21 with p53 at mutant sites R175H and R248Q), clinicopathological features,
and prognosis of non-small cell lung cancer. Mol. Ther. Oncolytics 2020, 9, 208-217. [CrossRef]

Adelman, K.; Egan, E. Non-coding RNA: More uses for genomic junk. Nature 2017, 543, 183-185. [CrossRef]

Zhou, R.; Chen, K.K,; Zhang, ].; Xiao, B.; Huang, Z; Ju, C.; Sun, J.; Zhang, F; Lv, X.-B.; Huang, G. The Decade of Exosomal Long
RNA Species: An Emerging Cancer Antagonist. Mol. Cancer 2018, 17, 75. [CrossRef]

Puglisi, M.; Dolly, S.; Faria, A.; Myerson, J.S.; Popat, S.; O'Brien, M.E. Treatment options for small cell lung cancer-do we have
more choice? Br. J. Cancer 2010, 102, 629-638. [CrossRef]

Ghaedi, H.; Mozaffari, M.A.N,; Salehi, Z.; Ghasemi, H.; Zadian, S.S.; Alipoor, S.; Hadianpour, S.; Alipoor, B. Co-expression
profiling of plasma miRNAs and long noncoding RNAs in gastric cancer patients. Gene 2019, 687, 135-142. [CrossRef] [PubMed]
Nagano, T.; Fraser, P. No-nonsense functions for long noncoding RNAs. Cell 2011, 145, 178-181. [CrossRef] [PubMed]


http://doi.org/10.1158/0008-5472.CAN-18-0222
http://www.ncbi.nlm.nih.gov/pubmed/29669758
http://doi.org/10.1101/gr.078378.108
http://www.ncbi.nlm.nih.gov/pubmed/18562676
http://doi.org/10.1038/nrg2521
http://www.ncbi.nlm.nih.gov/pubmed/19188922
http://doi.org/10.1016/j.tig.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23562612
http://doi.org/10.1186/s12943-018-0870-5
http://doi.org/10.1007/s13277-013-0658-6
http://doi.org/10.1038/cgt.2017.20
http://doi.org/10.1038/sj.onc.1206928
http://doi.org/10.1016/j.canlet.2013.06.013
http://doi.org/10.3390/ijms18020450
http://www.ncbi.nlm.nih.gov/pubmed/28230721
http://doi.org/10.1073/pnas.0600745103
http://www.ncbi.nlm.nih.gov/pubmed/16574773
http://doi.org/10.1158/0008-5472.CAN-17-0061
http://www.ncbi.nlm.nih.gov/pubmed/28760854
http://doi.org/10.1016/j.ejca.2017.06.023
http://doi.org/10.1158/0008-5472.CAN-16-2072
http://www.ncbi.nlm.nih.gov/pubmed/28716896
http://doi.org/10.1126/science.274.5286.430
http://doi.org/10.1016/j.omto.2020.10.005
http://doi.org/10.1038/543183a
http://doi.org/10.1186/s12943-018-0823-z
http://doi.org/10.1038/sj.bjc.6605527
http://doi.org/10.1016/j.gene.2018.11.034
http://www.ncbi.nlm.nih.gov/pubmed/30447342
http://doi.org/10.1016/j.cell.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21496640

Cancers 2022, 14, 4486 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Park, J.Y,; Lee, J.E.; Park, ].B.; Yoo, H.; Lee, S.H.; Kim, ].H. Roles of long noncoding RNAs on tumorigenesis and glioma
development. Brain Tumor Res. Treat. 2014, 2, 1-6. [CrossRef] [PubMed]

Ling, H.; Fabbri, M,; Calin, G.A. MicroRNAs and other non-coding RNAs as targets for anticancer drug development. Nat. Rev.
Drug Discov. 2013, 12, 847-865. [CrossRef] [PubMed]

Ponjavic, J.; Ponting, C.P; Lunter, G. Functionality or transcriptional noise? Evidence for selection within long noncoding RNAs.
Genome Res. 2007, 17, 556-565. [CrossRef]

Lu, X.; Fang, Y.; Wang, Z,; Xie, J.; Zhan, Q.; Deng, X.; Chen, H.; Jin, ].; Peng, C.; Li, H.; et al. Downregulation of gas5 increases
pancreatic cancer cell proliferation by regulating CDK®6. Cell Tissue Res. 2013, 354, 891-896. [CrossRef]

Tang, Y.; Simoneau, A.R;; Xie, J.; Shahandeh, B.; Zi, X. Effects of the kava chalcone flavokawain A differ in bladder cancer cells
with wild-type versus mutant p53. Cancer Prev. Res. (Phila.) 2008, 1, 439-451. [CrossRef]

Kerr, EM.; Gaude, E.; Turrell, EK.; Frezza, C.; Martins, C.P. Mutant Kras copy number defines metabolic reprogramming and
therapeutic susceptibilities. Nature 2016, 531, 110-113. [CrossRef]

Tiwari, N.; Marudamuthu, A.S.; Tsukasaki, Y.; Ikebe, M.; Fu, J.; Shetty, S. p53- and PAI-1-mediated induction of C-X-C chemokines
and CXCR2: Importance in pulmonary inflammation due to cigarette smoke exposure. Am. J. Physiol. Lung Cell. Mol. Physiol.
2016, 310, L496-1506. [CrossRef]

Parkin, D.M.; Pisani, P; Lopez, A.D.; Masuyer, E. At least one in seven cases of cancer is caused by smoking. Global estimates for
1985. Int. J. Cancer 1994, 59, 494-504. [CrossRef]

Merkel, O.; Taylor, N.; Prutsch, N.; Staber, P.B.; Moriggl, R.; Turner, S.D.; Kenner, L. When the guardian sleeps: Reactivation of the
P53 pathway in cancer. Mutat. Res. Rev. Mutat. Res. 2017, 773, 1-13. [CrossRef] [PubMed]

Hill, S.T,; Kuintzle, R.; Teegarden, A.; Merrill, E.; Danaee, P.; Hendrix, D.A. A deep recurrent neural network discovers complex
biological rules to decipher RNA protein-coding potential. Nucleic Acids Res. 2018, 46, 8105-8113. [CrossRef] [PubMed]
Filarsky, M.; Zillner, K.; Araya, L.; Villar-Garea, A.; Merkl, R.; Langst, G.; Németh, A. The extended AT-hook is a novel RNA
binding motif. RNA Biol. 2015, 12, 864-876. [CrossRef] [PubMed]

Rami-Porta, R.; Bolejack, V.; Crowley, J.; Ball, D.; Kim, J.; Lyons, G.; Rice, T.; Suzuki, K.; Thomas, C.F,, Jr.; Travis, W.D.; et al. The
IASLC Lung Cancer Staging Project: Proposals for the Revisions of the T Descriptors in the Forthcoming Eighth Edition of the
TNM Classification for Lung Cancer. J. Thorac. Oncol. 2015, 10, 990-1003. [CrossRef] [PubMed]


http://doi.org/10.14791/btrt.2014.2.1.1
http://www.ncbi.nlm.nih.gov/pubmed/24926466
http://doi.org/10.1038/nrd4140
http://www.ncbi.nlm.nih.gov/pubmed/24172333
http://doi.org/10.1101/gr.6036807
http://doi.org/10.1007/s00441-013-1711-x
http://doi.org/10.1158/1940-6207.CAPR-08-0165
http://doi.org/10.1038/nature16967
http://doi.org/10.1152/ajplung.00290.2015
http://doi.org/10.1002/ijc.2910590411
http://doi.org/10.1016/j.mrrev.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28927521
http://doi.org/10.1093/nar/gky567
http://www.ncbi.nlm.nih.gov/pubmed/29986088
http://doi.org/10.1080/15476286.2015.1060394
http://www.ncbi.nlm.nih.gov/pubmed/26156556
http://doi.org/10.1097/JTO.0000000000000559
http://www.ncbi.nlm.nih.gov/pubmed/26134221

	Introduction 
	Materials and Methods 
	Tissue Specimens 
	Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR) 
	Cell Culture 
	H19 siRNA, Construction of H19 Expression Vector, and Cell Transfection 
	Cell Viability Assay 
	Colony Formation Assay 
	Western Blot Analysis of p53 Protein Half-Life 
	Luciferase Reporter Assay 
	Biotin-RNA Pull-Down-Western Blot Assay 
	Immunoprecipitation-Western Blot 
	Xenograft Tumor Model 
	Hematoxylin-Eosin (HE) Staining 
	Statistical Analysis 

	Results 
	Up-Regulated Mtp53 Expression in LAC Tissues and Cell Lines Associated with Poor Prognosis of LAC 
	H19 Induction of LAC Cell Viability and Colony Formation of LAC Cells 
	Over-Expression or Inhibition of H19 on p53 Protein Half-Life in LAC Cells 
	H19 Interaction with Mtp53 in LAC Cells 
	ShH19 and Anti-p53 Inhibited Tumor Growth of Lung Cancer In Vivo 

	Discussion 
	Conclusions 
	References

