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PPP1R14D promotes the proliferation, migration
and invasion of lung adenocarcinoma via the
PKCo/BRAF/MEK/ERK signaling pathway
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Abstract. Protein phosphatase 1 (PP1) inhibitors play a role
in tumor progression through different mechanisms. Protein
phosphatase 1 regulatory subunit 14D (PPP1R14D) is an
inhibitor of PP1. However, the role of PPP1R14D in tumors and
its mechanism of action are largely unknown. The purpose of
the present study was to investigate the expression, function and
mechanism of PPPIR14D in lung adenocarcinoma (LUAD). In
the present study, GEPIA database analysis and immunohisto-
chemistry demonstrated that PPP1R14D was highly expressed
in LUAD tissues and that the expression of PPP1R14D in LUAD
was negatively correlated with the age of patients and positively
correlated with the 8th American Joint Committee on Cancer
staging among patients. In addition, Kaplan-Meier Plotter data-
base analysis showed that PPP1R 14D expression was associated
with lower survival rates in patients with LUAD. PPP1R14D
knockdown significantly inhibited LUAD cell proliferation,
migration and invasion and induced LUAD cell arrest at the
G1 phase of the cell cycle. Mechanistic analyses revealed that
PPP1R 14D knockdown may inhibit cell proliferation, migration
and invasion by inactivating PKCa/BRAF/MEK/ERK pathway
signaling and its downstream key proteins c-Myc/Cyclin
E1-CDK2 and MMP2/MMP9/Vimentin. Moreover, knock-
down of PPP1R 14D suppressed tumor growth in vivo. All these
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results showed that PPP1R14D plays an important role in LUAD
tumorigenesis and may serve as a potential prognostic factor
and therapeutic target in LUAD.

Introduction

Lung cancer is the second most common cancer in the world,
with an incidence of 11.4%, which is only lower than that of
female breast cancer. In addition, lung cancer has the highest
mortality rate among all cancers, reaching 18% (1). Non-small
cell carcinoma (NSCLC) accounts for 85% of all lung cancer
cases, and lung adenocarcinoma (LUAD) is the most common
NSCLC subtype, with an incidence of more than 40% (2).
Most LUAD patients are diagnosed at an advanced stage,
and the 5-year survival rate with conventional radiation and
chemotherapy is only ~5% (3). In recent years, patients have
benefited from immunotherapy and targeted therapy, but the
5-year survival rate for LUAD remains less than 20% (4).

For immunotherapy, an immune checkpoint inhibitor (ICI)
represented by a programmed death-1 (PD-1)/programmed
death ligand-1 (PD-L1) inhibitor only causes long-term
remission in 20-30% of patients, followed by an easy induc-
tion of immune-related adverse events (5). All these factors
restrict the clinical application of ICIs. Targeted therapies
offer patients another hope. Genetic alterations play a key
role in the development, progression and prognosis of LUAD,
leading to uncontrolled growth and metastasis of LUAD (6).
LUAD-related target genes, including EGFR, ALK, RET and
ROS1, have been reported, and the treatment of these targets in
LUAD has also received increasing attention with promising
clinical results (4,7). However, due to the limitation of targeting
and resistance to targeted drugs, the overall prognosis of
patients with LUAD remains poor (4,8). Therefore, it is neces-
sary to further explore the core regulatory targets involved in
the development of LUAD and their potential mechanisms.

Theextracellularsignal-regulated kinase/mitogen-activated
protein kinase (ERK/MAPK) signaling pathway is activated
in numerous cancers, including lung cancer, and is involved
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in regulating the proliferation, survival, invasion, apoptosis
and drug resistance of cancer cells (9-11). In addition to being
overactivated by RAS proteins, the ERK/MAPK signaling
pathway is also overactivated by the o subtype of protein
kinase C (PKCo) in cancer (12-14). Currently, RAF and MEK
inhibitors targeting the ERK/MAPK signaling pathway only
improve a small number of clinical outcomes of patients (12).
However, the development of inhibitors of the upstream
activating proteins of the ERK/MAPK signaling pathway
has been challenging, such as the KRAS target, which has
not been available for the past four decades (15). Therefore,
it is necessary to identify which oncogenes are involved in
the regulation of the ERK/MAPK pathway or its upstream
activating proteins.

Protein phosphatase 1 regulatory subunit 14D (PPP1R14D)
is normally widely expressed in the brain and intestine.
The protein encoded by PPP1R14D not only determines the
substrate specificity of protein phosphatase 1 (PP1), but is
also activated by PKC phosphorylation to become an effec-
tive inhibitor of protein phosphatase (16,17). PP1, one of the
most important Ser/Thr protein phosphatases in eukaryotic
cells, is involved in numerous cellular physiological processes,
including cell division and cancer development, through
dephosphorylation by shedding phosphate groups on Ser/Thr
residues. Recent studies have shown that PPP1R14D may play
a carcinogenic role in tumors. Zhang et al (18) considered that
proto-oncogenes can be activated through hypomethylation,
and they demonstrated that PPP1R14D is hypomethylated in
pancreatic cancer. Dang et al (19) suggested that uncontrolled
cutting of cell surface and extracellular proteins by metallo-
proteinase will lead to tumor progression, and PPP1R14D is
necessary to induce metalloproteinase ADAM17 to cut onco-
genic TGF-a. However, the role of PPP1R14D in lung cancer
and its underlying mechanisms are poorly understood.

In the present study, it was demonstrated that PPP1R14D
is highly expressed in LUAD and that PPP1R14D may
promote the proliferation, migration and invasion of LUAD
by activating the PKCa/BRAF/MEK/ERK signaling pathway,
thereby contributing to the poor prognosis of LUAD.

Materials and methods

GEPIA analysis. GEPIA (http://gepia.cancer-pku.cn/), an
online database including LUAD (T=483; N=347) and lung
squamous cell carcinoma (LUSC) (T=486; N=338) mRNA
expression data from The Cancer Genome Atlas (TCGA)
database and Genotype Tissue Expression (GTEXx) projects,
was used to analyze PPP1R14D expression between tumor and
normal samples (unpaired date from different patients). This
tool uses normalized mRNA levels as transcripts per million
(TPM) and unpaired Student's t-test. P<0.05 was considered to
indicate a statistically significant difference.

Survival analysis. Kaplan-Meier plotter (www.kmplot.com),
an online database including gene expression data and clinical
data, was used to calculate the survival time in LUAD and
LUSC patients with PPP1R14D in each dataset. The survival
probability, including overall survival (OS) and progres-
sion-free survival (PFS) time, was evaluated for patients with
high or low mRNA expression levels of PPP1R14D, based

on the best group separation. The log-rank test was used and
P<0.05 was considered to indicate a statistically significant
difference.

Tissue specimens. A total of 128 patients who underwent
pulmonary adenocarcinoma resection in the Third Affiliated
Hospital of Kunming Medical University from December
2008 to June 2016 were included in the study. None of the
patients received preoperative radiotherapy, chemotherapy or
other related antitumor therapy. LUAD tissue and matched
normal lung tissue obtained during surgery were fixed with
10% neutral formalin for 24 h at room temperature and
embedded in paraffin for 3 h at 60°C. The clinicopathological
characteristics of the patients are summarized in Table I,
and the clinical stage of the patients was defined according
to the criteria of the American Joint Committee on Cancer
(AJCC 8th staging system). The present study was approved
(approval no. KYLX2022075) by the Ethics Committee of
the Third Affiliated Hospital of Kunming Medical University
(Kunming, China) Written informed consent was provided by
all patients participating in the present study.

Hematoxylin and eosin (H&E) staining. HE staining was used
to evaluate histomorphology. After incubation at 60°C for 3 h,
paraffin-embedded tissue sections of 4~5 ym were dewaxed in
xylene, and then the sections were placed successively in high
to low concentrations of alcohol to hydrate the tissues. After
staining the tissues with hematoxylin (cat. no. C0107; Beyotime
Institute of Biotechnology) for 7 min at room temperature and
eosin (cat. no. C0109; Beyotime Institute of Biotechnology) for
4 min at room temperature, the slices were dehydrated in an
alcohol series from low to high concentrations, and then the
tissues were cleared with xylene. After air drying, the slices
were sealed with neutral gum, observed and photographed
under a fluorescent microscope (cat. no. DMI4000B; Leica
Microsystems GmbH).

Immunohistochemistry (IHC). IHC was used to analyze the
expression of PPP1R14D protein in tissues. After baking
at 60°C for 3 h, the paraffin-embedded tissue sections were
dewaxed in xylene and then hydrated with gradient alcohol.
Tissue sections were placed in a solution of sodium citrate at
pH 6.0, followed by high-pressure heat to repair the antigens.
Endogenous peroxidase was removed by 3% H,0O, After
sealing the non-specific binding site with 10% goat serum
(cat. no. SP KIT-B3; MXB Biotechnologies, Inc.) for 30 min
at room temperature, the primary PPP1R14D antibody (cat.
no. HPA041846; Atlas Antibodies) was diluted with PBS at
1:200, and the tissue was incubated in the diluted antibody at
4°C overnight. HRP-labeled secondary antibody working solu-
tion (Envision; cat. no. K5007; Dako; Agilent Technologies,
Inc,). was incubated with the tissues at 37°C for 30 min, and
then 3,3-diaminobenzidine was used for color rendering
(DAB; cat. no. K5007; Dako; Agilent Technologies, Inc,).
Finally, the tissue was redyed with hematoxylin for 1 min,
differentiated with 1% hydrochloric acid ethanol for 5 sec,
blued with water for 30 min, dehydrated with gradient alcohol,
dried transparently with xylene and sealed with neutral adhe-
sive. Scans were performed using a fluorescent microscope
(cat. no. DMI4000B). IHC scores were calculated based on
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Table I. Clinicopathological characteristics of Spatients with
lung adenocarcinoma were obtained (n=128).

Clinicopathological characteristic Number (%)
Sex

Male 66 (51.6)

Female 62 (484)
Age range, years 27-78
Mean age, years) 55
Age, years

<60 90 (70.3)

>60 38 (29.7)
Smoking history

Yes 44 (34.4)

No 84 (65.6)
T stage®

T1 60 (46.9)

T2 55 (43.0)

T3 10 (7.8)

T4 3(2.3)
N classification®

NO 100 (78.1)

N1 3(2.35)

N2 22 (17.2)

N3 3(2.35)
AJCC grading®

I 81 (63.3)

I 20 (15.6)

I 27 (21.1)

*American Joint Committee on Cancer (AJCC 8th stage system).

the intensity and extent of staining observed under the micro-
scope and determined independently by two pathologists who
did not know the characteristics of patients. If there was a
disagreement, the tissue was reviewed again until a consensus
was reached. Scores of 0-3 were considered to indicate nega-
tive expression; scores of 4-6 indicated weak expression; and
scores of 8-12 indicated strong expression. A score of >4-6
was considered positive.

Cell culture. The LUAD cell lines A549, PC-9, H1299 and
H2342 and the human normal lung bronchial epithelial cell
lines BEAS-2B and 16-HBE were purchased from the ATCC
Cell Bank. A549 cells were cultured on DMEM F12 medium
(cat. no. C11330500BT; Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (cat. no. SA101.02;
Cellmax; https://www.cellmaxcell.com). The other cell lines
were cultured on RPMI-1640 medium (cat. no. C11875500BT;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10%
fetal bovine serum. The working concentrations of penicillin
and streptomycin (cat. no. P1400; Beijing Solarbio Science &
Technology Co., Ltd.) added to the cell culture medium were
100 U/ml and 0.1 mg/ml, respectively. All cells were placed
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in an incubator containing 5% carbon dioxide and cultured at
37°C.

Cell infection. The short hairpin (sh)PPP1R14D-1 (5'-TAG
ATCCATGAGAGCTTCCAG-3"), shPPP1R14D-2 (5'-AAC
TTGAGCATCCACCCATTG-3") and scramble control
(5-TTCTCCGAACGTGTCACGT-3') sequences were inserted
into the GV248 lentiviral vector (cat. no. CON077; Shanghai
GeneChem Co., Ltd.). The concentration of shPPP1R14D-1,
shPPP1R14D-2 and Scramble was 4E + 8TU/ml, 4E + 8TU/ml
and 5E + 8TU/ml, respectively. A549 and PC-9 cells were
infected with the virus in 4% polybrene (cat. no. REVGO005;
Shanghai GeneChem Co., Ltd.) at a multiplicity of infection
(MOI) of 20. After 72 h of infection, the cells were cultured
in complete medium containing 2 ul/ml puromycin to screen
stable cell lines for 48 h. The green fluorescent protein (GFP)
tag was carried in the shRNA lentiviral vector and used to
observe the infection efficiency of lentivirus under fluorescent
microscope. When an infection efficiency >80% was observed,
the cells were collected as experimental cells, and the lenti-
virus knockdown efficiency was detected by western blotting.

Western blot analysis. RIPA lysis buffer (cat. no. RO010;
Beijing Solarbio Science & Technology Co., Ltd.) containing
PMSF (cat. no. PO100; Beijing Solarbio Science & Technology
Co., Ltd.) and protein phosphatase (cat. no. P1260; ApplyGen
Technologies, Inc.) was used to lyse cells under ultrasound on
ice. Total protein was collected after high-speed centrifugation
(10,000 g) for 30 min at 4°C, and the protein concentration
was detected using a BCA kit (cat. no. 23227; Thermo Fisher
Scientific, Inc.). Equal amounts of protein (30 ug) were separated
on 12% SDS-PAGE gels and then transferred onto 0.22-ym
PVDF membrane (cat. no. ISEQ00010; MilliporeSigma). The
membrane was blocked with 5% skim milk (Skim milk powder
was dissolved in TBST containing 1/1,000 Tween-20) for 2 h at
room temperature to block non-specific sites, and it was incu-
bated overnight with antibody dilution at 4°C using the following
antibodies: GAPDH (1:1,000; cat. no. 60004-1-1G; ProteinTech
Group, Inc.), PPP1R14D (1:500; cat. no. HPA041846; Atlas
Antibodies), c-Myc (1:1,000; cat. no. ab32072), CDK2 (1:1,000;
cat. no. ab32147), Cyclin E1 (1:1,000; cat. no. ab33911), MMP2
(1:500; cat. no. ab92536), MMP9 (1:1,000; cat. no. ab76003),
Vimentin (1:1,000; cat. no. ab92547), Kras (1:1,000; cat. no.
ab275876), PKCa (1:1,000; cat. no. ab32376), BRAF (1:1,000;
cat. no. ab33899), MEK1 (1:2,000; cat. no. ab32576), and
phosphorylated (p)-MEK1 (1:1,000; cat. no. ab32088; all from
Abcam), p-PKCa (1:1,000; cat. no. 9375T), p-BRAF (1:1,000;
cat. no. 2696S), ERK1/2 (1:1,000; cat. no. 4695S) and p-ERK
(1:2,000; cat. no. 4370S; all from Cell Signalling Technology,
Inc.). The membrane was washed with TBST three times for
10 min each time and then incubated with a specific secondary
antibody at room temperature for 1 h, mainly containing
anti-mouse IgG (1:10,000; cat. no. SA00001-1) and anti-rabbit
IgG (1:10,000; cat. no. Sa00001-2; both from ProteinTech
Group, Inc.). After washing three times for 15 min each time,
the protein positive bands were visualized using ECL (cat. no.
WB KLS0100; MilliporeSigma) and finally quantitated using
ImagelJ software (version 1.51K; National Institutes of Health).
The experiment was carried out three times, with GAPDH as
an internal reference.
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3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H- tetrazolium (MTS) assay. Scramble-,
shPPP1R14D-1- and shPPP1R14D-2-infected cells were
inoculated into 96-well plates with a 100-x1 culture system of
1,500 cells/well and then cultured in an incubator. Then, 20
pl/well MTS (cat. no. G111A; Promega Corporation) reaction
working solution (MTS: PMS=20:1) was added on the 1st,2nd,
3rd, 4th, S5th and 6th days and incubated for 2 h at 37°C. The
OD value of the cells was determined at 490 nm. A total of five
wells were used for each treatment group per experiment, and
the experiment was repeated three times.

Colony formation assay. Scramble-, shPPP1R14D-1- and
shPPP1R14D-2-infected cells were inoculated into six-well
plates with a 2-ml culture system of 300 cells/well and then
cultured in an incubator for 10-14 days. The minimum number
of cells forming a colony was 50. When the clones were visible
to the naked eye, the cells were fixed with methanol for 30 min
at room temperature, stained with Giemsa (cat. no. G1015;
Beijing Solarbio Science & Technology Co., Ltd.) for 30 min at
room temperature and washed thoroughly with water. Colonies
were counted using ImagelJ software (version 1.51K; National
Institutes of Health). The experiment was repeated three times.

5-ethynyl-2'-deoxyuridine (EdU) staining assay. Scramble-,
shPPP1R14D-1- and shPPP1R14D-2-infected cells were
inoculated into 24-well plates with a 1-ml culture system and
then cultured in an incubator. When the cell density reached
70~80%, the cells were incubated with medium containing
50 uM EdU for 2 h. The cells were immobilized with 4% form-
aldehyde for 30 min and permeated with 0.5% Triton X-100
for 10 min, followed by staining for EAU and all nuclei (cat.
no. C10310-1; Guangzhou RiboBio Co., Ltd.). A fluorescence
microscope (cat. no. DMI4000B) was used to observe and
capture images of the cells. EdU-positive cells were counted
using Imagel software (National Institutes of Health). The
experiment was repeated three times.

Cell cycle analysis by flow cytometry. Scramble-,
SHPPP1R14D-1- and SHPPP1R14D-2-infected cells
were treated with serum starvation synchronization,
serum-containing medium was added to culture cells for 12 h,
and cells were collected into a 5-ml flow tube and washed twice
with precooled PBS when the cell density reached 80%. After
70% alcohol was fixed at 4°C for 24 h, the cells were washed
twice with precooled PBS. Cells were stained according to
the instructions of the cell cycle kit (cat. no. C1052; Beyotime
Institute of Biotechnology). The cell cycle distribution was
detected using a flow cytometer (BD FACS Aria™11; BD
Biosciences) and BD-FACS Diva 6.0 software and the results
were analyzed using ModFit LT 3.2 software. The experiment
was repeated three times.

Wound-healing assays. Scramble-, shPPPIR14D-1- and
shPPP1R14D-2-infected cells were inoculated into a six-well
plate, under which they were marked with a horizontal line
in advance. When the cells were full of six-well plates, a long
wound was marked perpendicular to the horizontal line with
a 10-ul spear head. PBS was used to wash the floating cells,
and 2-ml serum-free medium was added to continue the

cell culture. The wound area was observed and images were
captured under a microscope at 0, 24 and 48 h. The areas of
the wound were calculated using ImageJ software (National
Institutes of Health). The experiment was repeated three times.

Transwell migration assays. Scramble-, shPPP1R14D-1-
and shPPP1R14D-2-infected cells were seeded in 200-ul
serum-free medium of 2.5x10* cells (A549) or 1x10° cells
(PC-9) in the upper chamber, and 600 yl medium supple-
mented with 10% FBS was added to the lower chamber. The
cells were incubated within 24 h. Then, the cells were fixed
with methanol for 30 min at room temperature and stained
with Giemsa for 30 min at room temperature. Cells passing
through the membrane were counted using ImagelJ software
(National Institutes of Health). The experiment was repeated
three times.

Matrigel invasion assays. Scramble-, shPPP1R14D-1- and
shPPP1R 14D-2-infected cells were seeded in 150-u1 serum-free
medium of 2.5x10* cells (A549) or 1.5x103 cells (PC-9) in
the upper chamber, and 600 xl medium supplemented with
10% FBS (A549) or 20% FBS (PC-9) was added to the lower
chamber. Matrigel (cat. no. 356234; BD Biosciences) was
diluted with serum-free medium at 1:8, and then 65 pl diluent
was added to cover the upper chamber and dried at 37°C for
4-5 h. The cells were incubated within 24 h. Then, the cells
were fixed with methanol for 30 min at room temperature and
stained with Giemsa for 30 min at room temperature. Cells
passing through the membrane were counted using ImageJ
software (National Institutes of Health). The experiment was
repeated three times.

Nude mouse xenograft assay. The animal experiment was
conducted according to the guidelines set by the Animal
Experimental Ethical Committee of Kunming Medical
University, and the animal experiment was approved by
the Animal Experimental Ethical Committee of Kunming
Medical University (approval no. KMMU2021749). The nude
mouse xenograft model was used to evaluate cell growth
in vivo. Female SPF grade BALB/c nude mice (n=10) weighing
between 18 and 22 g, aged 4-5 weeks-old, were obtained
and bred in the Animal Experimental Center of Kunming
Medical University. All mice were reared in an animal room
at a temperature of 25°C and 50% humidity under a 12/12 h
light/dark cycle. All mice were allowed free access to food and
water. Nude mice were randomly divided into the scramble
group and the shPPP1R14D-1 group (five mice per group).
Each nude mouse was subcutaneously injected with 1x107
infected cells/100 ul in the right axilla. The length and width
of the tumor were measured with Vernier calipers every week,
and the tumor volume was calculated by the formula length x
width /2.

Human endpoints were reached when the xenograft tumor
reached >10% of the animal body weight, the tumor diameter
was >20 mm, tumors metastasized or grew such that it led to
rapid body weight loss (>20%), or signs of immobility,a huddled
posture, inability to eat, ruffled fur, self-mutilation, ulceration,
infection or necrosis were observed. The mice that reached
study endpoints were sacrificed by CO, euthanasia with 50%
displacement of cage volume/min. Sacrifice was confirmed
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by observation of unconsciousness, absence of heartbeat and
absence of breathing for 20 min. All experimental mice were
euthanized by CO, after 6 weeks (June 2021), and tumors were
dissected and separated.

Statistical analysis. All experiments were repeated three times.
Count data are expressed as percentages, and measurement
data are expressed as the mean + standard deviation (X £ SD).
The log-rank test was used to analyze the survival outcome of
patients in Kaplan-Meier plotter database. Pearson's chi-square
test was used to analyze the IHC results. Unpaired Student's
t-test was used to compare the means of two groups of data.
One-way ANOVA was used to compare multiple groups, the
LSD (equal Variances) and Tamhane's T2 (unequal Variances)
test were used for the post-hoc pairwise comparisons after
the Homogeneity of variance test. All statistics were analyzed
using SPSS 23.0 software (IBM Corp.). P<0.05 was consid-
ered to indicate a statistically significant difference. Data
were visualized with GraphPad Prism 6.0 software (GraphPad
Software, Inc.).

Results

PPPIRI4D is overexpressed in LUAD and associated with
poor prognosis. Using GEPIA database analysis, it was
found that PPP1R14D was highly expressed in LUAD tissue,
while PPPIR14D was expressed at low levels in LUSC tissue
(Fig. 1A). For further study, 128 cases of LUAD tissues and
their adjacent normal lung tissues were collected. After H&E
staining was performed to determine the tissue type (Fig. 1B),
[HC was used to detect the difference in PPP1R14D expres-
sion between LUAD tissues and normal lung tissues and it was
identified that the protein expression level of PPP1R14D in
LUAD was higher than that in adjacent lung tissues (Fig. 1C).
Correlations between PPP1R14D protein expression and
LUAD clinicopathologic features were further analyzed. It
was revealed that the expression of PPP1R14D was negatively
correlated with the age of the patients. More importantly, the
expression of PPP1R14D was positively correlated with the
AJCC stage of the patients (P<0.05; Table II), while there
was no correlation between PPP1R14D expression and sex,
smoking history, tumor T stage or N stage (P>0.05). In addi-
tion, the Kaplan-Meier Plotter database was used for survival
analysis and it was identified that the OS and PFS of LUAD
patients with high PPP1R14D expression were significantly
shorter than those with low PPP1R14D expression (Fig. 1D).
However, PPP1R14D expression had no significant effect on
OS and PFS in LUSC patients (Fig. S1). The aforementioned
data indicated that PPP1R 14D overexpression may be relevant
to the tumorigenesis and progression of LUAD.

Knockdown of PPPIRI4D expression inhibits LUAD cell
proliferation in vitro. To explore the underlying roles of the
PPP1R14D gene in promoting the development of LUAD, the
basic expression level of PPP1R14D protein was first measured
in LUAD cell lines, including A549, PC-9, H1299, and H2342
and the normal bronchial epithelial cell lines BEAS-2B and
16-HBE. The results showed that PPP1R14D was highly
expressed in LUAD cells but expressed at low levels in
normal bronchial epithelial cell lines (Fig. 2A). The A549
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and PC-9 cell lines were selected for further experiments.
PPP1R14D-knockdown cells with corresponding controls
were constructed, since they are not only highly expressed
PPP1R14D, but also susceptible to lentiviral infection.
Compared with the Scramble group, lentivirus shPPP1R14D-1
and shPPP1R14D-2 successfully infected cells (Fig. S2) and
significantly knocked down the endogenous expression of
PPPIR14D in A549 and PC-9 cells (Fig. 2B). The MTS assay
results indicated that knockdown of PPP1R14D significantly
suppressed the growth of A549 and PC-9 cells (Fig. 2C). The
EdU assay results revealed that the ratio of EdU-positive cells
was significantly decreased in A549 and PC-9 cells after
PPP1R 14D knockdown (Fig. 2D and E). The colony forma-
tion assay results showed that the colony formation abilities
of PPP1R14D knockdown cells were significantly decreased
(Fig. 2F and G). These results suggested that PPP1R14D
promotes the proliferation of LUAD cells.

Knockdown of PPPIR 14D expression induces LUAD cell cycle
arrest at the GI phase. To analyze the effect of PPP1R14D
on the cell cycle, a flow cytometric assay was conducted after
knockdown of PPP1R14D expression. It was found that the
percentage of cells in G1 phase of the A549 cell cycle increased
from 61.21 (Scramble) to 76.20 or 77.13% (shPPP1R14D),
and the percentage of cells in G1 phase of the PC-9 cell
cycle increased from 84.74% (Scramble) to 92.55 or 95.57%
(shPPP1R14D) (Fig. 3A-C). It was found that knockdown of
PPPIR14D in A549 and PC-9 cells significantly reduced the
expression of the G1 phase-related proteins c-Myc, CDK2 and
Cyclin E1 (Fig. 3D-F). These results indicated that PPP1R14D
promotes the proliferation of LUAD cells by regulating the G1
phase of the cell cycle.

Knockdown of PPPIRI4D expression inhibits LUAD cell
migration and invasion in vitro. To evaluate the effect of
PPP1R14D on migration and invasion, a series of experi-
ments were conducted. Wound-healing assays showed that
knockdown of PPP1R14D expression inhibited wound closure
compared with the Scramble (Fig. 4A). Transwell migra-
tion and invasion assays also showed that knockdown of
PPP1R14D expression resulted in lower cell migration and
invasion rates, respectively, compared with the Scramble
(Fig. 4B, C, E and F). It was found that knockdown of
PPP1R 14D expression in A549 and PC-9 cells significantly
reduced the expression of the migration- and invasion-related
proteins MMP2, MMP9 and Vimentin (Fig. 4D). These results
indicated that PPP1R 14D promotes the migration and invasion
of LUAD cells by regulating the expression of migration- and
invasion-related proteins.

Knockdown of PPPIR 14D inhibits tumorigenicity and growth
of LUAD cells invivo.Toevaluate the effect of PPP1R 14D on the
tumorigenesis and proliferation of LUAD cells in vivo, a nude
mouse xenograft assay was performed. The results showed
that the tumor formation speed of A549 cells after PPP1R14D
knockdown was significantly slower than that of the Scramble
group from the fourth week (P<0.05; Fig. 5A and B), and
the final volume and weight of tumors in the shPPP1R14D-1
group were also significantly smaller and lower than those in
the Scramble group (P<0.05; Fig. 5C and D). IHC staining
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noma; HR, hazard ratio.

showed that PPP1R14D protein expression was weakened
in xenograft tumors with PPP1R14D knockdown compared
with the Scramble group (Fig. SE). These results indicated
that PPP1R14D promotes the occurrence and development of
LUAD by increasing the proliferation of LUAD cells in vivo
and that inhibiting PPP1R14D can reduce the growth of
LUAD.

Knockdown of PPPIRI4D suppresses the PKCa/
BRAF/MEK/ERK signaling pathway. To elucidate the under-
lying mechanism by which PPP1R14D knockdown inhibits
proliferation, migration and invasion in LUAD, the levels of
key proteins were evaluated by western blotting. The results
showed that PPP1R14D knockdown significantly reduced the
expression levels of BRAF, p-BRAF, p-MEKI1 and p-ERK1/2
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Table II. Associations between the clinical characteristics and PPP1R14D expression in LUAD.

Expression of PPP1R14D
Clinicopathological characteristic Number Positive, N (%) Negative, N (%) P-value
Primary tumors of LUAD 128 77 (60.2) 51 (39.8) 0.001
Paired normal lung tissues 128 40 (31.2) 88 (68.8)
Sex 0.538
Male 66 38 (57.6) 28 (42.4)
Female 62 39 (62.9) 23 (37.1)
Age, years 0.021
<60 90 60 (66.7) 30 (33.3)
>60 38 17 (47.7) 21(55.3)
Smoking history 0.859
Yes 44 26 (59.1) 18 (40.9)
No 84 51 (60.7) 33(39.3)
T stage 0914
T1+ T2 115 69 (60.0) 46 (40.0)
T3 +T4 13 8 (61.5) 5(38.5)
N stage 0.070
NO 100 56 (56.0) 44 (44.0)
NI + N2 + N3 28 21 (75.0) 7(25.0)
AJCC stage 0.035
I+1I 101 56 (554) 45 (44.6)
I 27 21 (77.8) 6(222)

PPP1R14D, protein phosphatase 1 regulatory subunit 14D; LUAD, lung adenocarcinoma; AJCC, American Joint Committee on Cancer.

proteins. The expression of Ras, a common upstream acti-
vating protein in the RAF-MEK-ERK pathway, was not
significantly changed with PPP1IR14D knockdown. However,
p-PKCa, another protein regulating the RAF-MEK-ERK
signaling pathway, was significantly downregulated (P<0.05;
Fig. 6). These results indicated that PPP1R14D could specifi-
cally activate the PKCa/BRAF/MEK/ERK signaling pathway
to affect the proliferation, migration and invasion of LUAD
cells.

Discussion

PPPI1R14D is a member of the inhibitory subfamily of
protein phosphatase 1 regulatory subunits (16,20). Several
studies have confirmed that dysregulation of PP1 regula-
tory subunits with PP1 inhibitory function, including the
PPP1R14 family, is closely related to tumor development.
Jin et al (21) found that active PPP1R14A could inhibit the
expression of the tumor suppressor protein Merlin and drive
the activity of Ras to promote carcinogenic transformation
of tumors. Zhao et al (22) have shown that high expression
of PPP1R14B can promote the proliferation and metastasis
of gliomas and their drug resistance to temozolomide.
PPP1R14C is considered to be a promoter of triple-negative
breast and prostate cancers (23,24). Previously, it has been
suggested that PPP1R14D may play a carcinogenic role in
pancreatic cancer and breast cancer (18,19). However, the

function of PPP1R14D in LUAD has not been investigated
individually.

The present study confirmed that PPP1R 14D was not differ-
entially expressed in LUSC tissues and normal lung tissues and
that it had no effect on the OS and PFS of LUSC patients, but
PPP1R14D was overexpressed in LUAD and that high expres-
sion of PPPIR14D was associated with higher AJCC stage
and shorter OS and PFS. This implies that PPP1R14D over-
expression is closely associated with poor prognosis in LUAD
patients. To clarify the biological functions of PPP1R14D in
LUAD, it was first confirmed that PPP1R14D expression was
also increased in LUAD cells compared with the normal lung
bronchial epithelial cells. Then, A549 and PC-9 cells with
high PPP1R14D expression were selected for knockdown of
PPP1R14D expression via infection with PPP1R14D shRNA
lentivirus.

It is well known that the most basic feature of cancer
is the uncontrolled proliferation of cancer cells caused by
abnormal activity in the cell cycle (25). In addition, for
tumors to metastasize and grow, they must invade and
migrate to surrounding tissues (26). The present results
showed that PPP1R14D knockdown inhibited the prolif-
eration of LUAD cells in vitro and in vivo. Moreover,
PPP1R14D knockdown arrested the A549 and PC-9
cell cycle in G1 phase and reduced the expression of the
Gl-related proteins c-Myc, CDK2 and Cyclin El. It was
also confirmed that knockdown of PPP1R14D inhibited


https://www.spandidos-publications.com/10.3892/ijo.2022.5443

8 CAO et al: THE MECHANISM BY WHICH PPP1R14D PROMOTES THE PROLIFERATION, MIGRATION AND INVASION OF LUAD

A ﬁ [11] c
9 o o @ § 9 s§s '°
<< < [ Y] ™ 0 » 9O
u bt O = N © a E. *kk
om < o T I + [} a 1.0
o *kKk
x <r *kKk
PPP1R14D -—an - 20 kDa S rax T
S5 05
®a
GAPDH | D EDeD SRR | ;0. T Q _
©5 00 m o © o o W
- o 4% o Q3 0
fa) A 0w < & = o I
< < < I I o
I 3 u -
B [ o o m
2 C T
E & &
o % % c 20
& @ @ §o mm Scramble
pPPiR14p (M S o [20kDa| g 2 S 1.5]m=shPPP1R14D-1
D a = ShPPP1R14D-2
GAPDH | s @ @il | 36 kDa | < 29
T
S e
36kDa | = 5
GAPDH | @D @D &N | 36 kDa a0 o
C A549 N PC-9
£ 257 . scramble € 207 . Scramble
o 2.0{ — shPPP1R14D-1 S 1 - shPPP1R14D-1
2 shPPP1R14D-2 S 51 . shPPP1R14D-2
5 15 b
= . =510 ok
S 1.0 5]
: o 2 os
S 05 g
(72} Fkk
£ 0.0 . . ; . . . g 0.0+ : . - - : -
0 1 2 3 4 5 6 0o 1 2 3 4 5 6
Time (days) Time (days)
D E
Scramble 100+
--- --- 9 == Scramble
S 80{ ™= shPPP1R14D-1
Q == ShPPP1R14D-2
shPPP1R14D-1 °
=
."‘%
o
o
w
DAPI Merged DAPI EdU Merged

A549

Y
0
©

'I'l
(@)

Scramble shPPP1R14D-1 shPPP1R14D-2 050
‘m S - " | wmscramble
Ay . . 8 500 == shPPP1R14D-1
aseo (EEESEEY (0 ] - H s ShPPP1R14D-2
TR 8 150-
& 5
e ; d S 1 ok
PC-9 i ¥ g z 5°j e [
: , \ o s e :

A549 PC-9
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assay (scale bar, 100 ym) and (F and G) colony formation assays. One-way ANOVA; “P<0.01 and ““P<0.001 vs. Scramble. PPP1R14D, protein phosphatase 1
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the migration and invasion of A549 and PC-9 cells in vitro However, due to experimental limitations, the effect of
and reduced the expression of the migration- and PPP1RI14D on migration and invasion in vivo was not veri-
invasion-related proteins MMP2, MMP9 and Vimentin. fied, which is a limitation to the present study.
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c-Myc, a protooncogene, is dysregulated or abnormally
activated in almost 50% of human cancers and regulates
cancer cell growth by targeting CDK?2 and Cyclin E, which
are essential for the transition from G1 to S phase of the cell
cycle (27-30). Members of the MMP2 and MMP9 matrix
metalloproteinase superfamily degrade the extracellular

matrix primarily through its proteolytic function and promote
tumor growth, angiogenesis, migration and invasion, and
metastasis to distant organs (31-34). Vimentin is an important
intermediate filament protein that is commonly expressed in
mesenchymal cells and is one of the essential components of
the cytoskeleton (35). Increasing evidence suggests that the
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abnormal expression of Vimentin in epithelial cancer cells
may be related to local invasiveness and metastatic potential,

and multiple steps of the metastatic cascade are directly or
indirectly regulated by Vimentin (36). There is clear evidence
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that Vimentin expression is associated with increased metas-
tasis, reduced survival and poor prognosis in patients with
NSCLC (37).

The ERK/MAPK pathway regulates a variety of cellular
activities, including cell growth and signal transduction (38).
A large number of studies have shown that the ERK/MAPK
pathway in cancer can regulate the expression of c-Myc mRNA
and promote the stability of c-Myc, thus promoting the growth
of cancer cells (39-42). In addition, the ERK/MAPK signaling
can increase tumor invasion and metastasis by upregulating the
expression of MMP2 and MMP9 (43-45). Therefore, expression
levels of proteins related to the ERK/MAPK signaling pathway
were detected, and the results revealed that after PPP1R14D
knockdown, BRAF, p-BRAF, p-MEK1 and p-ERK1/2
protein levels decreased. However, PPP1R14D knockdown
did not significantly change the expression of Ras, a common

P<0.001 vs. Scramble. PPP1R14D, protein phosphatase 1 regulatory subunit

upstream activating protein in the RAF-MEK-ERK pathway.
Therefore, it can be observed that PPP1R14D knockdown did
reduce the expression of BRAF/MEK/ERK signaling pathway
proteins. Since several previous studies (39-45) have shown
that the ERK/MAPK signaling pathway acts as upstream
proteins to regulate c-MYc, MMP2 and MMP?9 proteins, it was
hypothesized that the reduced expression of c-Myc, MMP2
and MMP9 proteins was regulated by ERK/MAPK signaling
pathway after PPP1R14D knockdown. However, the internal
mechanism of the ERK/MAPK signaling pathway in regu-
lating c-Myc, MMP2 and MMP?9 proteins after PPP1R14D
knockdown was not thoroughly explored, which is a further
limitation to the current study.

As the central hub of numerous signal transduction
processes, protein kinase C (PKC) is involved in the regulation
of gene expression, proliferation, survival, apoptosis, migration
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PPP1R 14D, protein phosphatase 1 regulatory subunit 14D; p-, phosphorylated.

and other cellular processes (46). In fact, in addition to being
activated by Ras proteins, the ERK/MAPK signaling pathway
can also be activated by PKCa in cancer (13,14). Therefore,
PKCa was detected at the protein level and it was found that
p-PKCoa decreased significantly after PPP1R14D knockdown.

PPP1R14D is a PP1 inhibitor dependent on PKC regulation.
PKC binds to PPP1R14D and subsequently phosphorylates
PPP1R 14D at Thr58 to inhibit PP1 activity. Notably, the results
of the present study showed that PPP1R14D reversed PKC
regulation; that is, PPP1R14D knockdown decreased p-PKCa.
It was hypothesized that PPP1R14D reversed the regulation
of PKCa by affecting PP1. Previous studies have provided a
plausible explanation for our hypothesis. It has been reported
that active PP1 can lead to a decrease in PKCa activity (47).
Importantly, Luo et al previously found that protein phos-
phatase 1 regulatory subunit 1A (PPP1R1A) can lead to an

increase in PKCa phosphorylation levels by inhibiting PP1
activity, while knocking down PPP1R1A leads to a decrease
in p-PKCa (48). Therefore, the downregulation of p-PKCa
caused by PPP1R14D knockdown is probably caused by the
increase in PP1 activity.

In summary, PPP1R14D expression is signifi-
cantly increased in LUAD and associated with poor
prognosis in patients. PPP1R14D may promote the prolif-
eration, migration and invasion of LUAD by activating the
PKCa/BRAF/MEK/ERK signaling pathway. It was hypoth-
esized that the activation of the PKCa/BRAF/MEK/ERK
signaling pathway may be related to PPP1R14D's inhibition
of PP1. However, the limitation to the present study is that
the direct evidence that PPP1R14D regulates the biological
function of LUAD by inhibiting PP1 is not sufficient and
requires further exploration in the future. Further studies
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on how PPP1R14D affects PP1 will be clarified in future
studies, including detection of PP1 expression and activity,
construction of mutants and certain rescue experiments.
Finally, it is worth emphasizing that the present results
suggested that PPP1R14D may be involved in the occur-
rence and development of LUAD and could be a potential
therapeutic target in LUAD.
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