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PLOD3 regulates the expression of YAP1 to affect the

progression of non-small cell lung cancer via the PKC6/CDK1/
LIMD1 signaling pathway
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Procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD3) is a crucial oncogene in human lung cancer, whereas protein kinase C 6
(PKCH) acts as a tumor suppressor. In this study, we aimed to explore the regulation by PLOD3 on the expression of YAP1 to affect
the progression of non-small cell lung cancer (NSCLC) via the PKC8/CDK1/LIMD1 signaling pathway. We found that PLOD3, CDKI,
and YAP1 were highly expressed, while LIMD1 was poorly expressed in NSCLC tissues. Mechanistic investigation demonstrated that
silencing PLOD3 promoted the cleavage of PKCS in a caspase-dependent manner to generate a catalytically active fragment
cleaved PKCS, enhanced phosphorylation levels of CDK1, and LIMD1 but suppressed nuclear translocation of YAP1. Furthermore,
functional experimental results suggested that loss of PLOD3 led to increased phosphorylation levels of CDK1 and LIMD1 and
downregulated YAP1, thereby suppressing the proliferation, colony formation, cell cycle entry, and resistance to apoptosis of NSCLC
cells in vitro and inhibiting tumor growth in vivo. Taken together, these results show that PLOD3 silencing activates the PKCS/
CDK1/LIMD1 signaling pathway to prevent the progression of NSCLC, thus providing novel insight into molecular targets for

treating NSCLC.
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INTRODUCTION
Lung cancer was estimated to be responsible for 25% of cancer-
related deaths in 2019, accompanied by a dismal five-year survival
rate of only 19%'. Non-small cell lung cancer (NSCLC) is the most
prevalent type of lung cancer, accounting for approximately 80-
90% of all lung cancers?. The first-line treatment options of NSCLC
are comprised of chemotherapy, targeted therapies, and pem-
brolizumab treatment in patients with high PD-L1 expression®.
However, the overall cure and survival rates for NSCLC remain low.
Therefore, investigation to further understand the disease
pathology and mechanisms of NSCLC progression are required
for the development of new, more effective therapies®.
Procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD3) is a
membrane-bound homodimeric enzyme that hydroxylates lysyl
residues in collagen-like peptides, thus acting as an effective
initiator of lung cancer metastasis, while also presenting a
promising therapeutic target to improve the survival of lung
cancer patients®’. PLOD3 overexpression is common in gastric,
colorectal, and pancreatic cancers, and it promotes tumor
progression and poor prognosis in gliomas. PLOD3 promotes lung
metastasis via regulation of the transcription factor signal
transducer and activator of transcription 3 (STAT3). Many studies
have suggested the involvement of protein kinase c-delta (PKCS) in
the activations of p38 and mitogen-activated protein kinase
(MAPK) in heart failure®®. A recent study has reported that
inhibition of PLOD3 displays anti-tumor activity in human lung

cancer cells by regulating the PKCS signaling pathway’. PKCS has
been revealed to play bi-functional role in regulating cell death
and proliferation®, which has been reported to aggravate the
progression of NSCLC®. Results of a previous study showed that
PKCS can be cleaved to a constitutively active catalytic fragment
(PKC&-cat) in a caspase-dependent manner, which promotes the
phosphorylation of cyclin-dependent kinase 1 (CDK1)'°. In turn,
CDK1 has been reported to participate in the regulatory axis
involving the suppression by the anteoneoplastic alkaloid lycorine
of NSCLC cell growth'". Further, CDK1 has been documented to
induce phosphorylated (p)-LIM domain-containing protein 1
(LIMD1)™. LIMD1 functions as an important tumor suppressor in
the development of human lung cancer'®, and is furthermore a
survival prognostic marker of gastric cancer that hinders tumor
progression by suppressing the activation of YAP1. Overexpression
of LIMD1 impeded the tumor growth, cell motility, invasiveness,
and metastasis of gastric cancer, whereas knockdown of LIMD1
promoted these cellular phenotypes'*. Besides, LIMD1 can inhibit
the activation of its downstream factor, Yes-associated protein 1
(YAP1), as well as the intracellular translocation of YAP1'*. YAP1, as
a prognostic predictor in various tumors, has been reported to be
correlated with poor prognosis of NSCLC'®. Additionally, YAP1 is an
oncogenic member of the Hippo signaling pathway, which
promotes self-renewal and angiogenesis of NSCLC cells'®. CDK1
phosphorylation of YAP promotes mitotic defects and increases
cell motility, and is essential for neoplastic transformation'”.
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From the findings above, we hypothesized that PLOD3 should
exert crucial effects on the progression of NSCLC through
regulation of the PKCS/CDK1/LIMD1/YAP1 axis. We understood a
series of experiments in vitro and in vivo to test this hypothesis,
and to provide novel insight into the specific mechanisms
underlying the progression of NSCLC.

MATERIALS AND METHODS

Bioinformatics analysis

NSCLC-related dataset GSE19188, retrieved from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/), contains 65 normal samples and 91
cancer samples. The probe ID of the dataset was converted into Gene
Symbol through the platform annotation file GPL570 [HG-U133_Plus_2]
Affymetrix Human Genome U133 Plus 2.0 Array. Gene differential
expression was analyzed by the R language “limma” package (http://
www.bioconductor.org/packages/release/bioc/html/limma.html), with p <
0.001 sets as the screening criterion. The R language “pheatmap” package
(https://cran.r-project.org/web/packages/pheatmap/index.html) was used
to draw differential gene expression heat maps. NSCLC-related genes were
predicted using the CTD (http://ctdbase.org/, Score > 9) and Phenolyzer
databases (http://phenolyzer.wglab.org/, Gene Intolerance Score > 0.9).
Jvenn tool (http://jvenn.toulouse.inra.fr/app/example.html) was used for
intersection analysis of the significantly highly expressed genes and
NSCLC-related genes. In order to further screen the key factors, we
analyzed the interaction relationship between genes through the STRING
website (https:/string-db.org/), and imported the interaction relationship
network into the software Cytoscape 3.5.1, to analyze the nodes of the
network by using the software’s built-in tool NetworkAnalyzer, and their
sort according to the node value (Degree) of genes. We analyzed the KM
survival curve, ROC curve and gene risk of genes in lung cancer through
the Sangerbox online tool (http://sangerbox.com/), set HR> 1, P Value <
0.05 as the risk assessment standard, where the area under the ROC curve
AUC > 0.5 is the evaluation standard of survival risk models.

Study subjects

NSCLC tissues and adjacent normal tissues more than 5 cm away from the
tumors were collected from 75 patients diagnosed with NSCLC at the First
Affiliated Hospital of Zhengzhou University from 2009 to 2013'®. None of
the enrolled patients had received local or systemic treatment prior to the
collection of clinical samples. One part of resected tissue samples were
immediately stored in liquid nitrogen and the other part was fixed by
immersion in 4% formalin, conventionally dehydrated, and embedded in
paraffin. Classification of histological type and tumor-node-metastasis
(TNM) stage followed the National Comprehensive Cancer Network (NCCN)
guidelines'®. All the patients had follow-up for 5 to 60 months. Survival
analysis of those patients was performed using the Kaplan-Meier method.
During the follow-up period, the death of patients or the last follow-up visit
was considered as the end point, and the time interval between the date
of operation and the date of patient death was defined as the overall
survival (OS).

Immunohistochemistry

The paraffin-embedded tissues were cut into 4-um-thick sections and
dewaxed, followed by hydration. Immunohistochemistry staining was
conducted in tissue sections using the primary antibody to PLOD3
(ab128698, 1:300) and secondary antibody to immunoglobulin G (IgG;
ab150083, 1:100) (both purchased from Abcam Inc., Cambridge, UK). The
percentage of positive cells was counted in five randomly-selected regions
under microscope, which was semi-quantitatively graded. A percentage of
positive cells less than 15% was graded as negative (—), 15-25% as (+), 25-
50% as (+-+), 50-75% as (++-+), and more than 75% as (+-+++)>>2".

Cell culture

Four NSCLC cell lines including A549 and H1299 from (Cell bank of Chinese
Academy of Sciences; http://www.cellbank.org.cn), Calué from Procell Life
Science & Technology Co., Ltd. (Wuhan, China), and H520 from American
type culture collection (ATCC, USA), as well as normal human bronchial
epithelial cell line HBEC-3KT (ATCC) were used for this study. All cell lines
were incubated in Dulbecco’s modified Eagle’s medium (DMEM)
(12800017; Gibco, Carlsbad, California, USA) containing 10% fetal bovine
serum (FBS; 26140079, Gibco) and 1% penicillin/streptomycin in an
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incubator (BB15; Thermo Fisher Scientific, Massachusetts, USA) with 5%
CO, and saturated humidity at 37 °C. With the medium renewed every
24 h, the cells were passaged every 72 h.

After cells were detached with 0.25% trypsin for 3 min, the reaction was
terminated by culturing with DMEM containing 10% FBS. Subsequently,
the cells were triturated into single-cell suspension and conventionally
sub-cultured. Finally, cells at the logarithmic growth phase were collected
to determine PLOD3 expression using the reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR), and the cell line with the highest
expression of PLOD3 was selected for follow-up experiments.

Cell treatment

Cells were seeded into 6-well plates, cultured for 24h, and then
transfected with different plasmids using Lipofectamine2000 reagent
(11668019, Thermo Fisher Scientific) upon reaching about 70% confluence.
The plasmids used were sh-NC (nonsense negative control sequence), sh-
PLOD3 (shRNA targeting PLOD3), oe-PKCS (plasmid overexpressing PKCS),
sh-PLOD3 + oe-PKCS, CDK1 + DMSO (plasmid overexpressing CDK1 and
dimethyl sulfoxide, solvent of CDK1 kinase inhibitor), CDK1 + Purvalanol A
(plasmid overexpressing CDK1 and CDK1 kinase inhibitor, Purvalanol A),
oe-NC, oe-LIMD1 (plasmid overexpressing LIMD1), CDK1 + oe-LIMD1
(plasmid overexpressing CDK1 and LIMD1), oe-YAP1 (plasmid overexpres-
sing YAP1) or oe-LIMD1 + oe-YAP1 (plasmid overexpressing LIMD1 and
YAP1). The plasmid construction was accomplished by Shanghai Gene-
chem Co,, Ltd. (Shanghai, China). RT-gPCR was conducted to determine the
silencing efficiency of shRNAs against PLOD3, including sh-PLOD3#1, sh-
PLOD3#2, and sh-PLOD3#3, and the shRNA inducing the lowest expression
of PLOD3 was selected for use in the following experiments.

RNA isolation and quantitation

Total RNA was extracted from tissues or cells using the TRIzol kit
(Invitrogen, Carlsbad, CA, USA). Total RNA was reversely transcribed into
complementary DNA (cDNA) using the reverse transcription kit (K1622,
Beijing Reanta Biotechnology Co., Ltd., Beijing, China). Subsequently, real-
time gPCR was performed on the ABI 7500 fluorescence quantitative PCR
instrument (Applied Biosystems, Foster City, CA, USA) as per the
instructions of the SYBR®Premix Ex Taq™ Il kit (Takara, Kyoto, Japan).
With glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal
reference, the relative expression of target genes was calculated by means
of relative quantification 2725t method (Table S1) according to the
following formula: AACt = ACT (exggrimental group) — ACT (control groupy ACt =
CcT (target gene) — cT (internal reference) 2~

Western blot analysis

Total protein was extracted from cells or tissues using pre-cooled radio-
immunoprecipitation assay (RIPA) lysis buffer (R0010, Beijing Solarbio
Science & Technology Co. Ltd., Beijing, China) containing phenylmethyl-
sulfonyl fluoride (PMSF). The protein concentration was determined using
a bicinchoninic acid (BCA) assay kit (20201ES76, Yeasen Company,
Shanghai, China). After quantitation, the proteins were separated by
polyacrylamide gel electrophoresis (PAGE) and transferred onto poly-
vinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA) using
the wet transferring method. The membrane was blocked with 5% bovine
serum albumin (BSA) for 1 h at room temperature, and then incubated
overnight at 4°C with diluted rabbit primary antibodies against PLOD3
(ab128698, 1:1500), PKCS (ab182126, 1:5000), caspase-3 (ab13847, 1:500),
cleaved caspase-3 (ab32042, 1:500), CDK1 (ab131450, 1:800), p-CDK1
(ab133463, 1:1500), LIMD1 (ab225714, 1:5000), p-LIMD1 (#13245, 1:1000),
YAP1 (ab52771, 1: 5000), p-YAP1 (ab62751, 1:2000), p53 (ab131442, 1:800),
B-cell lymphoma 2 (Bcl-2) (ab182858, 1:2000), E-cadherin (ab40772,
1:10,000), Snail (ab180714, 1:1000), Fibronectin (ab2413, 1:2000), p-PERK
(@b192591, 1:1000), PERK (sc-377400, 1:1000), elF2a (#5324, 1:1000),
p-elF2a (ab32157, 1:1000), p-IRE1a (ab124945, 1:1000), IRE1a (ab37073,
1:1000), ATF6 (ab122897, 1:1000) and YH2AX (ab81299, 1:1000). The next
day, the membrane was washed with Tris-buffered saline tween (TBST),
and then incubated with horseradish peroxidase (HRP)-labeled secondary
antibody, goat anti-rabbit IgG (ab6721, 1:5000) at room temperature for
1h. The aforementioned antibodies were purchased from Abcam Inc.
except the rabbit anti p-LIMD1 and elF2a, which were purchased from Cell
Signaling Technology (Beverly, MA, USA). After secondary treatment, the
membrane was washed with TBST and then developed. With GAPDH
(1:5000, 10494-1-AP, Proteintech Group, Chicago, IL, USA) as the internal
reference, the protein bands were analyzed using Quantity One
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v4.6.2 software, and the ratio of the gray values between the target band
and GAPDH band was taken as the relative expression.

Fractionation of nuclear and cytoplasmic proteins

The collected undetected NSCLC cells were resuspended with 200 uL CEB-
A buffer, oscillated for 15 s, and incubated on ice for 10 min. Then, 11 pL of
cytoplasmic protein extraction buffer was added, whereupon the cells
were oscillated for 5s and then placed on ice for 1min. After
centrifugation at 16,000 g at 4 °C for 5 min, the supernatant (cytoplasmic
fraction) was immediately collected into a new Eppendorf (EP) tube and
placed on ice. The pellet was resuspended with 100 uL nucleus protein
extraction buffer, oscillated for 15 s, and incubated on ice for 10 min. The
suspension was again vortexed for 15s and incubated on ice for 10 min,
thus four times in total. After centrifugation at 16,000 g at 4 °C for 10 min,
the supernatant (nuclear fraction) was immediately collected into a new EP
tube and placed on ice. Western blot analysis was applied to measure the
expression of relevant proteins in the nuclear and cytoplasmic fractions.

Detection of caspase-3 activity

A549 cells at logarithmic growth phase after lentivirus infection were
collected, digested, and counted. The cells were seeded into 6-well plates
at a density of 1x 10° cells/mL with 2 mL of medium added per well, and
cultured overnight until attaining 80% confluence. Next, the cells were
transfected with caspase-3-promoter luciferase reporter vector with dual
luciferase gene reporter system. After 48 h of culture, cells were lysed by
RIPA lysis buffer (R0O010, Beijing Solarbio Science & Technology Co. Ltd.).
The supernatant was collected and assayed for the activity of caspase-3
according to the instructions of caspase-3 activity detection kit (ab39383,
Abcam Inc.), and for protein concentration by the BCA method.

Immunofluorescence staining

Cells were seeded in a 6-well plate and treated with tert-butyl hydrogen
peroxide (TBHP) (100 pumol/L) for 2 h. The cells were fixed in 2% freshly-
prepared paraformaldehyde. Afterwards, the cells were treated with
0.2-0.5% TritonX-100/PBS, and then incubated at 4 °C overnight with the
primary antibodies against PLOD3 (ab89263, 1:100), PKCS (ab182126,
1:200), cleaved caspase-3 (ab32042, 1:200), p-CDK1 (ab133463, 1:1500),
YAP1 (ab52771, 1:300), and p-YAP1 (ab62751, 1:2000). The next day, the
cells were incubated for 1 h at 37 °C with the secondary antibodies labeled
by fluorescein isothiocyanate (FITC) green fluorescence (ab6717, 1:2000)
and by Cy3 © red fluorescence (ab6939, 1:2000). All the antibodies above
were purchased from Abcam Inc. Then, cells were rinsed by phosphate-
buffered saline (PBS), and stained with Hoechst reagent for 10 min,
following by PBS washing and mounting. After that, laser confocal
microscope (CV1000, YOKOGAWA, Shanghai, China) was applied for
observation and photographing. The cells positive for PLOD3, PKCS,
cleaved caspase-3, p-CDK1, and YAP1 were counted and calculated as the
percentages of positive cells. The positive expression of PLOD3, YAP1, and
p-YAP1 was indicated by red fluorescence and that of PKCS, cleaved
caspase-3, p-LIMD1, and p-CDK1 was indicated by green fluorescence.

Cell Counting Kit-8 (CCK-8) assay

The cell viability was detected using CCK-8 kit (CA1210-100, Beijing
Solarbio Science & Technology Co., Ltd.). The cells at the exponential
growth phase were seeded in 96-well plates with 5 x 10 cells per well and
cultured for 3 days. On days 1, 2, and 3, cells in each well were incubated
with 10 uL CCK-8 solution for 2 h. Subsequently, the optical density (OD)
value at 450 nm in each well was measured by a microplate reader (BIO-
RAD 680, Bio-Rad Laboratories, Hercules, CA, USA). The cell growth curve
was then plotted.

Colony formation assay

The cells at logarithmic growth phase were collected and resuspended by
DMEM. Then, the cell suspension was seeded in a 6-well plate with 2 x 10
cells per well, and three duplicated wells were set for each group. Next, cells
were placed to stand on a super clean bench for 20 min and transferred to the
incubator. Fourteen days later, the cells were fixed with 10% paraformalde-
hyde for 5 min, stained by 1% crystal violet for 10 min, and fully rinsed by
distilled water. Subsequently, cells were observed, counted (clone containing
more than 50 cells), and photographed under a biological inverted
microscope (MI12, MSHOT, Guangzhou, China). The colony formation rate =
number of formed clones/number of inoculated cells x 100%.
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Flow cytometry

For detection of cell cycle, cells were centrifuged 48 h after transfection
and the supernatant was discarded. After resuspension in PBS, the cell
concentration was adjusted to about 1% 10° cells/mL. Then, cells were
fixed for 1 h at 4°C by 1 mL of 75% cold ethanol, centrifuged, and washed
with PBS. The fixed cells were then incubated with 100 uL RNase A at 37 °C
for 30 min, and stained with 400 uL propidium iodide (Pl) (Sigma-Aldrich
Chemical Company, St Louis, MO, USA) at 4°C for 30 min in the dark.
Finally, a flow cytometer was employed to analyze the cell cycle at an
excitation wavelength of 488 nm.

For detection of cell apoptosis, 48h after transfection cells were
detached with trypsin in the absence of ethylenediamine tetraacetic acid
(EDTA), centrifuged in a flow tube, and the supernatant discarded. Then,
the pellets were washed with cold PBS and re-centrifuged. Next, the
Annexin-V-FITC/PI dye liquor was prepared by mixing Annexin-V-FITC, PI,
and hydroxyethyl piperazine ethane-sulfonic acid (HEPES) at the volume
ratio of 1:2:50, following the instructions of Annexin-V-FITC cell apoptosis
detection kit (Sigma-Aldrich Chemical Company, St Louis, MO, USA).
Samples of 1x 10° cells were incubated with 100 uL dye liquor at room
temperature for 15 min. Subsequently, cells were added with 1 mL HEPES
buffer, oscillated, and mixed. At the excitation wavelength of 488 nm, the
bandpass filters of 525 nm and of 620 nm were used to measure the FITC
fluorescence and PI fluorescence for cell apoptosis detection.

Xenograft tumor model in nude mice

Twelve male-specific pathogen-free (SPF) BALB/c nude mice (aged 4 weeks,
weighing 20-22 g) (Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai,
China) were used for this study. Cells stably transfected with sh-NC or sh-
PLOD3 were prepared. The cells were collected, washed with PBS, and
triturated into single-cell suspension. A total of 2x10° cells were
resuspended by 50 uL normal saline, mixed with 50 uL Matrigel Matrix
(1:1) and then inoculated into the armpit of the mice, assigned randomly
to groups receiving cells stably expressing sh-NC or sh-PLOD3 (six mice
each). Subsequently, the mice were euthanized by 40 mg/kg pentobarbital
on the 7th, 14th, 21st, and 28th days, and then the transplanted tumors
were excised, followed by measurement of tumor weight and volume.

TdT-mediated dUTP nick-end labeling (TUNEL) assay

The tumor tissues were fixed overnight with 4% paraformaldehyde and
embedded in paraffin, and then sectioned at a thickness of 5pum. Five
sections of the mouse brain cortex tissues were deparaffinized, added with
1% 50 pL of proteinase K dilution solution, and incubated at 37 °C for 30
min. Next, the sections were added with 0.3% H,0,/methanol solution to
eliminate endogenous POD activity, incubated at 37 °C room temperature
for 30 min, and added with TUNEL reaction solution dropwise, followed by
incubation in a humid box at 37°C for 1 h in the dark. The sections were
added with 50 pL Converter-POD for incubation in the humid box at 37 °C
for 30 min, and then developed by 2% diaminobenzidine (DAB), followed
by incubation at room temperature for 15 min. After brown cell nuclei were
observed under the microscope, cells were added with distilled water to
terminate the reaction, followed by counterstaining of hematoxylin and
dehydration with 50, 70, 90, and 100% gradient ethanol. After clearing with
xylene, the sections were sealed with neutral gum and observed under an
optical microscope in ten randomly selected fields. The cells with brown
nucleus were apoptosis-positive cells, and the cells with blue nucleus were
normal cells.

Immunohistochemistry

The tumor tissues were fixed into 4% paraformaldehyde phosphate buffer
solution for 12 h, followed by conventional xylene dewaxing and gradient
alcohol hydration (absolute ethanol, 95% ethanol, 75% ethanol for 3 min
each). The sections were placed in 0.01 M citrate buffer and boiled for
15-20 min, cooled to room temperature, added with goat serum blocking
solution, and placed at room temperature for 20 min, followed by the
removal of the excess liquid. The sections were added with 50 uL of
primary antibody against proliferating cell nuclear antigen (PCNA;
ab92552, 1:200, Abcam), then 50 uL of secondary antibody goat anti-
rabbit IgG (ab6728, 1: 1000, Abcam), and left at room temperature for 1 h.
After washing with PBS, sections were incubated with streptavidin-
peroxidase added dropwise for 30min at 37°C, followed by DAB
development for 5-10 min and addition of water to terminate the reaction.
Sections were then hematoxylin counterstained for 2 min, and differen-
tiated with hydrochloric acid and alcohol, washed with tap water for 10
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min, routinely dehydrated, cleared, and mounted, and observed under an
inverted microscope.

Statistical analysis

All data were processed by SPSS 21.0 statistical software (IBM Corp.
Armonk, NY, USA). Measurement data were summarized by mean+
standard deviation. Data with normal distribution and homogeneity of
variance between two groups were compared using paired t-test (paired
data) or unpaired t-test (unpaired data). Data among multiple groups were
tested by one-way analysis of variance (ANOVA) with Tukey's post hoc test.
Data at different time points were compared using repeated measures
ANOVA with Bonferroni post hoc test. Correlation analysis was performed
by Pearson’s correlation coefficient. Survival rate of patients was analyzed
using the Kaplan-Meier method and compared using the Log-rank test. p
< 0.05 was considered as statistically significant.

RESULTS

High expression of PLOD3 was observed in NSCLC tissues and
cells and is correlated with poor survival of NSCLC patients
Differential analysis on the NSCLC-related GSE19188 dataset
yielded 4674 significantly highly expressed genes in NSCLC. The
CTD and Phenolyzer databases predicted 9141 and 1285 NSCLC-
related genes, respectively. Intersection analysis of the signifi-
cantly highly expressed genes and NSCLC-related genes revealed
170 candidate genes (Fig. 1A). To further screen the key factors,
we analyzed the interaction relationship among 170 genes using
the STRING website and constructed a gene interaction network
by the Cytoscape 3.5.1 software (Fig. 1B). According to the Degree
value of genes, 32 genes were at the core of the network (Degree
>8). The expression heat map of 32 candidate genes in the NSCLC-
related dataset was obtained by R language (Fig. 1C). According to
the heat map, we found that CDH1, COL2A1 and PLOD3 genes
ranked the top in p-value ranking. The gene PLOD3 was identified
as a high-risk gene in lung cancer by the Sangerbox online tool
(Fig. 1D), and the Kaplan-Meier survival curve and ROC curve of
PLOD3 (area under curve AUC > 0.5) were obtained (Fig. 1E). The
results showed that the high expression of PLOD3 led to a
significant decrease in the survival rate of NSCLC patients.

High expression of PLOD3 has been evidenced in several
human malignancies, including lung cancer, liver cancer and
glioma, in which the promotion of growth, invasion, and migration
of tumor cells has suggested that PLOD3 acts as an onco-
gene>’*32% RT-qPCR data revealed that the expression of PLOD3
was higher in the NSCLC tissues than in adjacent normal tissues
(Fig. 1F). Immunohistochemistry displayed that the PLOD3 was
localized both in the cytoplasm and nucleus. The positive rate of
PLOD3 was much higher in NSCLC tissues than in adjacent normal
tissues [81.3% (61/75) vs. 18.7% (14/75), p<0.05] (Fig. 1G).
Moreover, Western blot analysis revealed that the protein
expression of PLOD3 was much higher in NSCLC tissues than in
adjacent normal tissues (Fig. TH, Supplementary Fig. 1A). There-
fore, we confirm that PLOD3 was highly expressed in NSCLC
tissues.

Correlation analysis of the PLOD3 expression with clinicopatho-
logical characteristics of 75 NSCLC patients displayed that there
were more NSCLC patients with high expression of PLOD3 than th
than with low expression of PLOD3 f(all p<0.05). PLOD3
expression exhibited no correlation with the gender, age, tumor
type, and smoking history, but was related to advanced clinical
stage, TNM classification, and N staging of NSCLC patients
(Table S2). The Kaplan-Meier curve displayed that patients with
high PLOD expression had higher OS than patients with low
PLOD3 expression (all p<0.05) (Fig. 11). Hence, high PLOD3
expression was correlated with cancer progression and poor
survival of NSCLC patients.

RT-gPCR data further revealed that, in comparison with HBEC-
3KT cells, the four NSCLC cell lines (A549, H1299, Calu6, and H520)
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all showed higher expression of PLOD3. A549 cells showed the
highest expression of PLOD3 (Fig. 1J) and were thus selected for
subsequent experiments.

Silencing of PLOD3 induces the generation of PKCS catalytic
fragment cleaved by caspase-3

A previous study has reported that PLOD3 could regulate the
PKCS signaling pathway’. Protein kinase C & (PKCS), a member of
the PKC family, has been recognized as a tumor promoter or
suppressor with differing specificities in various tumor types, and
can furthermore regulate the balance between tumor cell death
and proliferation. Studies in PKC§ ™/~ mice have confirmed the
pro-apoptotic role for this kinase in response to DNA damage, and
as a tumor promoter role in some oncogenic contexts. Because
apoptosis is an important anti-tumor mechanism, PKCS was
initially proposed to act as a tumor suppressor®2>2°, Accumulating
studies have proved that the PKCS signaling pathway is indeed a
tumor-suppressive pathway, in which cleaved PKCS is a catalyti-
cally active fragment®'®?’. Therefore, we sought to investigate
whether PLOD3 could mediate the PKCS signaling pathway in
NSCLC. To answer this question, we silenced PLOD3 in A549 cells
by three independent shRNAs, i.e., sh-PLOD3#1, sh-PLOD3#2, and
sh-PLOD3#3. As determined by RT-qPCR, the lowest expression of
PLOD3 was found after transfection with sh-PLOD3#2 among the
three variants (all p <0.05) (Fig. 2A), and we thus selected sh-
PLOD3#2 for use in following studies.

Western blot analysis provided evidence that the protein
expression of PLOD3 and PKCS was inhibited in cells transfected
with sh-PLOD3, accompanied with induction of cleaved PKCS and
increased expression of cleaved ecapase-3 protein, whereas the
expression of total caspase-3 protein was unaffected (Fig. 2B,
Supplementary Fig. 1B). Immunofluorescence staining displayed
that PLOD3 (red fluorescence) was expressed both in the nucleus
and cytoplasm, while PKCS and cleaved caspase-3 (green
fluorescence) were mainly expressed in the nucleus. Knockdown
of PLOD3 suppressed the protein expression of PKCS, but elevated
that of cleaved caspase-3 (Fig. 2C).

Furthermore, the nuclear and cytoplasmic fractions and
Western blot analysis revealed that PLOD3 was expressed both
in nucleus and cytoplasm, with a larger proportion in the nucleus.
Besides, PKCS and caspase-3 were expressed both in the nucleus
and cytoplasm, while cleaved PKC& and cleaved caspase-3 were
mainly expressed in the nucleus. Furthermore, knockdown of
PLOD3 reduced the expression of PKCS, but elevated that of
cleaved caspase-3 (Fig. 2C) and induced the activation of caspase-
3 (Fig. 2D). Western blot analysis indicated that A549 cells with
knockdown of PLOD3 exhibited an increase in the expression of
ER stress protein, including cleaved ATF6 expression and
phosphorylation levels of PERK and IRE1q, as well as the
expression of the DNA damage marker yH2AX (Fig. 2E, Supple-
mentary Fig. 1C). All the above results support the conclusion that
PLOD3 regulates the PKCS signaling pathway through mediating
the activation of caspase-3. Silenced PLOD3 reduced the
expression of PKCS, and induced activated caspase-3, which
triggered generation of cleaved PKCS.

Silencing of PLOD3 suppresses proliferation and progression
of NSCLC by upregulating cleaved PKC8 and phosphorylating
CDK1

CDK1 is highly expressed in NSCLC, in which it promotes
proliferation, migration, invasion, and mitosis. The dephosphory-
lated CDK1 exerts kinase activity, which then promotes the cell
proliferation. Cleaved PKC& could promote the phosphorylation
level of CDK1, and thus inactivate CDK1 to suppress cell
proliferation®®3°. Therefore, we decided to explore whether
phosphorylation and activity of CDK1 could be regulated by PKCS
in NSCLC.
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Fig. 1

PLOD3 is highly expressed in NSCLC tissues and cells. A Venn diagram of the intersection of differentially expressed genes with

significantly high expression in NSCLC and NSCLC related genes in the CTD and Phenolyzer databases; B Interaction relationship network
diagram of candidate genes, dot color scale from blue to orange, where the degree values of genes is from small to large; C Heat map of
candidate gene expression in NSCLC datasets; D Risk score of PLOD3 gene in different tumors; E KM survival curve and ROC curve of PLOD3;
F The mRNA expression of PLOD3 in the NSCLC tissues and adjacent normal tissues determined by RT-qPCR. G The positive expression of
PLOD3 in the NSCLC tissues and adjacent normal tissues detected by immunohistochemistry. H The protein expression of PLOD3 in the
NSCLC tissues and adjacent normal tissues measured by Western blot analysis. | The OS of NSCLC patients analyzed by Kaplan-Meier method.
J The relative PLOD3 mRNA expression in NSCLC cell lines (A549, H1299, Calu6, and H520) and normal HBEC-3KT cell line determined by RT-
qPCR. *p < 0.05, compared with adjacent normal tissues or normal HBEC cell line; #, the cell line with the highest expression of PLOD3. The
results above were measurement data, which were expressed as mean =+ standard deviation from three independent experiments. Data
between two groups were analyzed by t-test and data among multiple groups were analyzed by one-way ANOVA.
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Fig. 2 Loss of PLOD3 contributes to the generation of an active catalytic fragment cleaved PKCS cleaved by caspase-3. A The silencing
efficiency of shRNAs targeting PLOD3 determined by RT-qPCR. B The protein expression of PLOD3, PKCS, cleaved PKCS, caspase-3 and cleaved
caspase-3 in the A549 cells transfected with sh-PLOD3 measured by Western blot analysis. C The protein expression of PLOD3, PKCJ, and
cleaved caspase-3 in the A549 cells transfected with sh-PLOD3 determined by immunofluorescence staining. D The caspase-3 activity in the
cells transfected with sh-PLOD3. E The protein expression of PLOD3, cleaved ATF6, and DNA damage marker yH2AX, as well as
phosphorylation levels of PERK, elF2a, and IRETa in A549 cells transfected with sh-PLOD3 measured by Western blot analysis. *p < 0.05,
compared with cells transfected with sh-NG; #, the highest silencing efficiency of shRNA against PLOD3. The results above were measurement
data, which were expressed as mean + standard deviation from three independent experiments. Data between two groups were analyzed by
unpaired t-test and data among multiple groups were analyzed by one-way ANOVA, with Tukey’s post hoc test.

RT-gPCR showed that the mRNA expression of CDK1 was much
higher in 75 cases of NSCLC tissues than in adjacent normal
tissues (Fig. 3A). Also, Western blot analysis displayed that the
NSCLC tissues exhibited much higher protein expression of CDK1,
but much lower CDK1 phosphorylation levels than the adjacent
normal tissues (Fig. 3B). These findings suggested aberrant high
expression of CDK1 but inhibited phosphorylation levels of CDK1
in NSCLC.

To explore the regulatory effect of PLOD3/PKCS/CDK1 on
NSCLC, the A549 cells were transfected with sh-NC, sh-PLOD3, oe-
NC, oe-PKC9, or co-transfected with sh-PLOD3 and oe-PKCS. No
obvious change in mRNA expression of CDK1 was observed in the
cells after transfection, as shown by RT-qPCR (Fig. 3C). The results
of Western blot analysis displayed that knockdown of PLOD3
elevated the protein expression of cleaved PKCS and enhanced
phosphorylation levels of CDK1. Similarly, overexpression of PKCS
upregulated the protein expression of cleaved PKCS and increased
the phosphorylation levels of CDK1, the effect of which could be
more evident following further silencing of PLOD3 (Fig. 3D). These
results suggest that PLOD3 inhibits the phosphorylation of CDK1
kinase by inhibiting the PKCS signaling pathway.

As depicted by immunofluorescence staining, PKCS (red
fluorescence) was expressed in nucleus and to a lesser extent in
cytoplasm, where p-CDK1 (green fluorescence) was expressed
exclusively in the nucleus. Knockdown of PLOD3 reduced protein

Laboratory Investigation (2022) 102:440-451

expression of PKCS but elevated phosphorylation levels of CDK1.
Overexpression of PKCS significantly suppressed phosphorylation
levels of CDK1 but had no effect on the PLOD3 expression.
However, knockdown of PLOD3 in part reversed the suppressed
phosphorylation levels of CDK1 mediated by overexpression of
PKCS (Fig. 3E, Supplementary Fig. 2A).

The results of the CCK-8 assay, colony formation experiment,
and flow cytometry revealed that knockdown of PLOD3 reduced
the proliferation of A549 cells, weakened the colony formation,
prolonged the GO/G1 phase of the cells, shortened the S and G2/M
phases, and promoted the apoptosis of A549 cells. The over-
expression of PKCS resulted in increased proliferation of A549
cells, enhanced colony formation, shortened GO0/G1 phases,
prolonged S and G2/M phases, and inhibited A549 cell apoptosis
(Fig. 3F-I, Supplementary Fig. 3A). Therefore, we supposed that
silenced PLOD3 upregulated cleaved PKCS and promoted CDK1
phosphorylation inactivation, thus suppressing cell proliferation
and promoting cell apoptosis of NSCLC. PLOD3 is an inhibitor of
the PKCS signaling pathway activation. Overexpression of PLOD3
inhibited PKCS cleavage and reduced the expression of cleaved
PKC&. Since cleaved PKCS can promote the phosphorylation of
CDK1, any decrease of cleaved PKCS would inhibit the phosphor-
ylation of CDK1, thus promoting cell proliferation and inhibiting
cell apoptosis. Therefore, the highly expressed PLOD3 induces the
further development and deterioration of NSCLC.
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Fig. 3 Knockdown of PLOD3 prevents NSCLC progression through upregulation of cleaved PKCS and CDK1 phosphorylation. A The
mMRNA expression of CDK1 in NSCLC tissues and adjacent normal tissues determined by RT-qPCR. B The protein expression of CDK1 and
phosphorylation levels of CDK1 in NSCLC tissues and adjacent normal tissues measured by Western blot analysis. The cells used for the
following assays were transfected with sh-NC, sh-PLOD3, oe-NC and oe-PKCS or co-transfected with sh-PLOD3 and oe-PKCS. C The mRNA
expression of CDKT1 in the transfected cells determined by RT-gPCR. D The protein expression of cleaved PKC8 and CDK1 and phosphorylation
levels of CDK1 in the transfected cells detected by Western blot analysis. E The protein expression of PLOD3 and phosphorylation levels of
CDK1 in the transfected cells examined by immunofluorescence staining. F The viability of the transfected cells detected by CCK-8 assay.
G The colony formation of the transfected cells determined by colony formation assay. H, | The cell cycle entry and cell apoptosis after
transfection examined by flow cytometry. *p < 0.05, compared with cells transfected with sh-NC or oe-NC; *p <0.05, compared with cells
transfected with oe-PKCS. The results above were measurement data, which were expressed as mean * standard deviation from three
independent experiments. Data between two groups were analyzed by unpaired t-test and data among multiple groups were analyzed by
one-way ANOVA, with Tukey's post hoc test. Data among multiple groups at different time points were compared by repeated measures
ANOVA with Bonferroni’s post hoc test.

Phosphorylation of CDK1 promotes phosphorylation of LIMD1 trigger an epithelial-mesenchymal transition®>. To explore the
and inhibits the proliferation and progression of NSCLC regulatory role of pKCS/CDK1/LIMD1 in NSCLC, the A549 cells were
CDK1 is an upstream kinase that can phosphorylate LIMD1 among transfected with oe-NC, oe-LIMD1, or co-transfected with oe-CKD1
other substrates. Previous studies have found that LIMD1 acts as a and oe-LIMD1, or Purvalanol A, with DMSO treatment used as
tumor suppressor in various cancers, and participates in the control. The results of RT-qPCR and Western blot analysis displayed
regulation of cellular functions by controlling mitosis'*'*. Thus, that, compared with cells transfected with empty vector, over-
the functional role of LIMD1 in NSCLC was pursued for detailed expression of CDK1 and DMSO induced conspicuously increased
scrutiny. Initially, RT-gPCR showed that LIMD1 exhibited lower expression of CDK1, Bcl-2, Snail, and Fironectin, but markedly
MRNA expression in NSCLC tissues than in adjacent normal tissues enhanced phosphorylation levels of CDK1 and LIMD1 and reduced
(Fig. 4A). The protein expression of LIMD1 and phosphorylation expression of p53 and E-cadherin, without significantly altering
levels of LIMD1 were much lower in NSCLC tissues than in LIMD1 expression. The inhibition of CDK1 kinase activity by
adjacent normal tissues, as detected by Western blot analysis Purvalanol A partially rescued the changes in the above factors
(Fig. 4B). Besides, Pearson’s correlation coefficient (Fig. 4C) induced by overexpression of CDK1, accompanied by insignificant
displayed that phosphorylation levels of CDK1 were positively differences in LIMD1 expression, suggesting that phosphorylation of
correlated with those of LIMD1 (p < 0.001), suggesting that CDK1 CDK1 is critical for the phosphorylation of LIMD1 and that CDK1 is
phosphorylation might promote LIMD1 phosphorylation. the upstream activating molecule of LIMD1. On the other hand,

As a crucial oncogene, Bcl-2 promotes cancer cell survival by transfection with oe-LIMD1 caused no marked changes in the
|nh|b|t|n9 apoptosis through the inactivation of proapoptotic expression of CDK1 and phosphorylation levels of CDK1, elevated
proteins”'. Fibronectin, a class of high-molecular-weight adhesive the expression of LIMD1, p53 and E-cadherin, and phosphorylation
glycoprotems, exerts a pivotal function on ECM function because of levels of LIMD1, while reducing the expression of Bcl-2, Snail, and
its high abundance and its specific interactions with cellular Fibronectin. The cells co-transfected with oe-CDK1 and oe-LIMD1
components®2. Expression of Snail1 in epithelial cells is reported to exhibited markedly increased expression of CDK1 and LIMD1 and
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Fig. 4 CDK1 phosphorylation suppresses cell proliferation but enhances cell apoptosis of NSCLC by regulating LIMD1 phosphorylation.
A The mRNA expression of LIMD1 in NSCLC tissues and adjacent normal tissues determined by RT-qPCR. B The protein expression of LIMD1
and phosphorylation levels of LIMD1 protein in NSCLC tissues and adjacent normal tissues examined by Western blot analysis. The cells used
for following detections were transfected with empty vector, oe-LIMD1, CDK1, or co-transfected with oe-LIMD1 and CDK1 vector, and also
treated with Purvalanol A and DMSO in the presence of CDK1. C The correlation analysis of CDK1 phosphorylation and LIMD1
phosphorylation; Immunofluorescence staining of phosphorylation levels of CDK1 and LIMD1 after PLOD3 silencing (sh-PLOD3) on A549 cells.
D The mRNA expression of CDK1 and LIMD1 in the cells following treatments determined by RT-qPCR. E The protein expression of CDK1 and
LIMD1, as well as phosphorylation levels of CDK1 and LIMD1 in cells measured by Western blot analysis. F The protein expression of p53, Bcl-2,
E-cadherin, Snail, and Fibronectin in cells examined by Western blot analysis. G The cell viability following treatments detected by CCK-8 assay.
H The colony formation of the cells following treatments. I, J The cell cycle entry and cell apoptosis following treatments examined by flow
cytometry. *p < 0.05, compared with cells transfected with empty vector; *p < 0.05, compared with cells treated with both CDK1 vector and
DMSO; Ap < 0.05, compared with cells transfected with oe-LIMD1. The results above were measurement data, which were expressed as mean
+ standard deviation from three independent experiments. Data between two groups were analyzed by unpaired t-test and data among
multiple groups were analyzed by one-way ANOVA with Tukey's post hoc test. Pearson’s correlation coefficient was employed to analyze the
correlation between CDK1 phosphorylation and LIMD1 phosphorylation. Data among multiple groups at different time points were compared
by repeated-measures ANOVA with Bonferroni’s post hoc test.

significantly decreased phosphorylation levels of CDK1, but had no upregulated CDK1 phosphorylation level promotes LIMD1 phos-
pronounced difference in the phosphorylation levels of LIMD1, or phorylation, thus inhibiting cell proliferation and promote cell
the expression of p53, Bcl-2, E-cadherin, Snail, and Fibronectin as apoptosis and suppress the proliferation and progression of NSCLC.
compared to cells transfected with empty vector (Fig. 4D-F,
Supplementary Fig. 1D). LIMD1 phosphorylation downregulates YAP1 and alleviates
In the presence of CDK1, the treatment with Purvalanol A the progression of NSCLC
markedly decreased the expression of CDK1, Bcl-2, Snail, and YAP1 is one of the downstream factors of LIMD ,and acts as a
Fibronectin, but enhanced phosphorylation levels of CDK1 and  tumor suppressor in NSCLC'®377%, Thus, YAP1 is hyperactive in
LIMD1, and expression of p53 and E-cadherin, while having no NSCLC, and the nuclear translocation of hyperactive YAP1
effect on the LIMD1 expression (Fig. 4D-F, Supplementary Fig. 3B). activates cell proliferation and then promotes NSCLC develop-
Relative to cells transfected with oe-LIMD1, cells co-transfected ment. RT-gPCR and Western blot analysis showed that the
with both CDK1 vector and oe-LIMD1 showed remarkably expression of YAP1 was much higher in NSCLC tissues than in
increased expression of CDK1, Bcl-2, Snail and Fibronectin, adjacent normal tissues (Fig. 5A, B). Also, the Pearson'’s correlation
markedly inhibited phosphorylation levels of CDK1, and reduced coefficient revealed that LIMD1 phosphorylation level was
expression of p53 and E-cadherin and phosphorylation levels of negatively correlated with YAP1 expression (Fig. 5C).
LIMD1, along with the unaffected LIMD1 phosphorylation levels To investigate how YAP1 affected the progression of NSCLC, the
(Fig. 4D-F, Supplementary Fig. 3B). These results imply that LIMD1 A549 cells were transfected with oe-NC, oe-LIMD1, oe-YAP1 or co-
phosphorylation could be induced by upregulated CDK1 phos- transfected with oe-LIMD1 and oe-YAP1. RT-gPCR and Western
phorylation, and that the kinase phosphorylation of CDK1 is blot analysis revealed that overexpression of LIMD1 promoted the
critical for the phosphorylation of downstream LIMD1, thus phosphorylation levels of LIMD1, and elevated the expression of

1 34-36

indicating a signal cascade between CDK1 and LIMD1. p53 and E-cadherin, but reduced the expression of YAP1, Bcl-2,

Results of the CCK-8 assay, colony formation assay, and flow Snail and Fibronectin as well as phosphorylation levels of YAP1.
cytometry found that overexpression of CDK1 increased the Overexpressed YAP1 had no effect on the expression of LIMD1
proliferation of A549 cells, and colony formation, shortened G0/G1 and phosphorylation levels of LIMD1, but reduced the expression

phase, prolonged S and G2/M phases, and reduced apoptosis; of p53 and E-cadherin, and promoted YAP1 phosphorylation levels
downregulate CDK1 or over-expression LIMD1 leads to the reduction and elevated the expression of Bcl-2, Snail, and Fibronectin.
of A549 cell proliferation, weakening of colony formation, prolonga- Compared with overexpression of YAP1, overexpression of LIMD1
tion of GO/G1 phase, shortening of S, G2/M phase, and increase of promoted LIMD1 phosphorylation levels but repressed phosphor-
apoptosis. Finally, overexpression of LIMD1 can reverse the effect of ylation levels of YAP1 and expression of YAP1, and additionally
overexpression of CDK1 on cell proliferation, colony formation, cell promoted the expression of p53 and E-cadherin, and reduced the
cycle, and apoptosis (Fig. 4G-J). These findings together suggest that expression of Bcl-2, Snail and Fibronectin (Fig. 5D-F).
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Fig. 5 LIMD1 phosphorylation reduces YAP1 expression and its nuclear translocation, thus suppressing the progression of NSCLC
in vitro. A The mRNA expression of YAP1 in NSCLC tissues and adjacent normal tissues determined by RT-qPCR. B The protein expression of
YAP1 in NSCLC tissues and adjacent normal tissues examined by Western blot analysis. The cells used for following detections were
transfected with plasmids oe-NC, oe-LIMD1, oe-YAP1 or co-transfected with oe-LIMD1 and oe-YAP1. C The correlation analysis of
phosphorylation levels of LIMD1 and phosphorylation levels of YAP1. D The mRNA expression of LIMD1 and YAAP1 in cells determined by RT-
qPCR. E The protein expression of LIMD1 and YAP1, as well as phosphorylation levels of LIMD1 and YAP1 in cells detected by Western blot
analysis. F The expression of p53, Bcl-2, E-cadherin, Snail, and Fibronectin in cells examined by Western blot analysis. G The YAP1 protein
expression and phosphorylation levels of LIMD1 and YAP1 in cells were determined by immunofluorescence staining. H The distribution of
LIMD1, p-LIMD1, YAP1, and p-YAP1 proteins in the nucleus and cytoplasm was measured by Western blot analysis. | The cell viability following
transfection detected by CCK-8 assay. J The colony formation of cells following transfection. K, L The cell cycle entry and cell apoptosis
following transfection examined by flow cytometry. *p < 0.05, compared with cells transfected with oe-NC; *p < 0.05, compared with cells
transfected with oe-YAP1. The results above were measurement data, which were expressed as mean * standard deviation from three
independent experiments. Data between two groups were analyzed by unpaired t-test and data among multiple groups were analyzed by
one-way ANOVA with Tukey's post hoc test. Pearson’s correlation coefficient was employed to analyze the correlation between
phosphorylation levels of LIMD1 and phosphorylation levels of YAP1. Data among multiple groups at different time points were compared
by repeated measures ANOVA with Bonferroni’s post hoc test.

The results of immunofluorescence staining and confocal nuclear translocation was inhibited after co-transfection with oe-
microscopy displayed that p-LIMD1 protein and p-YAP1 protein LIMD1 and oe-YAP1 (Fig. 5G, Supplementary Fig. 2B). The obtained
were expressed mainly in the nucleus but also in cytoplasm, while data exhibited the presence of LIMD1 both in the nucleus and
p-CDK1 protein was exclusively expressed in the nucleus. Over- cytoplasm, the nuclear location of p-LIMD1 protein and p-YAP1
expression of LIMD1 reduced the protein expression of YAP1 and protein, and additional cytoplasmic location of p-YAP1 protein
phosphorylation levels of YAP1, suggesting that YAP1 nuclear (Fig. 5H). Overexpression of LIMD1 decreased YAP1 protein
translocation was inhibited, but overexpressed YAP1 had no expression as well as its nuclear translocation, and overexpression
influence on phosphorylation levels of LIMD1. In comparison with of YAP1 exerted no effect on LIMD1 expression. Compared with
transfection with oe-YAP1, YAP1 expression was reduced and its oe-YAP1 transfection, co-transfection with oe-LIMD1 and oe-YAP1
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Fig. 6 Silencing of PLOD3 stimulates phosphorylation levels of CDK1 and LIMD1 and reduces YAP1 expression, thus suppressing the
tumorigenic ability of NSCLC cells in vivo. A The mRNA expression of PLOD3, CDK1, LIMD1, and YAP1 in transplanted tumor tissues of mice
after injection with cells stably transfected with sh-NC or sh-PLOD3, as detected by RT-qPCR. B The protein expression of PLOD3, CDK1, LIMD1,
YAP1, and their phosphorylation levels in transplanted tumor tissues after silencing PLOD3, as examined by Western blot analysis.
C Representative images of the transplanted tumors of nude mice injected with the cells transfected with sh-NC or sh-PLOD3. D The tumor
volume after injection with cells transfected with sh-NC or sh-PLOD3. E The tumor weight after injection with cells transfected with sh-NC or
sh-PLOD3. F The PCNA expression and TUNEL positive cells determined with Immunohistochemistry and TUNEL. n = 10 mice in each group.
*p < 0.05, compared with the tumor in nude mice injected with sh-NC-transfected cells. The results above were measurement data, which
were expressed as mean + standard deviation. Data between two groups were analyzed by t-test and data at different time points were

analyzed by one-way ANOVA with Bonferroni's post hoc test.

decreased YAP1 protein expression and its nuclear translocation
(Fig. 5H). All these findings led to the conclusion that LIMD1
phosphorylation negatively regulated the expression of YAP1 and
its nuclear translocation.

Based on results of CCK-8 assay, colony formation assay, and
flow cytometry, overexpressed LIMD1 suppressed the viability and
colony formation of A549 cells, but overexpressed YAP1 led to
opposite results (both p <0.05). The enhanced cell viability and
colony formation of A549 cells by overexpressed YAP1 were
normalized by LIMD1 overexpression (Fig. 5, J Supplementary
Fig. 3C), while LIMD1 overexpression induced prolonged GO0/G1
phases but shortened S and G2/M phases of A549 cells, and also
promoted apoptosis of A549 cells, whereas overexpressed YAP1
contributed to the induction of cell cycle progression and
repressed cell apoptosis (all p<0.05). LIMD1 overexpression
normalized the promoting effect of YAP1 overexpression on cell
cycle progression and its inhibitory effect on cell apoptosis
(Fig. 5K, L). We can thus draw the conclusion that LIMD1
phosphorylation downregulated YAP1 expression and its nuclear
translocation, thereby blocking the cell cycle entry, repressing cell
proliferation, and promoting cell apoptosis of NSCLC.

Silencing of PLOD3 promotes phosphorylation levels of CDK1
and LIMD1, and downregulates YAP1 to inhibit the NSCLC
tumorigenesis in vivo

An in vivo xenograft tumor model was developed to analyze the
effect of PLOD3 on tumor growth. The stably transfected cells
were injected into nude mice, and then RT-gPCR and Western blot
analysis was performed to determine the expression of PLOD3,
YAP1, CDK1, and LIMD1 in the transplanted tumor tissues.
Silencing of PLOD3 led to reduced mRNA and protein expression
of PLOD3 and YAP1, but no significant changes were noted in that
of CDK1 and LIMD1 (Fig. 6A).

Besides, silencing of PLOD3 obviously enhanced the phosphor-
ylation levels of CDK1 and LIMD1, but inhibited YAP1 protein
expression and phosphorylation levels of YAP1 (all p<0.05)
(Fig. 6B). Furthermore, PLOD3 knockdown reduced the weight
and volume growth of transplanted tumors (Fig. 6C-E), which
revealed that loss of PLOD3 suppressed the tumor growth. As
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reflected by immunohistochemistry and TUNEL staining (Fig. 6F), a
reduction in PCNA expression and increase in positive cells were
observed in response to silencing of PLOD3. All in all, silencing of
PLOD3 promoted phosphorylation levels of CDK1 and LIMD1, and
then downregulated YAP1 expression and suppressed tumor
growth of NSCLC in vivo.

DISCUSSION

In spite of the considerable progress made in anti-cancer
treatments such as targeted therapies, chemotherapy, and radio-
therapy, the five-year survival rate of lung cancer remains
dismal*'. Also, the prognosis of advanced NSCLC remains
especially unfavorable*?. It is established that PLOD3 is an
effective initiator of the metastasis of lung cancer and thus
presents a promising target for treating NSCLC>. We thus explored
the role of PLOD3 and the involvement of the PKCS/CDK1/LIMD1/
YAP1 axis in regulating the progression of NSCLC. In a series of
experiments, silencing of PLOD3 was observed to activate the
PKCS signaling pathway and then induce the generation of
cleaved PKC&. This in turn promoted phosphorylation levels of
CDK1 and LIMD1 but reduced the YAP1 expression, thus
suppressing the cell cycle entry and cell proliferation, while
enhancing cell apoptosis of NSCLC.

We first found high expression of PLOD3 in NSCLC surgical tissues
and cells, and then showed that silencing of PLOD3 generated
cleaved PKCS and then affected the biological function of NSCLC
cells. The abnormally high expression of PLOD3 has been
documented previously in various cancers. For instance, PLOD3 is
upregulated in hepatocellular carcinoma, in which its inactivation
exerts tumor-inhibitory effects in vivo and in vitro?. Increased
expression of PLOD3 in human gastric cancer is strongly associated
with larger tumor size and poor prognosis, and suppression of
PLOD3 inhibits gastric cancer cell proliferation®*. PLOD3 silencing
suppresses cell proliferation and induces cells cycle arrest at the G1
phase, as well as reducing the migration and invasion of glioma cells
by repressing mesenchymal markers, including Snail and Twist®.
Consistent with those findings, we proved that silencing of
PLOD3 suppressed the cell cycle entry, cell proliferation, and tumor
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growth and promoted cell apoptosis in NSCLC. Inhibition of PLOD3
has also been reported to suppress human lung cancer cell growth
through regulation of the PKCS signaling pathway, and other
research shows that PLOD3 modulates PKC-dependent apoptosis by
directly activating PKCa and PKC&’. A previous report also
demonstrated that the pro-apoptotic and pro-tumorigenic functions
of PKCS may segregate based on K-Ras dependency, as K-Ras-
independent cells are more sensitive to topoisomerase inhibitors,
and depletion of PKCS in this subgroup suppresses apoptosis
through increased activation of ERK. In contrast, K-Ras-dependent
lung cancer cells are largely insensitive to topoisomerase inhibitors,
and depletion of PKCS can increase apoptosis and decrease
activation of ERK in this subgroup™. In addition, it was reported
that the combined inhibition of PKCS and EGFR induces marked
regression of resistant NSCLC tumors with EGFR mutations®. In the
line with our findings, a previous study also found a correlation
between high expression of PKCSis and the poor prognosis of
patients’. Partially consistent with those findings, the present study
suggested that silencing of PLOD3 activated the PKCS signaling
pathway, promoted the phosphorylation of CDL1/LIMD1, and
inhibited YAP1 expression, thus suppressing the progression
of NSCLC.

This study demonstrated an upregulation of CDK1 in NSCLC
tissues and cells, which has also been found previously in the tumor
tissues of lung cancer®. Silencing of CDK1 exerts suppressive effects
on cell growth, proliferation, migration, and cell cycle entry, but
promoted cell apoptosis in NSCLC*. Our study also confirmed that
upregulated CDK1 phosphorylation exerted a tumor-suppressive
function by promoting LIMD1 phosphorylation. In addition, we saw
high expression of YAP1 but poor expression of LIMD1 in NSCLC
tissues and cells. YAP is an oncogene in various cancers, including
lung cancer®®. As previously reported, YAP1 is an oncogene that is
highly-expressed in NSCLC, which could stimulate the proliferation
of cancerous cells, thus promoting the occurrence and development
of NSCLC'638-%04930 Other research has shown that YAP1 acts as a
tumor promoter by enhancing tumorigenesis, metastatic potential,
and malignant stemness’’. Silencing YAP1 has been demonstrated
to counteract the TGF-B1-provoked epithelial-mesenchymal transi-
tion, and the proliferation, migration and invasion processes in
NSCLC®. Also, YAP1 interacts with SOX5 to stimulate the malignant
potential of NSCLC cells, and knockdown of YAP1 impedes the
malignant process of NSCLC®. Furthermore, LIMD1 has been
revealed to usually have poor expression in human lung cancer'>.
Additionally, mitotic phosphorylation of LIMD1 imparts its suppres-
sive role in cell proliferation, cell migration, and invasion'?. Present
findings suggest that LIMD1 phosphorylation downregulates YAP1
expression and its nuclear translocation, thereby preventing
progression of NSCLC.

In a previous study, Ophiopogon Saponin C1 has been
demonstrated to suppress TNF-a to stabilize endothelium perme-
ability and inhibit lung tumors through PKCS inhibition®2. Another
report has reported a critical role of nuclear PKCS as a common axis
across multiple known tyrosine kinase inhibitors (TKls)-resistance
mechanisms in EGFR-mutant lung cancer, revealing targeting PKCS
as a therapeutic strategy against heterogeneous mechanisms of
EGFR inhibitor resistance in EGFR-mutant lung cancer”. In the
present study, PLOD3 was observed to be highly expressed in
NSCLC tissues and cells. Its knockdown can activate PKCS protein
expression to activate the PKCS signal pathway, which promotes
PKCS cleavage in a caspase-dependent manner to generate the
catalytically active fragment cleaved PKC&. In turn, cleaved PKCS can
promote CDK1 phosphorylation to upregulate LIMD1 phosphoryla-
tion level and inhibit YAP1 expression, thus ultimately blocking cell
cycle and preventing the occurrence and development of NSCLC
(Fig. 7). This study provides novel insight for further explorations of
therapeutic targets involving the PKCS/CDK1/LIMD1/YAP1 axis for
treating NSCLC. Moreover, as introduced by a recent publication®?,
small molecule targeting of PLOD3 should be investigated in future
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Fig. 7 Schematic illustration of the proposed mechanism for
NSCLC. Silencing of PLOD3 activates the PKCS signaling pathway,
induces PKCS cleavage in a caspase-dependent manner, and
generates a catalytically active fragment, cleaved PKCS. Cleaved
PKC3 increases phosphorylation levels of CDK1 and LIMD1, while
reducing YAP1 expression, ultimately arresting cell cycle and
alleviating NSCLC.

in vitro and in vivo studies. In addition, the relevance of targeting
the PLOD3 signaling pathway in the NSCLC cell lines warrants
further investigation. Besides, in previous researches, it has been
reported that AMOTL1 could promote YAP1 translocation and
activate the expression of downstream gene CTGF. AMOTL1 plays a
carcinogenic role in the occurrence of malignant tumors by
interacting with YAP1 and promoting its nuclear accumulation>*.
The interaction between IRF2BP2 and VGLL4 increased the binding
of TEAD4 and YAP1, which led to CTGF transcription co-activation,
thereby promoting the proliferation, migration, invasion, and
epithelial-mesenchymal transition of gastric cancer cells*>. However,
we didn't further study the downstream gene CTGF of YAP1 due to
the limited time and funding. In our future study, we will further
explore the downstream mechanism.
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