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YRDC is upregulated in non-small cell lung cancer and
promotes cell proliferation by decreasing cell apoptosis
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Abstract. Non-small cell lung cancer (NSCLC) is the
leading cause of cancer-associated mortality worldwide. yrdC
N6-threonylcarbamoltransferase domain containing protein
(YRDC) has been demonstrated to be involved in the forma-
tion of threonylcarbamoyladenosine in transfer ribonucleic
acid. However, the molecular mechanisms underlying NSCLC
progression remain largely unclear. The present study revealed
that YRDC was upregulated in NSCLC samples compared
with adjacent non-cancerous tissues by analyzing datasets
obtained from the Gene Expression Omnibus and The Cancer
Genome Atlas. Higher expression of YRDC was associated
with overall survival time and disease-free survival time in
patients with NSCLC, particularly in lung adenocarcinoma.
Furthermore, knockdown of YRDC in NSCLS cell lines
significantly suppressed cell growth and cell colony forma-
tion in vitro. Additionally, the results demonstrated that
silencing of YRDC induced apoptosis of A549 cells. Then,
the protein-protein interaction networks associated with yrdC
N6-threonylcarbamoltransferase domain containing protein
(YRDC) in NSCLC were subsequently constructed to inves-
tigate the potential molecular mechanism underlying the role
of YRDC in NSCLC. The results revealed that YRDC was
involved in the regulation of spliceosomes, ribosomes, the
p53 signaling pathway, proteasomes, the cell cycle and DNA
replication. The present study demonstrated that YRDC may
serve as a novel biomarker for the prognosis prediction and
treatment of NSCLC.

Correspondence to: Professor Guofang Zhao, Cardiothoracic
Surgery Department, Hwa Mei Hospital, University of Chinese
Academy of Sciences, 41 Northwest Street, Ningbo, Zhejiang
315010, P.R. China

E-mail: nbzhaoguofang@hotmail.com

*Contributed equally
Key words: non-small cell lung cancer, yrdC N6-threonylcarba-

moltransferase domain containing protein, biomarker, proliferation,
apoptosis

Introduction

Non-small cell lung carcinoma (NSCLC) accounts for >80% of
patients with lung cancer, and was a leading cause of cancer-asso-
ciated mortality, both worldwide and in China (2008) (1,2). Over
the past decade, increasing efforts have been made to identify
novel biomarkers and classify the molecular mechanisms under-
lying NSCLC progression (3-5). However, an urgent need to
identify novel drivers and biomarkers for NSCLC remains.

Currently, >150 RNA post-transcriptional modifications
had been identified, including N6-methyladenosine (m6A) (6),
threonylcarbamoyladenosine (t6A) (7) and pseudouridine (8,9)
modifications of ribosomal RNA and transfer RNA (tRNA).
Emerging studies have demonstrated that RNA modifica-
tions serve crucial roles in human cells (10-12). For example,
m6A modifications of mRNAs influenced RNA stability
and translation (11) and t6A modification at position 37 of
adenosine-starting codons decoding tRNAs imparted a unique
structure to the anticodon loop, which enhanced its binding to
ribosomes in vitro (7,12). yrdC N6-threonylcarbamoltransferase
domain containing protein (YRDC) has been revealed to
be involved in the formation of t6A in tRNA (13). Previous
studies have indicated that dysregulation of YRDC expression
was associated with the progression of bladder cancer; YRDC
expression was upregulated in bladder cancer samples and
knockdown of YRDC significantly suppressed bladder cancer
cell proliferation (14). However, the molecular mechanisms
underlying YRDC in NSCLC remain unclear.

The present study aimed to elucidate the prognostic value
and functional roles of YRDC in NSCLC, and to assess the
expression levels of YRDC in NSCLC samples compared with
normal samples. The association between YRDC expression
and survival time was evaluated using the Kaplan-Meier Plotter
database. The present study also knocked-down YRDC in
NSCLC cells in order to evaluate the influence of YRDC on
proliferation and apoptosis. These analyses will provide evidence
to support the concept that YRDC could act as a biomarker for
the prognosis prediction and treatment of NSCLC.

Materials and methods

Cell culture. The NSCLC cell lines A549, H1975 and H1299
were purchased from the Cell Bank of Type Culture Collection
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of Chinese Academy of Sciences and cultured in RPMI-1640
medium (HyClone; GE Healthcare Life Sciences) supple-
mented with 10% bovine serum, penicillin (100 U/ml) and
streptomycin (100 U/ml; all Gibco; Thermo Fisher Scientific,
Inc.). A549 cells were incubated at 37°C in a humidified
atmosphere consisting of 95% air and 5% CO,.

Construction of YRDC knockdown lentivirus. The short
hairpin (sh)RNA sequence targeting YRDC (5'-CCGGCA
GTTCTCTGAATGTCGAGGACTCGAGTCCTCGACATT
CAGAGAACTGTTTTT-3") was obtained from Shanghai
Genechem Co., Ltd. Recombinant lentiviral vectors were
constructed as previously described (15). The empty GV115
lentiviral vector (Shanghai Genechem Co., Ltd.) was used as
the short hairpin (sh)RNA control. A total of 6 ug SureSilencing
shRNA plasmids (Qiagen GmbH) and shRNA control were
transfected to knockdown YRDC expression levels, using
standard molecular techniques. At 48 h post-transfection,
the transfection efficiency of shYRDC was determined using
reverse transcription-quantitative (RT-q)PCR and western
blotting.

Western blot analysis. The western blot analysis was performed
as previously described (16). The antibodies used in the present
study included anti-YRDC (1:1,000; cat. no. ab70795; Abcam)
and anti-GAPDH (1:1,000; cat. no. sc-32233; Santa Cruz
Biotechnology, Inc.). Secondary antibodies (Goat anti-mouse
and goat anti-rabbit IgG-horseradish peroxidase; 1:5,000; cat.
no. A9044 and cat. no. A91609, respectively; Sigma-Aldrich;
Merck KGaA) were purchased from Sigma-Aldrich; Merck
KGaA.

RT-qPCR. RT-qPCR was performed as previously
described (17). Total RNA was extracted from A549, H1975
and H1299 cells using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.), and cDNA was synthesized using
a RevertAid First Strand cDNA Synthesis kit (Promega
Corporation) according to the manufacturers' protocol.
miScriptSYBR GreenPCR kit (Qiagen, Inc.) was used to
perform the qPCR. The qPCR primers used in the present
study were: YRDC forward, 5'-GGCGTCCAAGACCCACAT
C-3' and reverse, 5'-ACAGGCCACTTTAAGCATTCC-3"; and
GAPDH forward, 5"-TGACTTCAACAGCGACACCCA-3' and
reverse, 5'-CACCCTGTTGCTGTAGCCAAA-3". The 2-44¢4
method was used to calculate the relative expression levels of
the target genes (18).

Cell proliferation and viability assays. The adherent
cell cytometry system, Celigo® (Celigo Inc.), was used to
detect the cell proliferation in A549 cells, as previously
described (15). Plates were analyzed using an adherent cell
cytometer equipped with bright field and fluorescent chan-
nels. Gating parameters were adjusted for each fluorescence
channel to exclude background and other non-specific signals.
The Celigo® system provided a gross quantitative analysis
for each fluorescence channel and individual well, including
total count and average integrated red fluorescence intensity
of gated events. Fluorescence images were detected using a
fluorescence microscope at X200 magnification. An MTT
assay was performed as previously described (19). A total of

2x10° A549 cells were seeded and cultured in 96-well plates
for 5 days at 37°C in 5% CO,. Cells were stained with MTT
dye (0.5 mg/ml; Sigma Aldrich; Merck KGaA) for 2 h at 37°C.
The cell culture medium was removed and replaced with
150 ml dimethyl sulfoxide (Sigma Aldrich; Merck KGaA)
to dissolve the purple formazan crystals. The absorbance
was subsequently measured at a wavelength of 570 nm, with
655 nm as the reference wavelength.

Cell apoptosis assay. For the cell apoptosis assay, A549
cells (3x10%/well) were seeded into 6-well plates and assayed
with an Annexin V-APC Apoptosis Detection kit (eBiosci-
ence; Thermo Fisher Scientific, Inc.) 48 h after transfection
according to the manufacturer's protocol. Apoptotic cells were
subsequently detected using a flow cytometer (FACScalibur;
Becton, Dickinson and Company). The results were obtained
by analyzing the data with FlowJo software (version 7.6.1;
FlowJo, LLC, Ashland, OR, USA).

Colony formation assays. A549 cells were plated into 6-well
plates at a density of 500 cells/well. After 10 days, the colonies
were stained with 1% crystal violet (Sigma-Aldrich; Merck
KGaA) for 30 sec at room temperature following fixation with
4% paraformaldehyde for 5 min at room temperature. Images
of the cell colonies were captured using an inverted light
microscope (magnification, x200; MicroPublisher 3.3RTV;
Olympus Corporation).

Public datasets analysis. The Cancer Genome Atlas
(TCGA) Lung Cancer Cohort data, (http:/tcga.cancer.gov/
dataportal; accessed June 2016), which includes the lung
adenocarcinoma (LUAD) cohort (comprising 517 primary
LUAD tissues and 59 adjacent non-cancerous tissues) and the
lung squamous cell carcinoma (LUSC) cohort (comprising
501 primary LUSC tissues and 51 adjacent non-cancerous
tissues) were downloaded from the Firebrowse database
(http://firebrowse.org/). The YRDC expression levels were
also compared between NSCLC and adjacent non-cancerous
tissues using public datasets including GSE18842 (20),
GSE19804 (21) and GSE19188 (22). Moreover, the present
study then analyzed a public dataset Depmap (https://depmap.
org/portal/gene/ YRDC?tab=dependency) to further validate
the roles of YRDC. The gene-level differential dependency
scores are available on at https:/depmap.org/rnai/index.

Kaplan-Meier Plotter analysis. Kaplan-Meier curves were
created using the Kaplan-Meier Plotter (www.kmplot.
com) (17) in order to analyze the prognostic value of YRDC
expression. The Kaplan-Meier Plotter is capable of assessing
the effect of 54,675 genes on survival time using 10,293
cancer samples, including 5,143 breast cancer, 1,648 ovarian
cancer, 2,437 lung cancer and 1,065 gastric cancer samples,
with mean follow-up periods of 69, 40, 49 and 33 months,
respectively. Patients with NSCLC were divided into high- and
low-expression groups based on the median expression level
of YRDC (Cutoff value for OS analysis, 717; Cutoff value for
DFS analysis, 796) in order to evaluate the overall survival
(OS) time and disease-free survival (DFS) time. The OS and
DFS rate estimates were calculated using the Kaplan-Meier
method with the log-rank test.
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Figure 1. YRDC was upregulated in NSCLC. YRDC expression levels in NSCLC samples were compared with normal samples by analyzing the (A) GSE30219,
(B) GSE19188 and (C) GSE18842 datasets. YRDC was upregulated in NSCLC samples compared with normal samples by analyzing (D) LUAD and (E) LUSC.
(F) The expression of YRDC in 3 NSCLC cell lines, including H1975, A549 and H1299 cells, compared with the expression of GAPDH. ““P<0.001 vs. adjacent
non-cancerous tissues. YRDC, yrdC N6-threonylcarbamoyltransferase domain containing protein; NSCLC, non-small cell lung carcinoma; LUAD, lung

adenocarcinoma; LUSC, lung squamous cell carcinoma; HR, hazard ratio.

Protein-protein interaction (PPI) network and module
analysis. Correlations between the expression of YRDC and
target gene expression in lung cancer were analyzed using the
cBioPortal database (http://www.cbioportal.org/index.do). The
top 1,000 co-expressing mRNAs were considered as poten-
tial downstream targets of YRDC in NSCLC. The present
study constructed a PPI network using The Search Tool for
the Retrieval of Interacting Genes (STRING; version 10.5;
https://string-db.org) (23). YRDC-mediated PPI networks
were constructed in NSCLC datasets using the STRING
database (The threshold was a combined score of >0.4). The
PPI network was presented using Cytoscape software (version
3.6.0; http://www.cytoscape.org) (24). The Mcode plugin
(version 1.5.1; Bader Lab; University of Toronto) (25) was then
used to identify key modules (degree cut-off =2 and the nodes
with edges =2-core) in this network. The ClueGO plug-in in
Cytoscape software (version 2.5.0; http:/www.cytoscape.org/)
was used to identify genes associated with Gene Ontology
(http://geneontology.org/) terms (26). P<0.05 indicated a
statistically significant difference.

Statistical analysis. SPSS v. 19.0 (IBM Corp.) was used
for all statistical analyses. Results are expressed as the
mean + standard deviation. The unpaired Student's t-test was

used to calculate statistical significance of YRDC expression
levels between normal tissues and NSCLC samples. For more
than two groups, one-way analysis of variance followed by the
Newman-Keuls post-hoc test was used. Each experiment was
performed in triplicate. P<0.05 was considered to indicate a
statistically significant difference.

Results

YRDC is upregulated in NSCLC samples. The present study
compared the YRDC expression levels between NSCLC and
adjacent non-cancerous tissues using public datasets. A total
of three GEO datasets were screened in order to investigate the
expression pattern of YRDC in NSCLC. It was observed that
YRDC was significantly upregulated in NSCLC compared
with normal samples in GSE18842 (P<0.001), GSE19804
(P<0.001) and GSE19188 (P<0.001; Fig. 1A-C).

Furthermore, The Cancer Genome Atlas (TCGA) datasets
were analyzed to validate the aforementioned GEO dataset
analyses. TCGA lung adenocarcincoma (LUAD) dataset
included 59 normal and 517 LUAD samples, and TCGA lung
squamous cell carcinoma (LUSC) dataset included 51 normal
and 501 LUSC samples. As presented in Fig. 1, the present
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Figure 2. Higher YRDC expression was associated with shorter overall survival and disease-free survival time in NSCLC. Higher YRDC expression was
associated with (A) shorter overall survival time and (B) disease-free survival time in NSCLC using Kaplan-Meier Plotter. Higher YRDC expression was
associated with (C) shorter overall survival time and (D) disease-free survival time in lung adenocarcinoma using Kaplan-Meier Plotter. YRDC, yrdC
N6-threonylcarbamoyltransferase domain containing protein; NSCLC, non-small cell lung carcinoma; HR, hazard ratio.

study demonstrated that YRDC was upregulated in both LUAD
(P<0.05) and LUSC (P<0.05) samples compared with normal
tissues (Fig. 1D and E). Of note, the absolute expression of
YRDC in 3 NSCLC cell lines (H1975, A549 and H1299 cells)
was compared with the expression of GAPDH. It was observed
that YRDC was expressed in these NSCLC cell lines (Fig. 1F).

YRDC is associated with poor prognosis in patients with
NSCLC. The present study performed a Kaplan Meier curve
analysis of YRDC using the Kaplan Meier plotter database in
order to further investigate the clinical importance of YRDC
in NSCLC. The results revealed that compared with low
expression, high expression of YRDC was associated with
shorter OS (P<0.0001) and DFS time (P<0.01) in lung cancer
(Fig. 2A and B). The association between YRDC expression
and survival time in LUAD and LUSC was then assessed.
This further analysis revealed that higher expression of YRDC
was significantly associated with shorter OS (P<0.0001) and
DFS (P<0.01) time in LUAD (Fig. 2C and D). These results

suggested that YRDC may serve as a biomarker for the prog-
nosis prediction of LUAD.

Bioinformatics analysis reveals the potential molecular
mechanisms underlying YRDC in the progression of NSCLC.
The molecular mechanism underlying YRDC in NSCLC
previously remained largely unclear. In the present study, a
co-expression analysis of YRDC in NSCLC was performed
using a dataset downloaded from TCGA. The top 1,000
co-expressing mRNAs were considered as the potential down-
stream targets of YRDC in NSCLC.

Furthermore, the present study constructed
YRDC-mediated PPI networks in NSCLC using the STRING
database (combined score >0.4). The Mcode plugin was used
to identify key modules (degree cut-off =2 and the nodes with
edges =2-core) in this network. The top three hub modules
are presented in Fig. 3. Module 1 contained 79 nodes and
2,145 edges, module 2 contained 38 nodes and 987 edges and
module 3 contained 52 nodes and 845 edges (Fig. 3A-C).
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Figure 3. Construction of key YRDC mediated protein-protein interaction networks. (A) Module 1 contained 79 nodes and 2,145 edges, (B) module 2 contained
38 nodes and 987 edges and (C) module 3 contained 52 nodes and 845 edges. Blue nodes indicate nodes in Module 1. Red nodes indicate nodes in Module 2.
Purple nodes indicate nodes in Module 3. YRDC, yrdC N6-threonylcarbamoyltransferase domain containing protein.

Functional annotation of YRDC-mediated hub PPI networks
in NSCLC. The present study next performed a bioinformatics
analysis of YRDC-mediated hub PPI networks in NSCLC
using the ClueGo plug-in in Cytoscape. The results revealed
that YRDC-associated module 1 was involved in regulating
spliceosomes, the mRNA surveillance pathway, ribosomes
and RNA polymerase (Fig. 4A); module 2 was involved in

regulating ribosome biogenesis in eukaryotes (Fig. 4B); and
module 3 was involved in the regulation of the p53 signaling
pathway, proteasomes, the cell cycle and DNA replication
(Fig. 4C).

Silencing of YRDC inhibits A549 cell proliferation and cell
colony formation. The aforementioned bioinformatics analysis



48 SHEN et al: YRDC PROMOTES NSCLC PROLIFERATION

°
SNF\%DQ S""?PG PRF'%’SSA

A n\m %31
/ y ] MRF.’S17 ?
MRPL27 MRPS10 o
® MRPS12
MRPL2 P
/ / ® MRPL36
- MRPL15
a
_ MRPL1
L
-~ MRPL21
g
MRPL33
@
MRPL3 .
| Ribosome ®
MRPL11
[ ]
MRPL13 -
/ - MREPS15
MRPS16 ®
CPSFY / / G‘ @ MRPL12
/ MRPS7 VRBLa5 MRPL20
‘ /
SMNDCA
PPIE Ceo LSM5 POLR2K
MAGRH39 SNRNP27
POLR2D
B C
p53 signaling pathway PSMB3 PSMBS
o CCNB1 PSMD3
GCNE PSMA7
CCNB2 PSMD12
PSMAS
ORC1 ANAPCA11 PSMD13
PSMD14
PSMD4
® GNL2 °
. PSMAG
)
o Ribosome uTPs . o RFC3 BaME2
PSMB2
. PP ) PSMB4
GTPBP4 biogenesis in
eukaryotes . .
PRIM1

DNA replication

Figure 4. Bioinformatics analysis of YRDC-mediated hub protein-protein interaction networks in NSCLC. (A) YRDC-associated module 1 was involved in
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in eukaryotes. (C) Module 3 was involved in the regulation of the p53 signaling pathway, proteasomes, the cell cycle and DNA replication. YRDC, yrdC
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revealed that YRDC was involved in regulating cell prolifera-
tion-associated biological processes, such as p53 signaling, the
cell cycle and DNA replication. In order to validate these find-
ings, the present study performed loss-of-function assays using
A549 cells. The present study successfully knocked-down the
mRNA and protein expression levels of YRDC in A549 cells
using a shRNA against YRDC (Fig. 5A and B).

The present study then performed two different types
of assay in order to assess the influence of YRDC on tumor
growth. Celigo® cell counting assay revealed that silencing
of YRDC markedly suppressed A549 cell proliferation. The
relative cell number in YRDC knockdown group decreased
by >80% in comparison with the control group (P<0.001,
Fig. 5C-E) 5 days after transfection. A similar effect on cell
viability was also observed using the MTT assay (P<0.001,
Fig. 5F-G). YRDC knockdown could inhibit cell growth by
>80% compared with the control. The present study then

analyzed a public dataset Depmap (https://depmap.org/
portal/gene/ YRDC?tab=dependency) to further validate the
roles of YRDC. The present results demonstrated that knock-
down of YRDC significantly suppressed the growth of several
NSCLC cell lines (Fig. S1).

Furthermore, the cell colony formation assay was conducted
in order to determine the roles of YRDC in regulating NSCLC
growth. YRDC knockdown markedly inhibited the ability of
A549 cells to form colonies compared with controls. The cell
colonies in the YRDC knockdown group decreased by 75%
compared with the control group (P<0.001, Fig. 6A and B).
The current results suggest that YRDC may serve as an onco-
genic factor in NSCLC.

Knockdown of YRDC induces cell apoptosis in NSCLC cells.
Dysregulation of the apoptotic pathways is considered to be a
hallmark of human cancer (27). The present study performed
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an annexin V-APC staining assay in order to determine
the influence of YRDC on cell apoptosis in NSCLC. The
percentage of apoptotic A549 cells significantly increased
by 50% in the YRDC knockdown group when compared
with the control group (P<0.001, Fig. 6C and D) 5 days after
transfection, suggesting that YRDC plays an oncogenic role in
NSCLC, at least in part, by suppressing cell apoptosis.

Discussion

Lung cancer is one of most common types of human cancer
in China (28). In the past decade, an increasing amount of
research has focused on the identification of novel biomarkers
and drivers of cancer in NSCLC (29-31). A series of regula-
tors associated with NSCLC proliferation and metastasis have
been identified. For example, polycomb repressive complex
2 played crucial roles in Kirsten rat sarcoma virus-driven
NSCLC progression (30), NOVA alternative splicing regulator
1 promoted NSCLC cell growth by regulating RNA splicing of
human telomerase reverse transcriptase, and YEATS domain
containing 2 regulated NSCLC tumorigenesis by regulating
histone acetylation (31). However, the molecular mechanisms
underlying NSCLC remained unclear. In the present study, it
was revealed that YRDC served as an oncogene in NSCLC.

Knockdown of YRDC in the NSCLC cell line A549 suppressed
proliferation and cell colony formation, but induced A549 cell
apoptosis.

The functions of YRDC in human cancer remains largely
unclear. Previous studies have indicated that YRDC may
serve as a subunit for a tRNA threonylcarbamoyl transferase,
and was involved in the formation of t6A modification in
tRNA (13,32). The aberrant protein translation was revealed
to be associated with the progression of human cancer,
such as glioma (33,34). A recent study reported that YRDC
was upregulated in tumor samples compared with adjacent
non-cancerous tissues, and promoted cancer cell growth
and metastasis in bladder cancer (14). In the present study,
YRDC-mediated PPI networks in NSCLC were constructed,
and a bioinformatics analysis of YRDC was performed using
a co-expression analysis. The results revealed that YRDC
was involved in regulating spliceosomes, ribosomes, the
p53 signaling pathway, proteasomes, the cell cycle and DNA
replication.

The most widely used biomarkers in lung cancer currently
include cancer antigen (CA) 125 (35), carcinoembryonic
antigen and CA153 (36); however, the accuracy of these
biomarkers remains limited. A number of novel biomarkers
have been identified in NSCLC. For example, B7-H3
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expression was upregulated in serum samples and served
as a biomarker for the prognosis of NSCLC (37), and muta-
tions in p53 could predict poor prognosis in NSCLC (38,39).
Notably, previous studies demonstrated the great prognostic
potential of long non-coding (Inc) RNAs in NSCLC (40-42).
Downregulation of IncRNA low expression in tumor (40),
promoter of CDKNIA antisense DNA damage activated
RNA (41) and cancer susceptibility 2 (42) predicts poor
prognosis in NSCLC. In the present study, it was observed
that YRDC was upregulated in NSCLC samples, and higher
expression of YRDC was associated with shorter OS and
DFS time in NSCLC. These results suggested that YRDC
could serve as a novel biomarker for NSCLC.

There were, however, a number of limitations in the
present study. The present study lacks investigations into
the molecular mechanisms underlying YRDC-associated
regulation of NSCLC progression, and these require further
investigation. Of note, the bioinformatics analysis in the
present study revealed that YRDC was involved in regulating
multiple biological processes. Further validation of the effects
of YRDC on these biological processes is required.

In conclusion, to the best of our knowledge, the present
study demonstrated for the first time that YRDC was upregu-
lated in and associated with shorter OS and DFS time in
NSCLC. Furthermore, knockdown of YRDC suppressed
NSCLC cell growth and induced apoptosis in vitro. The results
from the present study provide evidence to support YRDC as a
potential new biomarker for the therapy and prognosis predic-
tion of NSCLC.
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