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Objectives. The mitochondrial ribosomal protein 114 (MRPL14) is encoded by a nuclear gene and participates in mito-
chondrial protein translation. In this study, we aimed to investigate the role of MRPL14 in thyroid cancer.

Methods. We investigated the association between MRPL14 expression and clinicopathological features using The Cancer
Genome Atlas (TCGA) and Chungnam National University Hospital (CNUH) databases. Functional studies of
MRPL14, including proliferation, migration, invasion, mitochondrial oxidative phosphorylation and reactive oxygen
species (ROS) production, were performed in papillary thyroid cancer (PTC) cell lines (B-CPAP and KTC-1).

Results. Based on the TCGA dataset, PTC tissues lost mitochondrial integrity and showed dysregulated expression of over
all mitoribosomal proteins (MRPs) compared with normal thyroid tissues. Of 78 MRPs, MRPL14 was highly ex-
pressed in thyroid cancer tissues. MRPL14 overexpression was significantly associated with advanced tumor stage,
extrathyroidal extension, and lymph node metastasis. MRPL14 increased cell proliferation of thyroid cancer and pro-
moted cell migration via epithelial-mesenchymal transition-related proteins. Moreover, MRPL14 knockdown reduced
the expression of oxidative phosphorylation complex IV (MTCO1) and increased the accumulation of ROS. Cotreat-
ment with a ROS scavenger restored cell proliferation and migration, which had been reduced by MRPL14 knock-
down, implying that ROS functions as a key regulator of the oncogenic effects of MRPL14 in thyroid cancer cells.

Conclusion. Our findings indicate that MRPL14 may promote cell growth, migration, and invasion by modulating ROS in
thyroid cancer cells.
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low mortality rate. However, PTC commonly metastasizes to
the lymph nodes and has high locoregional recurrence rates [5].
Moreover, anaplastic thyroid cancer (ATC), an undifferentiated
type of thyroid cancer, displays the most aggressive clinical be-
havior because of its wide-ranging local invasion of surrounding
tissue, metastasis to distant organs, and speedy growth. Conse-
quently, it has the worst prognosis among thyroid cancers, with
a median overall survival of only 2.5-6 months [6]. Therefore, it
is necessary to identify novel molecular biomarkers and poten-
tial therapeutic targets related to the aggressiveness of thyroid
cancer, which may be helpful for improving treatment [7].
Mitochondria are dynamic organelles that manufacture the
energy demanded by cells and play an important role in cellular
energy metabolism. Several studies have reported that mitochon-
drial disorders or dysfunction might be related to the origin of
numerous diseases, including cancer [8]. Thirteen mitochondrial
proteins, all of which are essential for oxidative phosphorylation
(OXPHOS), are synthesized in the specialized translation ma-
chinery known as the mitochondrial ribosome (mitoribosome).
The human mitoribosome consists of two mitoribosomal RNA
components encoded by mitochondrial DNA and 82 mitoribo-
somal proteins (MRPs) encoded by nuclear DNA [9,10]. Conse-
quently, the balanced expression of ribosomal RNA and MRPs
and their appropriate formation are essential for the control of
OXPHOS activity and the consequent energy production. Many
studies have reported that altered expression of several MRPs
was closely related to the development, progress, and metastasis
of many cancer types [11]. For instance, MRPL11 expression
was found to be reduced in the primary tumor tissues of head
and neck squamous cell cancer (HNSCC), prompting MRPL11
to be regarded as a latent biomarker for HNSCC [12]. A study
reported increased MRPS16 expression in the primary tumor
tissues of glioma and considered it as a prospective novel target
for the medical cure of glioma [13]. In addition, MRPS23 and
MRPS6 exert pro-carcinogenic functions in breast cancer [14].
However, the mechanisms underlying the contribution of chang-
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= [n The Cancer Genome Atlas-papillary thyroid cancer data-
base, MRPL14 overexpression was significantly associated
with advanced tumor stage, extrathyroidal extension, and
lymph node metastasis.

= Mitochondrial ribosomal protein L14 (MRPL14) increased cell
proliferation of thyroid cancer and promoted cell migration
via epithelial-mesenchymal transition-related proteins.

= MRPL14 knockdown reduced the expression of oxidative
phosphorylation complex IV (MTCO1) and increased the ac-
cumulation of reactive oxygen species (ROS).

= Our findings indicate that MRPL14 may promote cancer pro-
gression and metastasis through modulating ROS in thyroid
cancer.
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es in MRPs to cancer progression are still poorly understood.

Mitochondrial ribosomal protein L14 (MRPL14) is a 16-kDa
protein encoded by the MRPL14 gene located at 6p21.1. MRPL14
plays an important role in promoting the biogenesis of the mito-
chondrial large ribosomal subunit and mitochondrial translation
[15]. However, the role of MRPL14 in thyroid cancer has not yet
been clarified. In a study of The Cancer Genome Atlas (TCGA)
data, we recently discovered that MRPL14 was highly expressed
in PTC tissues and showed the potential to be an oncogene. There-
fore, in this study, we investigated the molecular mechanism of
MRPL14 associated with thyroid cancer progression and metas-
tasis by conducting transgene experiments with cultured thyroid
cancer cells.

MATERIALS AND METHODS

Cell lines and reagents

The human thyroid cancer cell lines B-CPAP, TPC-1, KTC-1, FRO,
SW1736, and 8505C, and the normal thyroid cell line Nthy-ori3.1
were helpfully contributed by Professor Yea Eun Kang (Chun-
gnam University). The B-CPAP, TPC-1, FRO, SW1736, 8505C,
and Nthy-ori3.1 cell lines were cultured in RPMI-1640 medium
(Gibco, #LM 011-03). The KTC-1 cell line was cultured in high-
glucose Dulbecco’s Modified Eagle medium (DMEM; Gibco,
#LM 001-05). All cell lines were supplied with 10% fetal bovine
serum (FBS; Gibco, #16000044), and 1% penicillin-streptomycin
(Gibco, #15140122) on 10-cm tissue culture plates. In all experi-
ments, cells were maintained at 37 °C in a humidified 5% CO.,
95% air atmosphere.

Data and preprocessing

The reads were aligned to the UCSC Homo sapiens reference
genome (GRCh37/hg19) using TopHat2 v2.1.5 (https://ccb.jhu.
edu/software/tophat/index.shtml). The default TopHat parameter
options were used. To analyze the differentially expressed gene
(DEG) profiles between the compared groups (normal vs. tumor),
the Tuxedo protocol was used [16]. The aligned reads were pro-
cessed through Cufflinks v2.2.1 (https://github.com/cole-trap-
nell-lab/cufflinks), which is based on the fragments per kilobase
of transcript per million mapped fragments (FPKM), and unbi-
ased, normalized RNA-sequencing fragment counts were used
to analyze the relative transcript levels [16]. Gene transfer for-
mat (GTF) files were generated to quantitatively compare the
transcript levels in each sample to those in a reference GTF file.
Next, we used Cuffdiff to calculate the differences in the FPKMs
between each group. False discovery rate-adjusted P-values <0.05
were calculated through the Benjamini-Hochberg multiple test-
ing method [17]. We also investigated the crucial role of MRPL14
using the TCGA and Chungnam National University Hospital
(CNUH) databases. In addition, we confirmed DEGs by estab-
lishing two groups based on the MRPL14 expression level in tu-
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mors in the TCGA and CNUH databases. DEGs with Benjami-
ni-Hochberg-corrected values <0.05 were considered statistical-
ly significant. Heat maps were constructed with PermutMatrix
ver. 1.9.3 (http://www.lirmm.fr/~caraux/PermutMatrix/).

Profiling of the MRP transcriptome

We performed a transcriptome profiling of 78 MRPs. First, to
select variable MRPs among these 78 MRPs, we applied a cut-
off of a maximum absolute deviation >0.25 for further analysis.
To identify the MRP defect-associated signature in thyroid can-
cer, we carried out the permutation t-test between tumor and
normal samples and assigned selected MRPs into three catego-
ries: up-MRPs, dn-MRPs, and other-MRPs, according to the false
discovery rate (FDR) and fold change (FC) (FDR <0.05 & FC
>0.25, FC <-0.25, or -0.25< FC <0.25, respectively).

Patients’ samples and ethics statement

To analyze the transcriptome and identify DEGs, RNA was ex-
tracted from tumor tissue samples and paired non-tumor tissue
samples from thyroid cancer patients (n=364) in the CNUH da-
tabase. Extracted RNA (1 ug) was used to construct RNA librar-
ies using the TruSeq stranded mRNA sample preparation kit v2
(Mlumina) according to the manufacturer’s protocols. The library
quality was analyzed with an Agilent 2100 Bioanalyzer using
the Agilent DNA 1000 kit. Samples from five patients diagnosed
with PTC at CNUH were included in the study. Paired tumor and
normal thyroid tissues were obtained from patients with PTC.
All samples were gathered from patients after they provided in-
formed consent according to The Institutional Guidelines of Chun-
gnam National University Hospital.

The protocol for this study was approved by the Institutional
Review Board of CNUH (No. 2017-07-005). Human tissues
were homogenized in radioimmunoprecipitation assay (RIPA)
buffer and processed following the immunoblotting analysis
protocol.

RNA isolation and real-time polymerase chain reaction

Total cellular RNA was extracted using TRIzol (Invitrogen) and
cDNA was synthesized with 2 pg of total RNA and TOPscript
RT DryMIX (Enzynomics Inc.) according to the manufacturer’s
instructions. Amplification was carried out using SYBR Green
quantitative polymerase chain reaction (qPCR) master mix (Ther
mo Fisher Scientific). The PCR reactions were performed for 40
cycles at 95 °C for 15 seconds, 60 °C for 1 minute and 72 °C for
1 minute. The primer sequences were as follows: MRPL14-F: 5
GAA GAA AAA GGC GCT CAT TG-3/MRPL14-R: GAG
GAC CAC GTT GTT GGA GT-3"; GAPDH-F: 5-ACC CAG
AAG ACT GTG GAT GG-3/GAPDH-R: 5-TTC TAG ACG
GCA GGT CAG GT-3".The cycle threshold (Ct) values provided
from real-time PCR instrumentation were imported into Micro-
soft Excel. We used the 274 model for relative quantification
of real-time qPCR fold changes.

Small interfering RNA transfection

Cells were seeded at a density of 1x10°/well in six-well plates
and then cultured for 24 hours to achieve 65%-70% confluence.
The following day, transient transfection was conducted using
Lipofectamine RNAi MAX reagent (Invitrogen, #56532) follow-
ing the manufacturer’s standardized protocol. Mitochondrial ri-
bosomal protein L 14 small interfering RNA (siRNA) (AM-16708)
was a pool of two dissimilar siRNA duplexes: AM16708A:(sense:
5-CGA AUU AAG ACA CCC AUC Ctt-37; antisense: 5-GGA
UGG GUG UCU UAA UUC Gtg-3"), AM16708B: (sense: 5™
GGU GGG CGA CCA GAU ACU Att-3"; antisense: 5-UAG
UAU CUG GUC GCC CAC Ctt-3") or negative control siRNA
(#SN-1003), purchased from Bioneer. The medium was changed
after 7-8 hours, and transfected cells were incubated at 37 °C
for an added 48 hours. An immunoblot assay was conducted to
assess the efficacy and efficiency of siRNA knockdown.

Cell proliferation assay

B-CPAP and KTC-1 cells were seeded onto 96-well plates at a
denseness of 8,000 cells per well in 100 pL. The following day,
the cells were treated with a 50 nM concentration of MRPL14
siRNA (Invitrogen) for 48 hours. Cell viability was measured us-
ing the Cell Counting Kit-8 cell proliferation reagent (DOJINDO
Lab., #CK04) as formerly reported. The optical density of each
culture well was measured at 450 nm using an enzyme-linked
immunosorbent assay reader. The experiments were repeated
three times. The unpaired Student #-test was used for statistical
analysis.

Western blot analysis

Cells were plated at 15X 10* cells/cm?; the next day, they were
treated with reagent and incubated for 48 hours at 37 °C, cleaned
with cold Dulbecco’s phosphate-buffered saline (DPBS), and
harvested. All cells were dissolved using the RIPA cell lysis buf-
fer (Thermo Fisher Scientific, #89900) supplied with phospha-
tase inhibitors (Thermo Fisher Scientific, #78427) and a prote-
ase inhibitor cocktail (Roche, #11836170001). Total protein con-
centration was determined using a BCA Protein Assay Kit (Ther-
mo Fisher Scientific, #23228). For western blots, the proteins
were denatured by boiling. Proteins were separated using sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel electrophoresis and electrotransferred onto polyvi-
nylidene fluoride membranes (Merck Millipore). The membrane
was blocked in Tris-buffered saline, 0.1% Tween 20 (TBST) con-
taining 5% skim milk powder for 1 hour at room temperature.
After being cleaned with TBST, the membranes were incubated
with primary anti-human antibodies overnight at 4 °C. The fol-
lowing day, after three cleans with TBST, the membrane was then
incubated with the matching horseradish peroxidase-linked sec-
ondary antibodies (1:1,000; Cell Signaling Technology Inc.) for
2 hours at room temperature. The blots were cleaned and devel-
oped using enhanced chemiluminescence (Bio-Rad). The experi-
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ments were repeated three times. The unpaired Student #-test was
used for statistical analysis.

Cell migration and invasion (transwell) assay

Cell migration and invasion were determined using transwell as-
says. Simply, transwell membranes (24-well, SPL) were covered
with Matrigel for 6 hours for the invasion assay, or without Matri-
gel for the migration assay. B-CPAP and KTC-1 cells were trans-
fected for 48 hours before the transwell assay. After 48 hours,
cells transfected with negative control siRNA or IC gene siRNA
(5%10* in 150 pL serum-free medium) were added to the upper
chamber. Next, 450 uL. medium containing 10% FBS was added
to the lower chamber. The chamber was incubated for 24 hours
at 37 °C in 5% CO.. Lastly, the cells adhering to the upper sur-
face of the membrane were removed with a cotton swab. The in-
vading or migrating cells, which adhered to the lower surface,
were dyed with 1% crystal violet solution and counted in four
representative fields by optical microscopy (X100 magnification).
The experiments were repeated three times. The unpaired Stu-
dent t-test was used for statistical analysis.

Reactive oxygen species assay

The level of intracellular reactive oxygen species (ROS) was mea-
sured by flow cytometry using 2,7-dichlorofluorescein diacetate
(H2DCFH-DA, Invitrogen). The cells seeded in a 6-well plate,
were cleaned twice with phosphate-buffered saline (PBS) post-
treatment and co-incubated with serum-free culture medium con-
taining 10 yM H2DCFH-DA (20 minutes, 37 °C, in dark condi-
tions). The cells were cleaned thrice with DPBS and the cells
were detached using trypsin-EDTA (ethylenediaminetetraacetic
acid) solution. All the samples were centrifuged and the super-
natants were resuspended in 500 uL of PBS. The fluorescence
intensity was measured using a flow cytometer (535 nm emis-
sion, 485 nm excitation). The experiments were repeated three
times. The unpaired Student #-test was used for statistical analysis.

Gene set enrichment analysis for pathway analysis

MRPL14 and its co-expressed genes were investigated by ana-
lyzing the CHNU database. Then, the ¢2.Cp.kegg.V7.5.symbol.
gmt and c5.all.V7.5.1Symbols.gmt gene datasets were download-
ed from the MsigDB and gene set enrichment analysis (GSEA)
portal. The expression data were analyzed using the GSEA por-
tal version 3.0.The enrichment analysis was conducted, and genes
were displayed in descending order from high to low enrichment
scores. The gene clusters with an FDR <0.25 and P-value <0.05
were considered to be significantly enriched genes.

Statistical analyses

Statistical analyses were conducted using SPSS ver. 22.0.0. (IBM
Corp.) and GraphPad Prism 6 (GraphPad). The unpaired Student
t-test was used for statistical analysis. Data from three indepen-
dent experiments were expressed as the mean+standard devia-
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tion. A P-value <0.05 was considered to indicate statistical sig-
nificance.

RESULTS

Abnormal expression of MRPs in PTC patients

To investigate the role of MRPs in thyroid cancer progression,
we first performed a transcriptome analysis using the tumor and
normal samples from PTC patients in the TCGA cohort (Fig. 1A).
Intriguingly, we discovered that the distribution of the overall
expression levels of 78 MRPs was not different between the tu-
mor and normal samples (Fig. 1B). However, the tumor group
displayed more variable expression levels of MRPs in each sam-
ple than observed in the normal group (Fig. 1C and D). These
results indicate that the tumor group had lost its mitoribosomal
integrity and displayed dysregulated expression of MRPs, while
the normal group had moderate mitoribosomal integrity. The
TCGA data could be divided into three individual MRP signa-
tures (9 up-MRPs, 3 down-MRPs, and 20 other-MRPs) by com-
paring the MRP expression between tumor and normal samples
(permuted Student #test P<0.05 and fold change >0.25, Meth-
ods) (Fig. 1A). Subsequently, gene set variation analysis was con-
ducted to measure the expression enrichment of these signatures
in each of the tumor samples (Fig. 1E). Interestingly, most thy-
roid cancer samples showed higher expression of up-MRPs and
lower expression of the down-MRPs. Thus, we suggest that the
dysregulated MRP expression in tumors could play crucial roles
in thyroid cancer development and progression.

MRPL14 expression is correlated with aggressive
clinicopathological features

We identified DEGs for MRPs between the tumor and normal
samples in the TCGA PTC cohort and drew a volcano plot (Fig.
2A). Among nine up-MRPs with potential as oncogenes, MRPL14
was the most upregulated gene, with dramatically higher expres-
sion in tumor samples than in normal samples (Fig. 2B). Next, to
determine the significance of MRPL14 expression using integra-
tive genome analysis, we verified the correlation between MRPL14
expression level and clinicopathological parameters using the
TCGA thyroid cancer cohort. The patients were separated based
on the top 25% and bottom 25% of gene expression. As indi-
cated inTable 1, high MRPL14 expression levels (top 25%) were
associated with patient age, T stage, extrathyroidal extension,
lymph node metastasis, and American Joint Committee on Can-
cer stage. To further investigate the clinical significance of MRPL14
levels in thyroid cancer patients, we conducted a comparative
transcriptome analysis of PTC samples (n=364) from the CNUH
cohort. The expression of the MRPL14 gene in thyroid cancer
tissues was significantly higher than in normal thyroid tissues
(Fig. 2C). The MRPL14 protein was also overexpressed in thy-
roid cancer tissues relative to normal tissue from five PTC pa-
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Fig. 1. Abnormal expression of mitoribosomal proteins (MRPs) in The Cancer Genome Atlas (TCGA) patients with thyroid cancer (THCA). (A)
Schematic diagram of the analysis of MRPs to define three distinctive signatures (up-MRPs, dn-MRPs, and other-MRPs). (B) Comparison of
MRP expression between tumor and normal samples. (C) Comparison of the maximum absolute deviation (MAD) among MRPS’ expression
between the thyroid cancer and normal group. (D) Heatmap displays the expression of 78 MRPs in 500 tumor samples and 57 normal samples
from the TCGA thyroid cancer cohort. (E) Enrichment of three distinctive signatures (up-MRPs, dn-MRPs, and other-MRPs) in thyroid cancer
patients (E1). Heatmap displays the expression of various MRPs (n=32) in thyroid cancer patients (E2). Bar graph shows the fold change in
the expression of variable MRPs (n=32) between the tumor and normal samples (E3). FDR, false discovery rate; FC, fold change. ***P<0.001.

tients, which aligned with the MRPL14 mRNA expression re- MRPL14 significantly promotes the progression of thyroid
sults in the CNUH thyroid cancer cohort (Fig. 2D). These results cancer cells

suggest that high expression of MRPL14 is related to markers of To examine the role of MRPL14, we first observed the expres-
tumor aggressiveness. sion levels of MRPL14 in thyroid cancer cell lines. Cell lysates
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Fig. 2. MRPL14 is highly overexpressed in The Cancer Genome Atlas (TCGA) and Chungnam National University Hospital (CNUH) thyroid
cancer (THCA) cohort. (A) Volcano plot showing mitoribosomal protein (MRP) genes in the TCGA THCA cohort. (B) MRPL 14 expression levels
in 500 tumor and 57 normal samples in the TCGA THCA dataset. (C) Graph showing MRP genes in 364 tumor samples and 244 normal sam-
ples from the CNUH_THCA cohort. (D) The protein levels of mitochondrial ribosomal protein L14 (MRPL14) in five tumor-normal pairs were
detected by immunoblot analysis. Values are presented as mean=standard error of the mean. **P<0.01, **P<0.001.

were prepared from a normal cell line (Nthy-ori 3.1), PTC cell
lines (B-CPAP, TPC-1, KTC-1), and ATC cell lines (FRO, SW1736,
8505C). We found that the mRNA levels of MRPL14 were high-
er in most thyroid cancer cell lines than in the normal cell line
(Fig. 3A). Next, the protein expression levels of MRPL14 were
also examined in thyroid cancer cell lines. B-CPAP, KTC-1 and
FRO cell lines showed higher MRPL14 expression than observed
in the normal cell line (Fig. 3B). Because MRPL14 was a hit ob-
tained through PTC patients in the TCGA cohort, we performed
various experiments with the PTC cell lines, B-CPAP and KTC-
1 for this study. To identify whether MRPL14 expression could
influence the proliferation of thyroid cancer cell lines, B-CPAP
and KTC-1 cells were transfected with siRNA against MRPL14
(siMRPL14-#1, #2) or an over-vector against MRPL14 (pCMV6-
MRPL14). After confirming that MRPL14 siRNA specifically
down-regulated MRPL14 (Fig. 3C and D), cell proliferation was
detected by the CCK-8 assay. MRPL14 knockdown reduced the
proliferation, whereas MRPL14 overexpression increased the
proliferation of thyroid cancer cells (Fig. 3E and F, Supplemen-
tary Fig. 1A and B). Next, to determine whether MRPL14 regu-
lated the proliferation of thyroid cancer by regulating apoptosis

signaling, we investigated the expression of anti- or pro-apoptot-
ic proteins. MRPL14 knockdown caused an increase in pro-apop-
totic proteins, including cleaved caspase-3 and Bax, and a de-
crease in an anti-apoptotic protein (Bcl-x1), while MRPL14 over-
expression showed the opposite tendency (Fig. 3G and H, Sup-
plementary Fig. 1C). These results propose that MRPL14 could
promote proliferation by regulating apoptotic proteins in thyroid
cancer cells. Cell migration and invasion are crucial steps in tu-
mor metastasis. Therefore, we investigated whether MRPL14 in-
fluences the metastatic behavior of thyroid cancer. MRPL14
knockdown significantly suppressed the migration and invasion
of thyroid cancer cells compared to the control group, while
MRPL14 overexpression showed the opposite tendency (Fig. 31-
L, Supplementary Fig. 1D). These results clearly display that
MRPL14 promotes the migration and invasion of thyroid cancer
cells. The epithelial-mesenchymal transition (EMT), which refers
to a change in the cell phenotype from epithelial to mesenchy-
mal morphology, is a vital process for the initiation and progres-
sion of tumorigenesis and metastasis [18].To investigate whether
MRPL14 could regulate EMT, we examined EMT-related pro-
teins (Slug, Snail, E-cadherin, N-cadherin, and vimentin) by im-
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Table 1. Comparison of clinicopathologic findings according to the
MRPL 14 mRNA expression level in the thyroid cancer cohort

MRPL 14 expression
) No. of
Variable patients oW (bottom  High (top P-value
25%, n=125) 25%, n=125)
Age (yr) 509+162 466+17.2 0.044*
Sex 0.579
Male 74 35(28.0) 39(31.2)
Female 176 90 (72.0) 88 (68.8)
Tumor size (mm) 155+114 142+103 0.329
T stage 0.000*
T1-T2 160 94 (75.2) 66 (52.8)
T3-T4 920 31(24.8) 59 (47.2)
Multifocality 0.307
No 122 55 (44.0) 67 (53.6)
Yes 123 67 (53.6) 56 (44.8)
Unknown 5) 3(2.4) 2(1.6)
Extrathyroidal extension 0.000*
No 184  109(87.2) 75 (60.0)
Minimal 56 13(10.4)  43(34.4)
Moderate/advanced 10 3(2.4) 7 (5.6)
Lymph node metastasis 0.000*
No 114 92 (73.6) 52 (41.6)
N1a 72 22 (17.6) 50 (40.0)
N1b 34 11(8.8) 23(18.4)
M stage 0.561
MO 247 124(99.2) 123(98.4)
M1 3 1(0.8) 2(1.6)
Stage 0.000*
| 134 69 (55.2) 65 (52.0)
I 31 25 (20.0) 6(4.8)
I 56 21(16.8) 35(28.0)
IV 29 10 (8.0) 19 (15.2)
Recurrence 0.605
No 234 118(94.4) 116(92.8)
Yes 16 7(5.6) 9(7.2)
BRAF'™E mutation 0.052
No 153 84 (67.2) 69 (56.8)
Yes 97 41(32.8) 56 (44.8)

Values are presented as meantstandard deviation or number (%). P-val-
ues from the unpaired ttests for continuous parametric variables and the
Mann-Whitney U-test for nonparametric variables. The chi-square test and
Fisher exact test were used to evaluate the significance of the correlations
of MRPL14 expression with clinical and pathological parameters. The
TNM classification from American Joint Committee on Cancer seventh
edition was used.

*P<0.05 between the two categories for a given variable.

munoblot analysis. MRPL14 knockdown significantly restrained
the EMT by upregulating the expression of an epithelial marker
(E-cadherin) and downregulating the expression of mesenchy-
mal markers (N-cadherin, vimentin) and transcription factors
(Slug, Snail), while MRPL14 overexpression showed the oppo-
site tendency (Fig. 3M and N, Supplementary Fig. 1E). Collec-
tively, these results indicate that MRPL14 positively regulates
thyroid cancer cell growth and metastasis.

MRPL14 knockdown inhibits the expression of OXPHOS
proteins and increases intracellular ROS in thyroid cancer cell
lines

In a previous study, knockdown of some MRPs caused mitochon-
drial OXPHOS impairment, mitochondrial dysfunction, and in-
creased production of ROS, which are related to cancer cell death
[19]. Therefore, we hypothesized that MRPL14 knockdown could
decrease the activity of the OXPHOS complex and increase ROS
levels in thyroid cancer. We examined the expression of OXPHOS
complex proteins (ATP5A, UQCRC2, MTCO1, SDHA, NDU-
FA9) and ROS levels after downregulation of MRPL14 in B-
CPAP and KTC-1 cell lines. MRPL14 knockdown by siRNA sig-
nificantly suppressed the OXPHOS complex IV protein MTCO1
without affecting other complex proteins (Fig. 4A and B). MRPL14
knockdown also showed increased intracellular ROS in B-CPAP
and KTC-1 cell lines, indicating the contribution of MRPL14 to
ROS (Fig. 4C and D). These results imply that MRPL14 regulates
OXPHOS complexes and the production of ROS in thyroid can-
cer cells. Based on the results of in vitro results, we investigated
the relationship between MRPL14 expression and ROS-related
genes using data from the CNUH cohort. GSEA analysis revealed
that high MRPL14 expression was associated with enrichment
of negative regulation of response to ROS and oxidative stress
gene sets (Fig. 4E and F). We also confirmed that MRPL14 and
the ROS inhibitory genes RACK1, PINK1 were highly positively
correlated (Pearson correlation coefficient: 0.879 for RACK1,
0.875 for PINK; P<0.01,n=182) (Fig. 4G and H).

N-acetylcysteine restores cell proliferation and migration
reduced by MRPL14 knockdown in thyroid cancer cell lines
Moderate increases of ROS are associated with various patho-
logic conditions, including tumor promotion and progression.
However, excess ROS can cause programmed cell death. In par-
ticular, mitochondrial ROS have been reported to promote cell
death [20]. As demonstrated in Fig. 4, thyroid cancer cells treat-
ed with siMRPL14 displayed higher ROS levels than the control
group. Therefore, we investigated whether the reduction in pro-
liferation and metastasis of thyroid cancer by MRPL14 down-
regulation was induced by ROS. N-acetylcysteine (NAC), an an-
tioxidant drug that acts as a ROS scavenger, was used to further
analyze the decrease in ROS. Co-treatment with NAC restored
the ROS levels that had been increased by MRPL14 knockdown
(Fig. 5A and B). As shown in Fig. 5C and D, cell proliferation in-
hibition induced by siMRPL14 was restored by combined treat-
ment with NAC in B-CPAP and KTC-1 cells. NAC also restored
the expression of apoptosis-related proteins altered by MRPL14
downregulation (Fig. 5E and F). Our findings collectively reveal
that MRPL14 knockdown generated ROS and the generated
ROS reduced cell proliferation by regulating apoptotic pathways
in thyroid cancer cell lines. Given the potential inhibitory effect
of ROS on the metastasis of thyroid cancer, we investigated wheth-
er NAC could also restore metastasis in thyroid cancer cells. Af-
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Fig. 3. MRPL 14 knockdown affects the progression of papillary thyroid cancer cells. (A) The expression of MRPL14 mRNA in thyroid cancer

cell lines was examined by real-time polymerase chain reaction. (B)

in thyroid cancer cell lines was examined by Western blot analysis.

The expression of mitochondrial ribosomal protein L14 (MRPL14) protein
B-CPAP (C) and KTC-1 (D) cells were transfected with small interfering

RNA (siRNA) targeting MRPL 14 #1, #2 or negative control siRNA for 48 hours. (E, F) After siRNA against MRPL 14 (siMRPL14) transfection, cell
proliferation was analyzed using the CCK-8 proliferation assay. (G, H) The expression of Caspase3, Bax and Bcl-xl were examined by Western

blot analysis.

ter B-CPAP and KTC-1 cells were co-treated with siVRPL14
and NAC, the cells were permitted to migrate for 24 hours in
transwell chambers. ROS inhibition by NAC significantly reversed
the effect of MRPL14 suppression on migration (Fig. 5G and H).
We also examined whether NAC could regulate EMT-related
proteins. Co-treatment with siMRPL14 and NAC restored the
effect of MRPL14 knockdown on the expression of EMT-related
proteins (Fig. 51 and J). These results show that ROS accumula-
tion induced by MRPL14 knockdown inhibited thyroid cancer
metastasis through EMT signaling.

(Continued to the next page)

DISCUSSION

Mitochondria, often called “the powerhouses of the cell,” play
crucial roles in the energy metabolism of eukaryotic cells. Mito-
chondria also regulate important cellular processes, including
metabolic adaptation, proliferation, and death in cells. Mitochon-
drial dysfunction and dysregulation have been reported to in-
duce carcinogenesis and are well-known hallmarks of many
cancers [21]. Some reports have investigated changes in mito-
chondrial proteins induced by anti-cancer drugs. An anti-colorec-
tal cancer drug, IR-58, which exhibits significant selective killing
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Fig. 3. (Continued) (I-L) B-CPAP and KTC-1 cells
were permitted to migrate for 24 hours in tran-
swell chambers (migration) or in chambers with
Matrigel (invasion). 1% Crystal violet staining. The
migrated cells were counted under an optical mi-
croscope. (M, N) The expression of Slug, Snail, E-
cadherin, N-cadherin, and vimentin was studied
by immunoblot analysis. Values are presented as
the meantstandard deviation of three indepen-
dent experiments. NS, not significant. *P<0.05,
**P<0.01.
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small interfering RNA (siRNA) of mitochondrial ribosomal protein L14 (MRPL14) #2
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x| were examined by immunoblot analysis.

effects against tumors, downregulates the expression of mito-
chondrial protein translocase TIM44 [22]. It has also been re-
ported that itraconazole, a clinically used antifungal drug, pos-
sesses potent antiangiogenic and anticancer activity, and it can
inhibit mitochondrial protein VDACI to disrupt mitochondrial
metabolism [23]. Given these vital roles of mitochondria in can-
cer cells, more mitochondria-focused cancer research is needed.

MRPs are important for mitochondrial-encoded protein syn-
thesis and mitochondrial function. MRPs also involved in the
process of cell proliferation, apoptosis, and metastasis [24]. Re-

(Continued to the next page)

cent studies have revealed that abnormal expression of MRPs
and their encoding genes is related to cancer development and
progression [10]. MRPL41 overexpression contributes to p53
stability and induces apoptosis in various cancer [25]. MRPS36
induces cell cycle arrest and cell proliferation inhibition through
p53 modification and p21 expression [26]. MRPS16 facilitates
growth, migration, and invasion in glioma cells by activating the
PI3K/AKT/Snail signaling axis [13]. As such, although studies
on the mechanism of some MRPs in cancer have been conduct-
ed, much remains unknown regarding the expression states and
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specific regulatory mechanism of MRPL14 in cancer, peculiarly
in thyroid cancer.

First, to investigate the MRPs that affect thyroid cancer pro-
gression, we analyzed the expression pattern of MRPs in thyroid
cancer (PTC) using the TCGA database. Among up-MRPs with
potential as oncogenes, MRPL14 was the most upregulated gene,
with dramatically increased expression in thyroid cancer com-
pared to normal. The TCGA data showed that high MRPL14 ex-
pression was associated with a more aggressive phenotype, in-
cluding advanced T stage, lymph node metastasis, and extrathy-
roidal extension. Although high expression of MRPL14 was also
correlated with unfavorable disease-free survival and overall
survival in thyroid cancer, those relationships were not statisti-
cally significant (data not shown). In addition to the TCGA co-
hort, we performed transcriptomic analysis using the CNUH co-
hort. MRPL14 expression was also upregulated in PTC tumor

samples compared to normal samples. Data from both the TCGA
database and the CNUH cohort indicated that high expression
of MRPL14 was strongly associated with tumor aggressiveness
in thyroid cancer.

In this study, we observed the function of MRPL14 in thyroid
cancer in an in vitro studies using PTC cell lines. We discovered
that MRPL14 was highly expressed in various thyroid cancer
cell lines and MRPL14 knockdown obviously suppressed cell
growth, migration, and invasion in PTC cell lines. To explore the
mechanism of MRPL14 in promoting thyroid cancer progres-
sion and metastasis, we focused on the intrinsic role of MRPL14,
which is a key component of the mitochondrial translation ma-
chinery. MRPs are functionally responsible for the translation of
OXPHOS complex-related proteins, which supply energy for
cell survival and metabolism [27]. Recent studies have demon-
strated that downregulation of MRPs caused OXPHOS impair
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ment and induced the generation of ROS [19]. In our study,
MRPL14 knockdown reduced the expression of the OXPHOS
complex IV protein MTCO1, encoded in the mitochondrial
DNA, and increased ROS production, leading to cell death. This
result indicates that MRPL14-mediated OXPHOS regulation
may induce PTC cell death via ROS production.

At normal levels, ROS plays a pivotal role in cellular process-
es, whereas excess levels of ROS cause oxidative damage to pro-
teins and DNA and result in cell death (i.e., apoptosis) [28]. A
small increase of ROS is related to the initiation and progression
of cancer, but a substantial increase in ROS can induce apoptosis
and suppress tumor progression and metastasis [20]. Here, we
showed that MRPL14 knockdown induced ROS accumulation
and suppressed the proliferation by regulating the apoptotic pro-
teins of thyroid cancer cells. MRPL14 knockdown also inhibited
cell migration and invasion by blocking the EMT in thyroid can-
cer cells. Furthermore, NAC, a general antioxidant, reversed the
effect of MRPL14 knockdown on cell proliferation and migration.
These findings indicate that MRPL14 promotes cell growth, mi-
gration, and invasion through modulating ROS in thyroid cancer.

Recent studies have revealed that several cytosolic ribosomal
proteins regulate therapeutic resistance in various cancers [29].
For instance, the knockdown of ribosomal protein S27a (RP-
S27A) improved the therapeutic efficacy of the tyrosine kinase
inhibitor imatinib in chronic myeloid leukemia [30]. Silencing of
ribosomal protein large P (RPLP) promoted apoptosis and de-
creased radio-resistance in vitro in HNSCC [31]. Furthermore,
MRPL33 enhanced the sensitivity of gastric cancer cells to epi-
rubicin, a chemotherapy drug [32]. This evidence implies that
the combined treatment with chemotherapy or radiotherapy
and MRPL14 knockdown could enhance the anticancer effect.
Further research on this combined treatment effect is needed in
the future.

In our study, the function of MRPL14 on thyroid cancer and
its mechanisms were limited to PTC. We studied the importance
of MRPL14 in B-CPAP and KTC-1 cells harboring the BRAF"®
mutation, which correlates with a more aggressive type of thy-
roid cancer. Furthermore, MRPL14 may also be associated with
poorly-differentiated ATC or even RAI-refractory PTC. We plan
to investigate this in further studies. Furthermore, in order to
advance the treatment of thyroid cancer, it is necessary to inves-
tigate which signaling pathways are involved in the role of MRPL14
in thyroid cancer.

In conclusion, we discovered the oncogenicity of MRPL14 in
the development of thyroid cancer. MRPL14 was highly ex-
pressed in PTC and promoted thyroid cancer progression and
metastasis through the regulation of OXPHOS complex IV pro-
tein MTCO1 and ROS modulation. Our findings indicate that
MRPL14 might serve as an independent prognostic factor for
thyroid cancer. To our knowledge, this is the first report demon-
strating the mechanism of action of MRPL14 as an oncogene in
thyroid cancer.
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