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ABSTRACT
Defects in tRNA expressions and modifications had been linked to various types of tumorigenesis and 
progression in recent studies, including colorectal cancer. In the present study, we evaluated transcript 
levels of mitochondrial tyrosyl-tRNA synthetase YARS2 in both colorectal cancer tissues and normal 
colorectal tissues using qRT-PCR. The results revealed that the mRNA expression level of YARS2 in 
colorectal cancer tissues was significantly higher than those in normal intestinal tissues. Knockdown of 
YARS2 in human colon cancer cell-line SW620 leads to significant inhibition of cell proliferation and 
migration. The steady-state level of tRNATyr, OCR, and ATP synthesis were decreased in the YARS2 
knockdown cells. Moreover, our data indicated that inhibition of YARS2 is associated with increased 
reactive oxygen species levels which sensitize these cells to 5-FU treatment. In conclusion, our study 
revealed that targeting YARS2 could inhibit colorectal cancer progression. Thus, YARS2 might be 
a carcinogenesis candidate gene and can serve as a potential target for clinical therapy.
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Introduction

Colorectal cancer (CRC) is the third most common malig-
nancy and the second deadly cancer worldwide,1–4 which 
induced nearly 2 million new cases and about 1 million deaths 
in the past year 2020 according to the World Health 
Organization database. Both the incidence and mortality have 
been increased in China during the last two decades.5–7 The 
reasons underlying this trend could be multifactorial, including 
genetic influences, changes in environmental, and also lifestyle 
exposures.8,9 A vast array of mutagens, mutations, as well as 
differentially expressed genes (DEGs), have been explored in 
CRC samples or cell lines by different groups of researchers.9– 

11 Despite the advances in cytotoxic and targeted therapy, 
surgery remains the primary choice of CRCs treatment. Thus, 
there is an urgent need to explore the further underlying 
mechanism of CRC progression and develop new therapeutic 
agents for the prevention and treatment of this heterogeneous 
disease.

Metabolic remodeling has been linked to various types of 
malignancies.12–14 It is now well accepted that the microenvir-
onment changes during the process of tumor progression, and 
these transformed cells experienced metabolic adaptions as 
a response to these alternations.15,16 Chekkulayev et al. showed 
that CRC cells display upregulated oxidative phosphorylation 
(OXPHOS) compared with healthy colon tissues.12 Sun et al. 
also reported altered mitochondrial DNA (mtDNA) copy 
numbers on the progression of CRC.17 Wei et al. showed that 

metabolic targeting Hypoxia-inducible factor (HIF) −1a over-
came chemoresistance and enhanced the anti-CRC treatment 
of oxaliplatin.18 However, the effects of altering metabolic on 
CRC cell progression and development are still largely 
unknown.19 Tyrosyl-tRNA Synthetase 2 (YARS2) is responsi-
ble for conjugating tyrosine to its cognate mt-tRNA for mito-
chondrial protein synthesis, supporting mitochondrial tRNA 
metabolisms.20 Variants in YARS2 have been reported to be 
associated with myopathy, lactic acidosis, and deafness.21 

Although some other specific nuclear mitochondrial genes 
have been found to correlate with clinical outcomes of multiple 
tumors.22,23 Physiological functions of YARS2 in cancer pro-
gressions remains poorly understood. In the present study, we 
detected the expression of YARS2 in CRC tissues and further 
examined the role of YARS2 using stable knockdown cell lines.

Results

YARS2 was upregulated in CRC tissues

To evaluate whether YARS2 is involved in CRC progression, 
the expression profile of YARS2 in CRC and normal tissues was 
assessed. We first analyzed the mRNA expression of YARS2 in 
our local database (data not shown). The data showed that the 
mRNA expression of YARS2 was overexpressed in CRC tissues 
compared to non-tumor control tissues (P < .01) (Figure 1a). In 
addition, CRC tissues and adjacent non-tumor tissues were 
collected from 10 patients with stage III colorectal 
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adenocarcinoma enrolled in the present study. The consistent 
results were observed that CRC tissues exhibited higher mRNA 
expression levels of YARS2 (P < .01) (Figure 1b).

Knockdown of YARS2 inhibited CRC cell proliferation, 
migration, and sensitized to 5-FU

To explore the function of YARS2 in CRC cells, we 
knocked down YARS2 in the human CRC cell line SW620 
via lentivirus-mediated shRNA. The knockdown efficiency 
was demonstrated by western blotting. As shown in 
Figure 2a, YARS2 in SW620 cells was stably knockdown, 
resulting in ~75% reduction of the protein levels 
(Figure 2b). Results of the CCK8 assay suggested that cell 
proliferation was attenuated in YARS2 knockdown SW620 
cells (Figure 2c). Meanwhile, transwell migration analysis 
showed that the number of migrative cells was significantly 
decreased in YARS2 knockdown SW620 cells compared to 
both parental control and NS control cells (Figure 2d). 
Furthermore, three groups of SW620 cells were cultured 
in a growth medium with or without 1.5 μg/ml 5-FU 
(S1209, Selleck Chemicals, prepared by growth medium) 
for 2 days, which is a conventional anti-cancer chemother-
apy drug for CRC. As shown in Figure 2e, YARS2 knock-
down SW620 cells generally exhibited a little bit higher 
apoptotic ratio in normal culture compared to the two 
controls; following 5-FU treatment, the apoptosis was 
induced in approximately 17.9 ± 1.5% in parental control 
cells, 17.3 ± 1.8% in NS control cells, and the apoptosis 
ratios were significantly increased to 38.1 ± 2.1% in YARS2 
knockdown SW620 cells (all P < .01). We also tested the 
role of YARS2 in another CRC cell line HT29. Similarly, 
the results showed that knockout of YARS2 in HT29 cell 
line resulted in decreased cell proliferation and significantly 
increased cell apoptosis induced by 5-FU. In addition, re- 
expression of YARS2 by a rescue experiment largely abol-
ished these phenomenons (Supplementary Figure 1).

YARS2 expression was associated with the level of 
mitochondrial tRNATyr and mitochondrial proteins in CRC 
cells

Given the involvement of YARS2 in mitochondrial function as 
determined by other research groups,24,25 we first investigated 
whether knockdown YARS2 in SW620 cells affects the steady- 
state level of tRNAs. As shown in Figure 3, the level of 
tRNATyr was significantly decreased in YARS2 knockdown 
cells (P < .01). Meanwhile, the average steady-state levels of 
tRNALys and tRNALeu26 were comparable in all three groups 
of cells, suggesting that the decreased effect on tRNATyr by 
YARS2 knockdown is specific. Then, we performed a western 
blot analysis to evaluate the protein levels of representative 
respiratory complex subunits in these SW620 cells. As shown 
in Figure 4, the expression levels of all tested proteins were 
comparable between parental control and NS control group, 
while the YARS2 knockdown cells exhibited markedly changed 
levels of MT-ND1 (subunit of complex I, ~45% reduction, 
P < .01), MT-ND4 (subunit of complex I, ~50% reduction, 
P < .01), MT-ND5 (subunit of complex I, ~15% reduction, 
P < .05), MT-ND6 (subunit of complex I, ~21% reduction, 
P < .01), MT-CO2 (subunit of complex IV, ~70% reduction, 
P < .01), and MT-CYTB (subunit of complex III, ~8% reduc-
tion, P > .05), respectively.

Knockdown of YARS2 in CRC cells leads to defects in 
respiration

To further evaluate the effect of YARS2 knockdown in CRC 
cells, the cellular oxygen consumption rates (OCR) were deter-
mined using a seahorse instrument. OCR was measured after 
the sequential addition of oligomycin, FCCP, rotenone, and 
antimycin. As shown in Figure 5, the OCR curves closely 
overlapped between the two control groups, indicating that 
there is no significant difference in OCR levels between the 
two controls. Compared to the controls, the basal OCR was 
reduced by 30% in YARS2 knockdown cells. More detailly, the 

Figure 1. YARS2 was overexpressed in CRC tissues. (a) Overexpression of YARS2 mRNA in CRC tissues than normal tissues by RT-PCR analysis from local database in 
authors’ institute. (b) Detection of YARS2 mRNA expression in CRC tissues and adjacent non-tumor tissues collected from 10 patients with stage III colorectal 
adenocarcinoma. The expression levels of YARS2 were normalized to those of β-actin (**, P < .01), n = 10.
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ATP-linked OCR, proton leak OCR, maximal OCR, and 
reserve capacity in YARS2 knockdown cells was ~56%, ~90%, 
~64%, and ~51% relative to the mean value measured in con-
trols, respectively (all P < .01). No significant difference in non- 

mitochondrial OCR was observed. As expected, the total ATP 
generation was reduced in YARS2 knockdown cells 
(Figure 6a), while the reactive oxygen species (ROS) generation 
was increased (Figure 6b). Raised level of ROS has also been 

Figure 2. Knockdown of YARS2 inhibited CRC cell proliferation and migration, and sensitized cells to 5-FU treatment. (a) Western blot analysis of YARS2 protein in the 
lysates of either the untreated cells (C, control) or the cells transfected with a non-silencing shRNA (NS, scrambled sequence) or transfected with a specific YARS2 shRNA 
(shRNA). ACTIN, β-actin expression was used as a loading control. (b) The optical density was determined using NIH ImageJ software. The ratio of YARS2 expression to 
B-ACTIN expression was determined and normalized. (c) CCK8 assay results showing the effect of reduced expression of YARS2 on growth in SW620 cells compared to 
that of controls. (d) Transwell migration assay of SW620 cells for 24 hours. (e) Apoptotic ratios of SW620 cells before or after 5-FU treaments were determined by flow 
cytometry. Data are expressed as means ± SD. *, P < .05; **, P < .01, n = 3.

Figure 3. Northern-blot analysis of mitochondrial tRNA in three group of SW620 cells. (a) Equal amounts of total mtRNA samples from the three group of cells were 
adopted, electroblotted and hybridized with specific oligonucleotide probes for tRNA Tyr, tRNA Lys, tRNA Leu26262626262423222121, and 5S RNA, respectively. (b) 
Quantification of the tRNA levels were performed. The values are normalized to the control cells. Data are expressed as means ± SD. **, P < .01, n = 3.
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detected in HT29 cell line with knockout of YARS2, which is 
largely abolished by rescue experiment (Supplementary 
Figure 1).

Knockdown of YARS2 in CRC cells leads to delayed in vivo 
progression in mice model

To further validate the effect of YARS2 on CRC tumori-
genic progression in vivo, three groups of SW620 cells 
were subcutaneously injected into the flanks of Balb/c 
nude mice. Stable knockdown of YARS2 was determined 
in SW620 cell-induced tumors by western blotting 
(Supplementary Figure 2). As shown in Figure 7a, tumor 
volume was determined for each mouse as described time 
points. The tumor size was significantly smaller in the 
YARS2 knockdown group by day 15 after cell implanta-
tion (P < .01), and the differences were enlarged along 
with the progress of the experiment. The median survival 
of mice in the parental control and NS control group was, 
respectively, 63.0 and 63.5 days, which was extended to 
88.0 days in mice of the YARS2 knockdown group. These 
data suggest that depressed YARS2 inhibited CRC tumor 
growth in vivo.

Discussion

Aminoacyl-tRNA synthetases (ARSs) are a family of evolu-
tionarily conserved enzymes, which play a vital role in protein 
synthesis. These enzymes catalyze the ligation of specific 
amino acids to the corresponding tRNAs, known as aminoa-
cylation. YARS2, which is encoded by the nuclear genome 
and functions in mitochondria, catalyzes the binding of tyr-
osine to the cognate mitochondrial tRNAs.24 According to 
Pubmed and the Human Genome Mutation Database, patho-
genic YARS2 mutations have been linked to myopathy with 
lactic acidosis and sideroblastic anemia type 2 (MLASA2),27 

Cardiomyopathy,28 and Sideroblastic anemia with 
myopathy.29 In these studies, the patients all carried patho-
genic mutations which leads to abnormal mitochondrial 
function in various tissues, especially skeletal muscles, neu-
rons, etc., indicating that stable expression of YARS2 is essen-
tial for cell function and tissue development.

Translation dysregulation has been demonstrated to contri-
bute to CRC development and progression, as well as 
chemoresistance;30,31 however, relatively little is known about 
the changes that occur to the translational system in CRC. In 
the present study, we for the first time reported that YARS2 
was overexpressed in CRC tissues compared to either healthy 

Figure 4. Determination of mitochondrial protein levels by Western blot assay. (a) Representative Western blot that hybridized with mitochondrial respiratory complex 
subunits of SW620 cells. TOM20 was adopted as loading control. MT-ND1, MT-ND4, MT-ND5 and MT-ND6 belong to subunit of complex I; MT-CO2 belongs to subunit of 
complex IV; MT-CYTB belongs to subunit of complex III. (b) Quantification of mitochondrial protein levels. The optical density was determined using NIH ImageJ 
software. The values are expressed as percentages of the average values for the control cells. Data are expressed as means ± SD. *, P < .05; **, P < .01, n = 3.
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colorectal tissue or the correlated adjacent tissues. Then, we 
adopted human colon cancer cell-line SW620 as a cultured 
model and knocked down YARS2 expression. With a reduced 
expression of YARS2, SW620 cells exhibited a decreased 
steady-state level of tRNATyr, which led to reduced levels of 
mitochondrial protein expression. These data confirm the role 
of YARS2 in CRC cells. Moreover, YARS2 knockdown SW620 

cells showed a reduced level of ATP which may be responsible 
for the inhibited cell proliferation and tumor growth. Increased 
ROS generation by YARS2 knockdown might be responsible 
for the enhancing sensitivity to 5-FU of SW620 cells, as deter-
mined by the result that antioxidant N-acetylcysteine treat-
ment significantly reverse increased apoptosis ratio induced 
by 5-FU (Supplementary Figure 3).

CRC persists as one of the most prevalent and deadly tumor 
types in both men and women worldwide. Despite advances in 
systemic therapy, the 5-year survival rate is still a mere 12.5%; 
resistance to chemotherapy remains one of the greatest chal-
lenges. Of note, we also found in this study that inhibition of 
YARS2 is associated with increased reactive oxygen species levels 
which sensitize these cells to 5-FU treatment. Consequently, 
YARS2 might be a potential target to overcome resistance in 
CRC. However, future studies are warranted to explore the 
underlying mechanism of upregulated YARS2 on CRC cells.

Materials and methods

Clinical samples

The present study was approved by the Ethics Committee of 
Zhejiang Provincial People’s Hospital in Hangzhou, China. 
Written informed consents were obtained from all patients 
for samples collection.

Cell lines and culture conditions

The human colon cancer cell-line SW620 was purchased from the 
American Type Culture Collection (ATCC, USA). To stably 
knock down YARS2 in SW620 cells, the short hairpin RNA 
(shRNA, purchased from Santa Cruz Biotechnology) containing 
a hairpin loop was synthesized and inserted into the pLKO.1-puro 
vector (Addgene, #8453), and selected by 2 μg/mL puromycin 
(Sigma-Aldrich). A scrambled shRNA was used as the negative 
control. All the CRC cells were cultured in a humidified atmo-
sphere of 5% CO2 and 95% air with DMEM (Sigma-Aldrich) 
supplemented with 10% fetal bovine serum (FBS, Gibco).

Figure 5. Seahorse Flux Analyzer bioenergetics analysis of YARS2 knockdown cells 
illustrates significant reduction in respiration. (a) Representative graph of the 
oxygen consumption rate (OCR). Oligomycin (1.5 μM), carbonyl cyanide p-(tri-
fluoromethoxy)phenylhydrazone (FCCP) (0.5 μM), rotenone (1 μM) and antimycin 
A (1 μM) were added at indicated times to determine different parameters of 
mitochondrial functions. (b)The average basal OCR, ATP-linked production, proton 
leakage, maximal OCR, reserve respiratory capacity, as well as non-mitochondrial 
production were determined. Data are expressed as means ± SD. **, P < .01, n = 3.

Figure 6. Determination of ATP and ROS levels in SW620 cells. (a) YARS2 knockdown cells exhibited significantly reduced mitochondrial ATP levels. (b) Relative levels of 
ROS production. Data are expressed as means ± SD. *, P < .05, n = 3.
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RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNAs were extracted using TRIzol reagent (Takara Bio, 
Shanghai, China) from CRC and normal intestinal tissues 
according to the manufacturer’s protocol, and reverse transcribed 
into cDNA using the PrimeScript™ RT Reagent Kit (Takara Bio). 
qRT-PCR was performed to determine the relative mRNA levels 
of YARS2 with specific primers purchased from Sinobiological 
(Cat: HP103463 for human YARS2; Cat: HP100001 for human 
beta-Actin). All PCRs were performed in a total volume of 20 µL 
using an SYBR Premix Ex Taq Kit (Takara Bio). The amplifica-
tion conditions for qRT-PCR were as follows: 95°C for 30 s, 
followed by 45 cycles of 95°C for 5 s and 60°C for 20 s, and 
95°C for 15 s. Relative expression levels were calculated using the 
2-ΔΔCT method. Each sample was evaluated in triplicate and 
measurements were repeated independently at least three times.

Cell growth analysis

This assay was performed using a CCK8 cell viability kit 
(Yeasen, China) according to the introduced protocol. Briefly, 
CRC cells growing in log-phase were trypsinized, resuspended, 
and seeded at a density of 2 × 103 cells/well in 96-well plates. At 
the indicated time point, 10 μl of CCK8 was added to each well 
for 1 h at 37°C. Then, the absorbance was measured at 450 nm 
by Synergy H1 (BioTek, China).

Migration assay

For cell migration assay, cells were harvested and re-suspended 
in DMEM with 1% FBS. Then, 2 × 104 cells were seeded into 
the upper chamber of transwell filter chambers (Corning, 
4.5-μm pores), and the lower chambers were filled with 2 mL 
DMEM containing 10% FBS. After 18 hours of incubation, cells 
that migrated into the reverse side of the transwell membrane 
were fixed with methanol, stained with Crystal Violet, and then 
counted under an inverted light microscope.

Apoptosis analysis by flow cytometry

Apoptosis of cells after various treatments was measured using 
Annexin V-propidium iodide binding assay (BD Pharmingen) 
according to the manufacturer’s instructions. The fluorescence 
intensity was determined using an ACEA NovoCyte cytometer. 

The numbers of apoptotic cells were expressed as percentages of 
Annexin V-posotive cells. All experiments were performed in 
triplicates.

Western blotting analysis

Western blotting analysis was performed as detailed 
previously.32 Antibodies used in this study include anti-YARS2 
(ab228957, at a dilution of 1:1000), anti-MT-ND1 (ab181848, at 
a dilution of 1:2000), anti-MT-ND5 (ab230509, at a dilution of 
1:1000), anti-MT-CO2 (ab79393, at a dilution of 1:5000), and 
anti-TOM20 (ab186735, at a dilution of 1:2000) from Abcam, 
anti-MT-ND6 (PA5-43532, at a dilution of 1:1000) and anti-MT 
-ND4 (PA5-97298, at a dilution of 1:1000) from ThermoFisher, 
anti- MT-CYTB (55090-1-AP, at a dilution of 1:1000) from 
Proteintech, anti-β-actin (AF5003, at a dilution of 1:2000) from 
Beyotime Institute of Biotechnology, and HRP-conjugated anti- 
rabbit secondary antibody (A0208, at a dilution of 1:1000) from 
Beyotime Institute of Biotechnology. Immunoreactive proteins 
were visualized using a chemiluminescent immunodetection 
system (ChemiDoc XRS). Image J was employed to analyze the 
grayscale values obtained by western blotting.

Northern blotting for mitochondrial tRNA analysis

Total mitochondrial RNAs were isolated using RiboPure™ 
RNA kit (Invitrogen). For northern blotting, 2 μg of total 
mitochondrial RNA were first electrophoresed in 10% polya-
crylamide/7 M urea gel, then electroblotted onto a positively 
charged nylon membrane for the hybridization analysis with 
non-radioactive digoxin (DIG)-labeled oligodeoxynucleotide 
probes (Roche). Image J was employed to analyze the grayscale 
values for quantification.

Measurement of oxidative phosphorylation (OCR), 
adenosine triphosphate (ATP), and reactive oxygen 
species (ROS)

Cellular OCR alternations were determined with the Seahorse 
XF96 Flux Analyzer (Seahorse, Agilent) in real-time according 
to the manufacturer’s instructions. In brief, plate-based live cells 
were assayed for monitor OCR in real time. The modulators 
included in this assay are Oligomycin, Carbonyl cyanide-4 (tri-
fluoromethoxy) phenylhydrazone (FCCP), Rotenone, and 

Figure 7. YARS2 knockdown SW620 cells showed reduced progression in mice model. (a) Total tumor volume at 10, 15,20, and 25 days after the implantation of CRC 
cells. (b) Kaplan-Meier plot of overall survival of pelvic recurrence model. Data are expressed as means ± SD. **, P < .01, n = 8.
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Antimycin. Oligomycin is used as a complex V inhibitor to assess 
ATP production levels. FCCP is used as a mitochondrial uncou-
pler to assess maximal respiration, and rotenone or antimycin 
treatment is used as amitochondrial complex I uncoupler to assess 
non-mitochondrial respiration. The results of different groups 
were normalized by cell numbers, which were automatically ana-
lyzed by Seahorse XF96 Flux Analyzer. The cellular ATP and ROS 
levels were, respectively, measured by standard assay Kits pur-
chased from Beyotime according to the manufacturer’s 
instructions.

Animal models

Eight-week-old female Balb/c nude mice were purchased from 
the Beijing Vital River Laboratory Animal Technology Co. All 
animal procedures have been performed in accordance with 
protocols approved by the local Institutional Animal Care and 
Use Committee. The mice were housed in filter-top cages in 
a closed, environment-controlled colony and were provided 
sterile food and water. For mouse xenograft models, SW620 
cells (5 × 106/0.1 mL Matrigel, Sigma-Aldrich) were injected 
subcutaneously into the lower right flank of female nude mice. 
Animal health and tumor growth were monitored daily. 
Tumor volumes were estimated by external caliper, and the 
greatest longitudinal diameter (length) and the greatest trans-
verse diameter (width) were determined. Tumor volume was 
calculated by the modified ellipsoidal formula: V = ½ (Length × 
Width2). In order to assess interobserver variation, each tumor 
was measured by three independent observers.

Statistical analysis

All data are presented as means ± standard deviation (SD) of 
the results of at least three independent studies. Statistical 
differences between the two groups were evaluated by 
Student’s t-tests. Statistical significance was defined as P < .05.
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