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ARTICLE INFO ABSTRACT
Keywords: Hepatocellular carcinoma (HCC) is associated with high morbidity and mortality globally. tRNA-
Hepatocellular carcinoma derived small RNAs (tsRNAs) have emerged as potential targets for cancer treatment. However,

tRNA-derived small RNAs the specific impact of tsRNAs on HCC remains undiscovered. In this study, we aimed to inves-

l(zllcl(i)fge:fion tigate the biological significance of tsRNAs in HCC. First, we screened the differentially expressed
Migration tsRNAs in HCC tissues and normal tissues adjacent to the tumor (NAT) using high-throughput
Invasion sequencing and the results showed that tRF-39-8HM2OSRNLNKSEKH9 was more highly

expressed in HCC tissues than NATs. Agarose gel electrophoresis (AGE), nuclear-cytoplasmic
separation assays and fluorescence in situ hybridization (FISH) were employed to assess the
characterization of tRF-39-8HM20OSRNLNKSEKHO. The relationship between the expression of
tRF-39-8HM20SRNLNKSEKH9 and clinicopathological parameters was evaluated and we found
that it was positively associated with tumor size. The cell counting kit-8 (CCK8) assay, colony
formation assay and EdU staining assay were employed to investigate the role of tRF-39-
8HM20SRNLNKSEKH? in the proliferation of HCC cells. Additionally, transwell assays demon-
strated that overexpression of tRF-39-8HM20OSRNLNKSEKH9 could accelerate cell migration
capability. Taken together, tRF-39-8HM20OSRNLNKSEKH9 was highly expressed in HCC cells,
serum and tissues, and it may play an oncogenic role in HCC cells through interacting with
downstream mRNA targets.

1. Introduction

Hepatocellular carcinoma (HCC) is currently the sixth most common cancer and the third leading cause of cancer-related death
worldwide [1]. Viral hepatitis, particularly viral hepatitis B and viral hepatitis C, is still the most common underlying cause of liver
cirrhosis and approximately 80%-90% of patients with cirrhosis develop primary liver cancer [2]. Although the incidence rate of viral
hepatitis B and viral hepatitis C has decreased due to comprehensive vaccination, other risk factors, including aflatoxin exposure,
alcoholic liver disease, nonalcoholic fatty liver disease (NAFLD), metabolic diseases and so on, are gradually becoming the main cause
of HCC worldwide [3,4]. Meanwhile, the accumulation of numerous aberrations and dysregulations of genetic and epigenetic alter-
ations might affect the expression levels of both mRNAs and noncoding RNAs (ncRNAs), eventually contributing to both
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tumorigenicity and the invasive behavior of HCC [5]. Therefore, it is necessary to further explore new functional genes and clarify
potential molecular mechanisms to develop new therapeutic drugs and improve the prognosis of patients with HCC.

ncRNAs are a group of single-stranded RNAs that lack an open coding framework and cannot be translated into proteins. With the
cutting-edge technology of next-generation sequencing, an increasing number of ncRNAs have been identified, including miRNAs,
IncRNAs, piRNAs, circRNAs, tsRNAs, etc., which are involved in diverse physiological and pathological processes [6,7]. Among them,
researchers have rarely focused on tRNA-derived small RNAs (tsSRNAs). tsRNAs consist of tRNA-derived small fragments (tRFs) and
tRNA halves (tiRNAs), which are cleaved under conditions of stress such as hypoxia, oxidative stress, heat shock and nutritional
deficiency [8]. In addition, tRFs include 1-tRF, 3-tRF, 5-tRF, and 2-tRF (also known as i-tRF) and tiRNAs include 5-tiRNA and 3-tiRNA
according to their specific cleavage site of premature tRNAs or mature tRNAs by the ribonuclease family such as angiogenin (ANG),
Dicer, or other RNases [9]. In 1979, Borek et al. found first high levels of tsRNAs in urine of patients with urogenital tumors which
quickly returned to normal after effective chemotherapy [10]. Currently, the roles of tsRNAs are gradually becoming clear to scientists
because of their abundant expression [11]. Due to their stability in serum, recent studies have shown that some tsRNAs could serve as
novel biomarkers in some types of cancers. For example, Wang et al. revealed that six tRFs from the 5’ ends of tRNAs were significantly
downregulated in plasma samples of patients with early-stage breast cancers [12]. Wang et al. first analyzed tsRNA signatures in
systemic lupus erythematosus (SLE) serum and identified that tRF-His-GTG-1 was significantly upregulated in SLE serum [13]. They
also found that serum tRF-Pro-AGG-004 and tRF-Leu-CAG-002 could be used as novel promising biomarkers for pancreatic cancer (PC)
diagnosis and play a tumor-promoting role in PC [14].

In addition to being a valuable noninvasive biomarker, tsSRNAs could play diverse biological roles through different mechanisms
including gene silencing, protein-binding abilities, ribosome biogenesis, RNA processing, and oncogenic formation, and are associated
with proliferation, migration, and invasion in some types of cancer [8,15-19]. For example, Kay et al. demonstrated that inhibition of
3'tsRNA-LeuCAG, which binds at least two ribosomal protein mRNAs, induces apoptosis both in vitro and in patient-derived orthotopic
hepatocellular carcinoma model in mice [15]. Yan et al. found that 5'-tiRNA-Val could act as a new tumor-suppressor through inhi-
bition of the FZD3/Wnt/p-Catenin signaling pathway, which could act as a potential diagnostic biomarker for breast cancer [17]. In
lung carcinoma, tsRNA-5001a was found to be significantly upregulated and could increase the risk of postoperative recurrence and
poor prognosis [20].

In this study, by employing Arraystar Human tRF&tiRNA sequencing technology, we performed a comprehensive analysis of tsRNA
expression profiles and successfully identified a group of tsRNAs that exhibited differential expression in HCC tissues compared with
normal liver tissues. The expression level of tRF-39-8HM20SRNLNKSEKH9, which is abbreviated as 'tRF-39-8HM’ in this article, was
first measured in HCC patients who were newly diagnosed. Then, their association with clinicopathological characteristics was
analyzed statistically in an attempt to provide insights into the potential diagnostic or prognostic assessment. Thereafter, the influence
of tRF-39-8HM on HCC cell lines was confirmed through cell phenotypic assays. Additionally, bioinformatics analysis was employed to
predict the target genes of tRF-39-8HM.

In conclusion, there is compelling evidence to suggest that tRF-39-8HM can exert an oncogenic role in HCC and that the detection of
tRF-39-8HM may hold potential as a diagnostic tool or as a target for therapeutic interventions in HCC.

2. Materials and methods
2.1. Tissue and serum samples

We obtained 48 paired HCC tissues and their normal tissues adjacent to the tumor (NAT) from the Affiliated Hospital of Nantong
University (Nantong, Jiangsu, China). Tissue specimens were immediately preserved in MACS Tissue Storage Solution (Miltenyi
Biotec, Germany) after removal from the patients and kept at —80 °C until further use. Meanwhile, serum samples, including sera from
70 HCC patients and another 70 healthy donors, were obtained from the Clinical Laboratory of the Affiliated Hospital of Nantong
University, and 48 operation patients mentioned above are included within 70 HCC patients in this group. None of the patients had
received radiotherapy, chemotherapy, targeted therapy or immune therapy before surgery. Written informed consent was obtained
from each patient in this study. The study protocol was approved by the ethics committee of the Affiliated Hospital of Nantong
University (ethical review report number: 2018-L006). All the investigations were carried out in accordance with the rules of the
declaration of Helsinki of 1975.

2.2. tsRNA sequencing and expression analysis

Arraystar Human tRF&tiRNA PCR Array technology was employed to analyze 3 pairs of HCC and adjacent normal tissues. Purified
total RNA samples were extracted from 3 paired HCC tissues and tumor-adjacent normal tissues. Because some RNA modifications
could interfere with small RNA-seq library construction or RT-PCR, the rtStar™ tRF&tiRNA Pretreatment Kit (#: AS-FS-005,
Arraystar, MD, USA) was used to remove 3'-aminoacyl, 3'-cP, phosphorylate 5-OH, and demethylate m1A, m1G, and m3C for efficient
cDNA reverse transcription [21]. Then, the rtStar™ tRF&tiRNA First-Strand cDNA Synthesis Kit (#: AS-FS-003, Arraystar, MD, USA)
was used to establish cDNA libraries following sequential 3' and 5’ adaptor ligation. The complete libraries were determined by means
of an Agilent 2100 Bioanalyzer using an Agilent DNA 1000 chip kit (#: 5067-1504, Agilent, California, USA) and then sequenced on an
Mlumina NextSeq 500 system using a NextSeq 500/550 V2 kit (#: FC-404-2005, Illumina) according to the manufacturer’s in-
structions. The abundance of tsRNAs was evaluated using their sequencing counts and was normalized as counts per million (CPM) of
total aligned reads. The expression profiling and differentially expressed tsRNAs were analyzed and calculated using R packages
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(EdgeR 3.32.1) [22]. Finally, the sequencing reads were aligned to mature-tRNA on the entire genome using MINTbase v2.0, a
database for the interactive exploration of mitochondrial and nuclear tRNA fragments.

2.3. Cell lines

HCC cell lines (HepG2, HuH-7, HCCLM3, SK-Hep-1, PCL/PRF/5, Hep3B) were obtained from SIBCB (Shanghai Institute of
Biochemistry and Cell Biology, Shanghai, China) and Beyotime Biotechnology (Shanghai, China). Human immortalized hepatocytes
(THLE-2) were purchased from ATCC (CRL-2706™). Resource Identification Initiative ID (RRID) for each cell lines are shown in
Supplementary file 1. HepG2, HuH-7, HCCLM3, and PCL/PRE/5 cells were cultivated in high-glucose DMEM (GIBCO). SK-Hep-1 and
Hep3B cells were cultured in MEM (Invitrogen) supplemented with GlutaMAX, NEAA (nonessential amino acids) and sodium pyruvate.
THLE-2 cells were cultivated in BEGM BulletKit medium (Lonza). All media were supplemented with 10% fetal bovine serum (FBS)
(GIBCO) and 1% penicillin-streptomycin (Pen/Strep) mixture (HyClone, Logan, UT, USA) and deposited at 37 °C with 5% COx.

2.4. RNA extraction, reverse transcription and quantitative real-time PCR

Total RNA in tissue and cell samples was isolated via the TRIzol RNA Extraction Kit (Invitrogen, Carlsbad, CA, USA), purified by
75% ethanol and suspended by DEPC-treated water. Serum total RNA was extracted via the Total RNA Pure and Isolation Kit with
rotating column (BioTeke, Beijing, China). Then, RNA concentration and purity were determined by taking OD measurements at 260
nm and 280 nm and the OD 260/280 absorbance ratio was between 1.8 and 2.1. To quantify the amount of tsSRNAs, cDNA was
synthesized from nearly 500 ng of RNA. cDNA was amplified by Revert Aid RT Reverse Transcription Kit (Thermo Fisher Scientific,
USA) in a total of 10 pl, which was incubated at 42 °C for 1 h and then inactivated at 70 °C for 5 min qPCR reaction condition includes
an initial step of 10 min at 95 °C to activate the chemically modified hot-start DNA polymerase, normally followed by 35 cycles of a 10-
s denaturation at 95 °C and then 60 s annealing and extension at 60 °C. All steps were performed following the manufacturer’s in-
structions. qRT-PCR was performed with the FastStart Universal SYBR Green Master Mix (Roche, Mannheim, Germany) on a
QuantStudio 5 (Thermo, Waltham, MA, USA) in a reaction system of 20 pl, including 10 pl of SYBR Green I Mix, 5 pl of cDNA, 1 pl of
primer, and 3 pl of enzyme-free water. RNU6B (U6) was used as an internal control to standardize the relative expression of tRF-39-
8HM. All primers used in this study were synthesized by RiboBio Corporation (Guangzhou, China). Subsequently, the 2744t method
was utilized to analyze the resulting relative expression level data [23]. The AACt value was expressed as the difference between the
experimental group (Ct™8 — Ct™®fr"®) and the control group (Ct™ e — creference,

2.5. Agarose gel electrophoresis (AGE) assay

Agarose gel electrophoresis assay was used to evaluate PCR reaction success. 6 pL. DNA marker or 1 pL. DNA samples mixed with 5
pL DNA loading buffer (6X) (Beyotime Biotechnology, Shanghai, China) were separated using 2% agarose gel electrophoresis. The DNA
Ladder (500bp Plus Marker, NO. C500233, Sangon Biotech, Shanghai, China) consists of 8 liner double stranded DNA bands of 50, 100,
150, 200, 250, 300, 400 and 500 base pair and the intensity of 250 bp band has been increased to yield reference indicator. The DNA
fragments on the gel were visualized using gel imaging system (ChemiDoc™ MP, Bio-Rad Laboratories, Inc. USA).

2.6. Nuclear-cytoplasmic separation assay

The cellular localization of tRF-39-8HM was assessed by a nuclear-cytoplasmic separation assay. Nuclear and cytoplasmic RNA was
isolated from HCCLM3 and SK-Hep-1 cell lines using a PARIST™ kit according to the manufacturer’s protocol (Invitrogen, Thermo
Fisher Scientific, USA). Then, the RNA expression of tsRNAs in the nucleus and cytoplasm was measured by qRT-PCR. U6 and GAPDH
were used as nuclear and cytoplasmic references, respectively.

2.7. Fluorescence in situ hybridization (FISH)

FISH assays were conducted to visualize the localization of tRF-39-8HM in HCC cells. Cy3-labeled tRF-39-8HM probes were
synthesized by Servicebio Technology Co., Ltd. (Wuhan, China). The hybridization process was carried out using the Fluorescent In
Situ Hybridization Kit following the manufacturer’s instructions. Nuclei were counterstained with 4,6-diamidino-2-phenylindole
(DAPI) (Beyotime Biotechnology, Shanghai, China). Images were captured using a fluorescence microscope from Olympus (Tokyo,
Japan).

Table 1
RNA sequences used for RNA interference.
Name RNA sequence
Mimics 5'-UCACGCGGGAGACCGGGGUUCGAUUCCCCGACGGGGAGC-3'
Mimic Negative control 5'-UUUGUACUACACAAAAGUACUG-3'
Inhibitor 5'-GCUCCCCGUCGGGGAAUCGAACCCCGGUCUCCCGCGUGA-3'

Inhibitor Negative control 5'-CAGUACUUUUGUGUAGUACAAA-3'
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2.8. RNA interference and transfection

The tRF-39-8HM mimics/inhibitor and their negative control (NC) mimics/inhibitor were obtained from Ribobio (Guangzhou
RiboBio Co., Ltd.) and were transfected using Lipofectamine 3000 (Invitrogen) reagent in 6-well plates according to the manufacturer’s
protocols. The RNA sequences of mimics/inhibitor and NC are shown in Table 1. Cells were seeded into 6-well plates overnight before
transfection. The transfection concentration of the tRF-39-8HM mimics is 50 nM, while the concentration of the tRF-39-8HM inhibitor
is 100 nM. After transfection for 48 h, the cells were collected to assess the expression of tRF-39-8HM using qRT-PCR. After transfection
overnight, the cells were subjected to cellular phenotypic assays.

2.9. CCKS8 assay

For the cell proliferation assay, CCK8 (Cell Counting Kit-8) was utilized to detect the function of cell behavior. For the CCK8 assay,
treated cells were seeded on 96-well plates at a density of 3 x 102 cells per well and cultured for 1-5 days. Each well was incubated
with 100 pL of complete culture medium (10% FBS). Ten microliters of CCK-8 detection solution (Code: CK04, Dojindo Laboratories,
Japan) was added in each well and incubated for 2 h. OD450 was measured using a microplate reader (TECAN-Spark, Switzerland).

2.10. Colony formation assay

For the colony formation assay, 1 x 10> cells were seeded in 2 mL of complete culture medium in a 6-well plate for 14 days. After 2
weeks, colonies were fixed with 4% paraformaldehyde solution and then stained using crystal violet. The number of cell clones was
counted using ImageJ software v1.47 (NIH, USA) [24].

2.11. EAU staining assay

Based on the protocols of the supplier, the CellorLab™ EdU Cell Proliferation Kit with Alexa Fluor 555 (Epizyme, Shanghai, China)
was utilized to implement this assay. Approximately 5 x 10° cells in 6-well plates were cultured in complete medium with a con-
centration of 10 pM EdU and incubated for 2 h at 37 °C with 5% COs. After metabolic labeling, cells in each well were fixed using 3.7%
formaldehyde and then permeabilized using 0.5% Triton™ X-100 (Sigma-Aldrich, Saint Louis, USA). Under dark conditions, the
samples were stained with Alexa Fluor 555 for 30 min. DAPI was used to stain cells for 10 min. Finally, the cells were observed via
fluorescence microscopy (Olympus, Tokyo, Japan).

2.12. Transwell migration assay

For migration ability, cells were digested with trypsin-EDTA after 48 h of transfection. Then, the cell suspension was seeded into the
Transwell upper chamber (Corning Inc., Costar®, USA). Then, 100 pL cell solution containing 5 x 10* cells in serum-free medium was
plated on top of the filter membrane in the upper chamber and 500 pL of medium containing 10% (v/v) FBS was added to the lower
chamber. Cells were cultured at 37 °C with 5% CO» for 24 h. The next day, nonmigrated cells in the upper chamber were removed with
a cotton-tipped applicator, and the cells on the lower surface of the Transwell inserts were fixed and stained with 0.2% crystal violet.
The number of migrated cells on the underside of the inserts was quantified using ImageJ software v1.47.

2.13. GO and KEGG enrichment analysis

GO (Gene Oncology) function analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis were enriched and
generated by the website https://www.bioinformatics.com.cn (last accessed on Nov 10, 2023), an online platform for data analysis and
visualization.

2.14. Statistical analysis

All data were analyzed with SPSS 24.0 statistical software (IBM SPSS Statistics, Chicago, USA) and GraphPad PRISM 8.0 (GraphPad
Software, San Diego, CA, USA). Student’s t-test was used to analyze the differences between two groups. Pearson’s chi-squared test was
utilized to evaluate the correlation between tRF-39-8HM and clinicopathological factors in HCC. Data are presented as the mean +
standard deviation (SD). For the analysis of survival data, Kaplan-Meier curves were constructed, and the log-rank test was performed.
Differences were considered statistically significant at P < 0.05. All experiments were performed in triplicate in order to ensure the
robustness and reliability of the results.

3. Results
3.1. Expression of tRF-39-8HM20SRNLNKSEKH9 in HCC tissues and serum

First, the study flow chart is presented in Fig. 1. The bioinformatic results showed that there were 2401 expressed tsRNAs in total
and we screened 358 significantly differentially expressed tsRNAs (p < 0.05 and |Log2FC|>1.5), of which 161 tsRNAs (shown in
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Supplementary file 2) were upregulated and 197 were downregulated. The heatmap of these differentially expressed tsSRNAs is shown
in Fig. 2A, and the volcano plot is illustrated in Fig. 2B. Among 161 upregulated tsRNAs, 70 intersected with 221 tsRNAs uniquely
expressed in tumors (shown in Fig. 2C). The top 5 upregulated and downregulated tsSRNAs are shown in Fig. 2D. To further validate the
results of the tRF&tiRNA sequencing data, the top 5 tsRNAs with the greatest differences were selected as candidates, and were
examined in additional 3 pairs of tumors and corresponding adjacent normal tissues. Notably, the results showed that significantly
higher levels of tRF-39-8HM were detected in tumors than in adjacent normal specimens (shown in Fig. 2E) and were basically
consistent with the sequencing results. This finding was further confirmed using qRT-PCR in 48 pairs of HCC specimens and the
statistical analysis results showed that tRF-39-8HM was upregulated in human HCC tissues (shown in Fig. 2F). Then, we divided the 48
HCC patients into two groups based on their sera median expression level of tRF-39-8HM: a relatively high-expression group
(expression level > median, n = 24) and a relatively low-expression group (expression level < median, n = 24). To evaluate the
correlation between tRF-39-8HM expression and clinicopathological parameters in these 48 HCC patients, we used either the chi-
square test or Fisher’s exact test. The analysis demonstrated a significant correlation between the expression level of tRF-39-8HM
and tumor size (P < 0.05), while no statistically significant associations were observed with other parameters, including age, sex,
HBV infection, level of AFP, tumor multiplicity, MVI (microvascular invasion), and BCLC (Barcelona Clinic Liver Cancer) stage
(Table 2). These findings suggested that the increased expression of tRF-39-8HM may have underlying value in predicting the ma-
lignant growth of tumors. Consistently, we detected the relative expression of serum tRF-39-8HM in 70 HCC patients compared to that
in 70 healthy donors, and the results showed that tRF-39-8HM was highly expressed in HCC patients (shown in Fig. 2G). In addition,
Kaplan-Meier analysis for 70 HCC patients revealed that high tRF-39-8HM expression was significantly correlated with shorter overall
survival (shown in Fig. 2H; P < 0.05). Given that there was a lack of specific research on this newly discovered tsRNA, our research was
centered around tRF-39-8HM as a crucial molecule that we believe plays a significant role in the progression of HCC.

3.2. Brief introduction and characteristics of tRF-39-8HM20SRNLNKSEKH9

To date, there are two main types of tsSRNAs: tRNA halves, also known as tiRNAs (5'-tiRNA and 3'-tiRNA), and tRFs (1-tRF, 3-tRF, 5-
tRF and i-tRF). In the MINTbase v2.0 database (http://cm.jefferson.edu/MINTbase/), tRF-39-8HM20SRNLNKSEKH has a length of
39 nt (5-TCACGCGGGAGACCGGGGTTCGATTCCCCGACGGGGAGC-3") and is classified into 3'-tiRNA, which owns 3-half of the mature
tRNA-Asp-GTC (shown in Fig. S1A). The cleavage sites are indicated with red scissors symbols according to the online database
tRNAdD (http://trna.bioinf.uni-leipzig.de/) (shown in Fig. S1B). In addition, to test the accuracy of the products of qRT-PCR, nucleic
acids and oligonucleotides were separated using agarose gel electrophoresis (AGE) assay, we detected a single electrophoresis band
approximately 80 bp in size (shown in Fig. 3A). Additionally, we found that tRF-39-8HM had smooth amplification curves and single-
peak melting curves (shown in Fig. 3B). Finally, to assess the intracellular localization of tRF-39-8HM in HCCLM3 and SK-Hep-1 cell
lines, both nuclear-cytoplasmic separation assays and FISH staining assays were used to demonstrate that tRF-39-8HM was mainly
located in the cytoplasm in the indicated cell lines (shown in Fig. 3C and D).

3.3. tRF-39-8HM20OSRNLNKSEKH9 plays an oncogenic role in HCC

To investigate the biological role of tRF-39-8HM in HCC cell lines, we initially examined the relative expression in different HCC
cell lines. As shown in Fig. 4A, HCCLMS3 cells exhibited the highest expression level of tRF-39-8HM, while SK-Hep-1 cell line was the
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upregulated and downregulated tsRNAs. C. Diagram of overlapping genes between upregulated genes and genes unique to tumors. D. Top 5
upregulated and downregulated genes in tumor tissues relative to NATs. E. Validating the relative expression levels of the top 5 upregulated tsSRNAs
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39-8HM in HCC patients compared to healthy donors. U6 was used for normalization. H. Kaplan-Meier survival curves for 70 HCC patients ac-
cording to tRF-39-8HM expression status. *Indicated statistical significance (****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05); NS, no

significance.
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Table 2
The association between tRF-39-8HM20SRNLNKSEKH9 expression and clinicopathologic parameters in 48 HCC surgical specimens.
Clinical pathological HCC tissues Total (n = X2 P-
indexes tRF-39-8HM low expression (n = 24, < tRF-39-8HM high expression (n = 24, 48) value
median) >median)

Age (years) 0.751  0.386
> 60 14 11 25
< 60 10 13 23

Gender 0.343  0.558
Male 13 15 28
Female 11 9 20

HBV infection 0.091 0.763
Positive 15 16 31
Negative 9 8 17

AFP (ng/ml) 0.087 0.768
<20 10 9 19
> 20 14 15 29

Tumor size 4.269  0.039*%
<3cm 11 18 29
>3 cm 13 6 19

Tumor multiplicity 0.356  0.551
Single 23 22 45
Multiple 1 2 3

MVI 1.091 0.296
MVI 0 23 21 44
MVI1 +2 1 3 4

BCLC Stage 2.087 0.1486
Stage 0+A 24 22 46
Stage B 0 2 2

AFP, Alpha-Fetoprotein; MVI, Microvascular Invasion; BCLC, Barcelona Clinic Liver Cancer.
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Fig. 3. Characteristics of tRF-39-8HM20SRNLNKSEKH9. A. The qRT-PCR product was subjected to electrophoresis on a 2.5% agarose gel, which
displayed a single band with an approximate size of 80 bp (The uncropped version was shown in Fig. S2). B. Smooth amplification curves (left) and
single-peak melting curves (right) of tRF-39-8HM. C. A nuclear-cytoplasmic separation assay was used to assess the intracellular localization of tRF-
39-8HM in HCCLM3 and SK-Hep-1 cell lines. D. FISH assay was used to visualize the localization of tRF-39-8HM in HCCLM3 and SK-Hep-1 cell lines.

least upregulated cell line compared with the normal liver cell line. Subsequently, we conducted transfection experiments using tRF-
39-8HM mimics and their negative control (M — NC), as well as a tRF-39-8HM inhibitor and its negative control (I-NC), in both
HCCLMS3 and SK-Hep-1 cells. The efficiency of tRF-39-8HM mimics and inhibitors was assessed using qRT-PCR. The results showed
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that the expression of tRF-39-8HM mimics in HCCLM3 cells was 28-fold higher than that in M — NCs, while in SK-Hep-1 cells, it was
tenfold higher than that in M — NCs (shown in Fig. 4B). To examine the impact of tRF-39-8HM on cell proliferation, CCK-8 assays were
performed and the results revealed that the overexpression of tRF-39-8HM significantly enhance cell proliferation compared to that in
the M — NC group. Conversely, the knockdown of tRF-39-8HM exhibited the opposite effects in comparison with the I-NC group,
indicating a decrease in cell proliferation (shown in Fig. 4C). Similarly, the colony formation assay provided further evidence that the
overexpression of tRF-39-8HM enhanced the capacity of single-cell growth, and conversely, the knockdown group exhibited a marked
inhibition of cell growth, indicating a suppressive effect of tRF-39-8HM on colony formation (shown in Fig. 4D and E). Additionally, we
performed EdU staining to evaluate the proportion of proliferating cells. The results demonstrated that the inhibition of tRF-39-8HM
led to a decrease in the ratio of EdU-positive cells, whereas overexpression of tRF-39-8HM reversed this effect, resulting in an increased
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Fig. 4. tRF-39-8HM20SRNLNKSEKH9 promoted the proliferation of HCC cells in vitro. A. Relative expression of tRF-39-8HM in HCC cells. B. The
efficiency of tRF-39-8HM mimics and inhibitor in both HCCLM3 and SK-Hep-1 cell lines was evaluated using qRT-PCR. C. The cell viability of HCC
cell lines was assessed following transfection with mimics or a negative control (NC) by CCK-8 assay. D and E. Colony formation assays were used to
determine the effect of tRF-39-8HM on cell growth and the relative colony formation ability (%) was calculated using ImageJ software. F. EQU
staining was used to evaluate the proportion of proliferating cells in both HCCLM3 and SK-Hep-1 cells after transfection.
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proportion of EdU-positive cells (shown in Fig. 4F). Furthermore, we conducted Transwell assays to investigate the potential
involvement of tRF-39-8HM in tumor cell migration and invasion. The results revealed that overexpression of tRF-39-8HM in both
HCCLM3 and SK-Hep-1 cells accelerated cell migration and invasion abilities compared to that in the M — NC group, whereas
knockdown of tRF-39-8HM significantly decreased cell migration and invasion abilities (Fig. 5). Collectively, the obtained results
strongly suggest that tRF-39-8HM may serve as an oncogenic driver in the carcinogenesis of HCC.

3.4. GO and KEGG enrichment analysis of tRF-39-8HM target genes

We reasoned that tsRNAs could participate in cancer progression analogous to certain miRNAs [25]. Therefore, to explore the
molecular function of tRF-39-8HM, we employed multiple bioinformatics tools, including miRanda, TargetScan, miRWalk, and
miRDB, to predict potential target genes and their corresponding binding sites. This collective approach allowed us to identify po-
tential downstream targets of tRF-39-8HM. The analysis of overlapping results (generated using jvenn: an interactive Venn diagram
viewer) from the above four database prediction tools revealed a total of 702 potential target genes that exhibited a high likelihood of
binding to tRF-39-8HM (shown in Fig. 6A, Supplementary file 3). GO function analysis and KEGG pathway analysis were enriched and
generated by the website bioinformatics.com.cn and could provide a systematic approach to understanding the functional implications
of the target genes at the molecular, cellular, and pathway levels. The enrichment of GO function analysis encompassed three cate-
gories: biological process (BP), cellular component (CC), and molecular function (MF). As shown in Fig. 6B, GO enrichment analysis
revealed potential roles of tRF-39-8HM in various biological processes, such as positive regulation of cellular catabolic processes,
regulation of lipid biosynthetic processes, Ras GTPase binding, etc. In addition, Sankey dot pathway enrichment was used to analyze
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the enrichment of KEGG signaling pathways, and the results suggested that the phospholipase D signaling pathway, hepatitis B,
proteoglycans in cancer, EGFR tyrosine kinase inhibitor resistance, cellular senescence, etc., were significantly enriched, and the
related genes involved in the corresponding pathways are listed (shown in Fig. 6C). These results indicated that tRF-39-8HM may play
an important role in the occurrence and development of HCC by targeting downstream mRNAs, which could open up a new avenue for
further exploration of the specific molecular mechanisms of tRF-39-8HM20OSRNLNKSEKH9.

4. Discussion

While recognizing the advancements made in the realm of cancer diagnosis and treatment, hepatocellular carcinoma (HCC) is still
the main cause of primary liver cancer and one of the most prevalent fatal cancers in the world. Although surgical techniques,
radiotherapy, chemotherapy drugs, targeted therapy, and immunotherapy have progressed, the overall prognosis remains unsatis-
factory and the mortality of HCC still ranks second worldwide [1]. Over the last few years, explosive advances in next-generation
sequencing technology have enabled the evaluation of clinical settings and enhanced our comprehensive understanding of the mo-
lecular mechanism of tumorigenesis. As technology develops, new types of small cancer-associated noncoding RNAs are decrypted in
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different cells, sera and tissues. As one of the most abundant small RNA entities, tRNAs and their derivatives, which take part in the
pathogenic process of cancer, have attracted broad attention [26]. An increasing number of studies have reported that tsRNAs
contribute to the occurrence and development of diverse cancers such as pancreatic cancer [14], breast cancer [27], non-small cell
lung cancer [28], and colorectal cancer [29], etc. In addition, many studies have indicated that serum tsRNA could serve as a novel
biomarker for the diagnosis of HCC. Zhan et al. identified that serum mitochondrial tRF-GIn-TTG-006 had a high sensitivity and
specificity at the early stage of HCC [30]. In addition, Yi Zuo et al. applied a diagnostic model to develop a tsRNA-based risk score
signature for liver cancer prognosis, and the results showed that the expression of tRF-20-HDK2RSI2, tRF-20-6S7P4PZ3, and
tRF-18-8R1546D2 were upregulated while the expression of tRF-20-73VL4YMY and tRF-24-S3M8309N0Y were downregulated in HCC
tissue [31]. However, the in-depth exploration of the underlying mechanisms of tsRNAs in HCC is still in its early stages.

In the present study, we used the Arraystar Human tRF&tiRNA sequencing technology to analyze differentially expressed tsRNAs in
HCC tissue compared with the normal tissues adjacent to the tumor. This advanced technology facilitated comprehensive profiling and
detection of tsRNAs in the samples. Specifically, some tsRNAs were found to be upregulated in HCC, suggesting a potential role in
promoting HCC development. Conversely, other tsRNAs were downregulated, indicating a potential tumor-suppressive function. Our
data confirmed that tRF-39-8HM was markedly upregulated in 3 pairs of HCC tissues. Then, further analysis of 48 surgical specimens
from HCC patients helped determine whether there was a significant relationship between tRF-39-8HM expression and the clinico-
pathological characteristics of the HCC patients and we observed that the relatively high tRF-39-8HM expression group had a
significantly larger tumor size in HCC patients. Based on this result, cell proliferation assays were conducted comprehensively.
Similarly, we conducted an analysis to determine the relative expression of serum tRF-39-8HM in patients diagnosed with HCC in
comparison to healthy individuals. The findings of this study revealed a significant upregulation of tRF-39-8HM in HCC patients.

Subsequently, the biological functions of tRF-39-8HM were explored in this study. To demonstrate its impact on cell proliferation,
several experimental techniques were employed, including CCK8 assay, colony formation assay, and EAU staining assay. The gain-of-
function experiment of tRF-39-8HM in HCC cell lines revealed that the overexpression of tRF-39-8HM resulted in a substantial
enhancement in cell proliferation, whereas the loss-of-function experiment demonstrated that the inhibition of tRF-39-8HM could
significantly suppress tumor cell proliferation. Additionally, overexpression of tRF-39-8HM also led to an increase in migration and
invasion abilities. In summary, these results strongly indicated that tRF-39-8HM could play an oncogenic role in the development of
HCC.

miRNAs typically bind to the 3-UTR of mRNAs, leading to mRNA degradation or translational repression. Similarly, tsRNAs can
interact with mRNA targets, affecting their stability or translation [27]. Due to its miRNA-like functions, we performed predictions to
identify potential downstream mRNA targets of tRF-39-8HM. By delving deeper into the interactions between tRF-39-8HM and its
target genes and exploring the associated signaling pathways, we can gain a better understanding of the precise molecular mechanisms
by which tRF-39-8HM influences HCC. GO enrichment analysis suggested that tRF-39-8HM might be involved in important cellular
processes and molecular interactions related to catabolism, lipid biosynthesis, Ras signaling, etc. KEGG enrichment analysis indicated
that several pathways were significantly enriched, including the phospholipase D signaling pathway, hepatitis B, proteoglycans in
cancer, EGFR tyrosine kinase inhibitor resistance, and cellular senescence. By elucidating the downstream mRNA targets, further
exploration can be undertaken to investigate the intricate molecular mechanisms, as well as the signaling cascades and regulatory
networks involved.

However, it is important to acknowledge that our original study had several limitations. First, the three pairs of HCC tissues and
NATs used for sequencing, as well as the sera of the HCC patients and healthy donors, were taken from a homogenous population from
Affiliated Hospital of Nantong University. Specimens from multiregional clinical centers should be collected for in-depth research and
analysis. In addition, the majority of the candidate HCC patients were diagnosed with HBV-related disease rather than nonalcoholic
fatty liver disease (NAFLD). Therefore, the clinical data in this study could not encompass all differentially expressed tsRNAs. Second,
some tsRNAs have been reported to serve as diagnostic biomarkers for specific types of cancers such as breast cancer [32], gastric
cancer [33], and pancreatic cancer [34]. However, the sequencing data in this study were derived from the tissues of HCC patients, and
whether tRF-39-8HM could be utilized as a novel serum biomarker has yet to be determined. Thus, it may be worth considering
conducting serum-based tRF&tiRNA sequencing, which could overlap with the histological sequencing data, followed by compre-
hensive bioinformatic analysis. Last, but not least importantly, an increasing number of studies have indicated that tsRNAs could
influence downstream factors through gene silencing or protein-binding abilities. Because tRF-39-8HM is located in the cytoplasm as
per the results of the nuclear-cytoplasmic separation assay and FISH, we speculate that tRF-39-8HM might play a part in the post-
transcriptional regulation of HCC through miRNA-like functions. Thus, further studies, such as RNA pull-down, luciferase reporter
assays, or RNA immunoprecipitation, are needed to investigate whether tRF-39-8HM can interact with its target mRNAs to affect the
onset and progression of HCC.

Above all, these findings shed light on the involvement of tRF-39-8HM in HCC and provide valuable insights into its potential as a
diagnostic or therapeutic target. Further investigations are required to elucidate the precise mechanisms by which tRF-39-8HM could
contribute to HCC pathogenesis.

5. Conclusion

The small noncoding RNA molecule tRF-39-8HM20OSRNLNKSEKH9 has been found to be significantly upregulated in HCC cell
lines, as well as in serum and tissues associated with HCC. Its increased expression suggested a potential oncogenic role in HCC
development. To gain insights into the underlying mechanisms, we conducted downstream target functional enrichments, which were

found to be involved in various cellular processes and signaling pathways that were relevant to cancer development and progression.
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These findings contributed to a better understanding of the molecular mechanisms underlying HCC and highlighted the potential
significance of tRF-39-8HM20OSRNLNKSEKHO as a therapeutic target in HCC treatment.
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