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Abstract

Background: Transfer RNA-derived fragments (tRFs) are a new class of small non-coding RNAs. Recent studies sug-
gest that tRFs participate in some pathological processes. However, the biological functions and mechanisms of tRFs
in non-small cell lung cancer (NSCLC) are largely unknown.

Methods: Differentially expressed tRFs were identified by tRF and tiRNA sequencing using 9 pairs of pre- and post-
operation plasma from patients with NSCLC. Quantitative real-time PCR (qRT-PCR) and fluorescence in situ hybridiza-
tion (FISH) were used to determine the levels of tRF in tissues, plasma, and cells. Gain- and loss-of-function experi-
ments were implemented to investigate the oncogenic effects of tRF on NSCLC cells in vitro and in vivo. Chromatin
immunoprecipitation (ChlIP), luciferase reporter, RNA pulldown, mass spectrum, RNA immunoprecipitation (RIP),
Western blot, co-immunoprecipitation (Co-IP) assays, and rescue experiments were performed to explore the regula-
tory mechanisms of tRF in NSCLC.

Results: AS-tDR-007333 was an uncharacterized tRF and significantly up-regulated in NSCLC tissues, plasma, and

cells. Clinically, AS-tDR-007333 overexpression could distinguish NSCLC patients from healthy controls and associ-

ated with poorer prognosis of NSCLC patients. Functionally, overexpression of AS-tDR-007333 enhanced proliferation
and migration of NSCLC cells, whereas knockdown of AS-tDR-007333 resulted in opposite effects. Mechanistically,
AS-tDR-007333 promoted the malignancy of NSCLC cells by activating MED29 through two distinct mechanisms. First, )
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NSCLC cell growth in vivo.

or prognostic marker and therapeutic target for NSCLC.

~

AS-tDR-007333 bound to and interacted with HSPB1, which activated MED29 expression by enhancing H3K4me1 and
H3K27ac in MED29 promoter. Second, AS-tDR-007333 stimulated the expression of transcription factor ELK4, which
bound to MED29 promoter and increased its transcription. Therapeutically, inhibition of AS-tDR-007333 suppressed

Conclusions: Our study identifies a new oncogenic tRF and uncovers a novel mechanism that AS-tDR-007333 pro-
motes NSCLC malignancy through the HSPB1-MED29 and ELK4-MED29 axes. AS-tDR-007333 is a potential diagnostic

Keywords: tRNA-derived fragments, AS-tDR-007333, MED29, HSPB1, ELK4, Non-small cell lung cancer

Background
Lung cancer is the most common cancer type, and non-
small cell lung cancer (NSCLC) accounts for up to 85%
of all lung cancer cases [1]. Despite considerable pro-
gressions in diagnostic and therapeutic approaches in
recent years, the overall 5-year survival rate for patients
with NSCLC is still unsatisfactory [2]. Although exten-
sive studies have shown that multiple oncogenes and
tumor suppressor genes are involved in the pathogenesis
of NSCLC, the molecular basis of NSCLC carcinogen-
esis remains incompletely elucidated. Therefore, it is still
necessary to explore unknown molecular mechanisms
in NSCLC to identify new diagnostic and therapeutic
targets.

tRNA-derived fragments (tRFs) are a novel class of
small non-coding RNAs (sncRNAs) produced by the
specific cleavage of mature or precursor transfer RNAs
(tRNAs) [3]. Based on its length, cleavage position, and
sequence matched on tRNAs, tRFs are broadly classi-
fied into five subtypes: tRF-5, tRF-3, tRF-2, tRF-1, and
tRNA halves (tiRNA) [4]. tRF-5 is produced by cleavage
of the 5’ end in the D-loop; tRF-3 is derived from the 3’
end in the TyC-loop and contains the CCA modifica-
tion; the tRF-2 comprises only the anticodon stem and
loop tRNA; tRF-1 is generated from the beginning of the
3’ end of precursor tRNA and is characterized by carry-
ing poly-U residues at the 3’ terminus; and the tiRNA is
generated by specific cleavage in the anticodon loops of
the mature tRNA [5]. tRFs were originally viewed as non-
functional degradation products of tRNA found in next
generation sequencing (RNA-seq) datasets. However, the
recurrence of reads matching specific domains of mature
tRNAs suggested that these sncRNAs could be functional
[6]. Indeed, there is emerging evidence that tRFs partici-
pate in various molecular processes such as gene silenc-
ing, RNA processing, protein biosynthesis and oncogenic
transformation [7, 8]. Several tRFs have also been associ-
ated with proliferation, migration, and invasion in some
types of cancer cells [9-12]. However, whether and how
tRFs could engage in NSCLC tumorigenesis remain
largely unknown.

In this study, we identified a novel tRF termed AS-
tDR-007333. We found that AS-tDR-007333 was up-
regulated in NSCLC and its up-regulation was associated
with the development and progression of NSCLC. We
revealed that AS-tDR-007333 promoted NSCLC tumori-
genesis via a dual HSPB1- and ELK4-MED29 regulatory
mechanisms. Our findings indicated that tRF-activated
regulatory processes may represent an additional molec-
ular mechanism in NSCLC and AS-tDR-007333 may
serve as a potential therapeutic target for NSCLC.

Methods

Clinical samples and cell lines

This study was approved by the Medical Ethics Com-
mittee of Shenzhen University Health Science Center
(Approved no. 2016002). Written informed consents
were obtained from all participants. NSCLC subjects
were recruited from patients who underwent surgical
resection in the Department of Thoracic Surgery at the
First Affiliated Hospital of Shenzhen University, China.
NSCLC was diagnosed according to the criteria of Lung
Cancer Stage Classification (The Eighth Edition). No
patients received any kind of therapy or had history
of other malignancies prior to surgery. Controls were
healthy subjects who took routine medical examination
at the same hospital and were clinically confirmed with-
out cancer or carrying a previous diagnosis of any can-
cer. The human NSCLC cell lines (PC9, A549, HCC827,
and NCI-H226) and the normal human bronchial epi-
thelial cells (BEAS-2B) were obtained from the Cell Bank
of Chinese Academy of Biological Sciences (Shanghai,
China). All cell lines were authenticated through short
tandem repeat (STR) DNA profiling. No contamination
of mycoplasma was found in these cell lines.

tRFs and tiRNA sequencing

Total RNA was extracted from plasma using the TRIzol®
reagent (Invitrogen, MA, USA). To remove RNA modi-
fications that may interfere with construction of small
RNA library, total RNA samples were firstly pretreated
with the following reagents: 3’-aminoacyl (charged)
deacylation to 3/-OH for 3’ adaptor ligation, 3’-cP
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Fig. 1 Characteristics of plasma tRF profiles in patients with NSCLC. A Scatter plot analysis revealed the differentially expressed tRFs between

pre- and post-operation plasma samples. The red and blue points denote the significantly up- or down-regulated tRFs between two groups. B
Length-wise distribution of tRFs between pre- and post-operation plasma samples in patients with NSCLC, showing the reads of most length-based
tRF types in plasma were significantly decreased after removal of tumors. C, D Stacked plot for the number of tRFs and tiRNAs derived from the
same tRNA: The X- and Y-axis represented the tRNAs and the number of different kinds of tRFs and tiRNAs derived from the same tRNA, respectively.
E, F The pie charts indicated that tRF-5 is the major type of plasma tRFs in patients with NSCLC. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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(2/,3'-cyclic phosphate) removal to 3’-OH for 3’ adaptor
ligation, 5'-OH (hydroxyl group) phosphorylation to 5’-P
for 5'-adaptor ligation, m1A and m3C demethylation for
efficient reverse transcription. The pretreated total RNA
samples were then subjected to library preparation using
the NEBNext® Multiplex Small RNA Library Prep Set for
Mlumina® kit (New England BioLabs, MA, USA). Briefly,
RNA was ligated with 3’ and 5’-adapters, and cDNA was
synthesized, followed by PCR amplification. The com-
pleted libraries were sequenced on Illumina NextSeq 500
system (Illumina, CA, USA) at Aksomics Inc. (Shanghai,
China), using the NextSeq 500/550 V2 kit (#FC-404-
2005, Illumina).

The sequencing quality was examined by FastQC soft-
ware, and trimmed reads (pass Illumina quality filter,
trimmed 3’-adaptor bases by cut adapt) were aligned to
mature-tRNA and pre-tRNA sequences in the tRNA
database (http://GtRNAdb.ucsc.edu) using the Novo
Align software (v2.07.11). The unmapped reads were
aligned to other corresponding databases (nNRNA/rRNA/
snRNA/snoRNA/piRNA/miRNA). The tRF and tiRNA
expression levels were measured and normalized to the
number of transcripts per million of total aligned tRNA
reads (TPM). Paired P value <0.05 was considered statis-
tically significant.

Animal experiment

Animal study was approved by the Animal Ethical and
Welfare Committee of Shenzhen University Health Sci-
ence Center (Approved No. AEWC-2020007). Agomir-
AS-tDR-007333-inhibitor and its NC were synthesized
and labeled with cy5 by Ribobio Co. (Guangzhou, China).
Four-week-old BALB/C nude mice were injected sub-
cutaneously with 3 x 10° A549 cells [13], and the estab-
lished xenografts were monitored by IVIS Lumina K II
in vivo imaging system (PerkinElmer). Two weeks after
injection, mice were randomly divided into three groups:
(A) Inhibitor, (B) Inhibitor-NC, (C) blank control (PBS),
with 6 mice in each group. 5 nmol Inhibitor, NC, or equal
volume of PBS were locally injected into the tumor mass
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once every 3 days, respectively. The tumor sizes were
measured twice a week and were calculated using the
equation V=Ilength x width?/2 (V, volume). Two weeks
after inhibitor, NC, or PBS injection, the mice were killed
and the xenograft tumors were excised, formalin-fixed
and paraffin-embedded, or stored at — 80 °C for further
analyses.

Tissue microarray (TMA) and fluorescence in situ
hybridization (FISH)

TMA was produced from paraffin-embedded samples by
Outdo Biotech (HLugA180Su04, Shanghai, China). The
probe and the FISH Kit were ordered from Boster Bio-
logical Technology (Wuhan, China). Briefly, the TMA
was dewaxed in xylene and rehydrated through gradient
alcohol, digested using pepsin, hybridized with the probe,
incubated with anti-Digoxin-AP (Roche, Basel, Switzer-
land) and then stained with 3,3/-diaminobenzidine (DAB).
Images were taken using a fluorescence microscope
(Nikon Corporation, Tokyo, Japan). The expression of AS-
tDR-007333 was quantified using a visual grading system
based on the degree of staining (Additional file 2: Fig. S12).
The intensity of staining was divided into four grades: 0,
negative; 1, weak; 2, moderate; and 3, strong. The positive
cell percentages were classified as: 0, negative; 1, 1-25%;
2, 26-50%; 3, 51-75%; and 4,>75%. A weighted stain-
ing score was calculated by multiplying the positive cells
percentage and the grade of the staining intensity. Finally,
all samples were assigned to two levels according to the
score: < 3, low expression; 23, high expression.

RNA pulldown and mass spectrometry

Biotin-labeled AS-tDR-007333 probe and control probe
were transcribed in vitro using the transcript Aid T7
High Yield Transcription Kit (Thermo Scientific, Shang-
hai, China) according to the manufacture’s guidelines.
PC9 cells were cultured in RIPA Lysis and Extraction
Buffer (Thermo Scientific), and the supernatant was
incubated with biotinylated probes and then mixed with

(See figure on next page.)

cutoff value: score =3.0). *P<0.05; **P<0.01; ***P<0.001; ****P < 0.0001

Fig. 2 tRF AS-tDR-007333 is up-regulated in NSCLC and associated with worse prognosis in patients with NSCLC. A AS-tDR-007333 expression
level in pre-operation plasma was higher than that in post-operation plasma samples. B Expression levels of plasma AS-tDR-007333 in patients
with NSCLC (n=29) were significantly (P<0.001) higher than that in healthy controls (n =45). C The ROC curve analysis on plasma AS-tDR-007333
level for discriminating NSCLC patients from healthy controls (AUC=0.9379, sensitivity = 97.78%, specificity = 79.31%). D The expression levels

of AS-tDR-007333 in NSCLC cells were higher than that in normal bronchial epithelial cells (BEAS-2B). E qPCR assay revealed that AS-tDR-007333
expression was increased significantly in NSCLC tumor tissues, compared with the corresponding adjacent tissues. F, H FISH assay demonstrated
that AS-tDR-007333 expression level was higher in NSCLC tumor tissues (n=90) than that in the adjacent tissues (n =286) and increased as NSCLC
progressed to more advanced stages. The purple staining represented positive signal. G FISH analysis showed that AS-tDR-007333 was mainly
enriched in the cytoplasm. I Higher AS-tDR-007333 levels were associated with shorter overall survival in NSCLC patients (log-rank P value =0.008;
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Dynabeads MyOne Streptavidin C1 beads (Thermo Sci-
entific, Shanghai, China). Then, the RNA—protein mix-
ture was boiled in SDS buffer, subjected to SDS-PAGE
and silver staining. Protein bands with significant dif-
ferences were cut and subjected to protein mass spec-
trometry on the Q Exactive Mass spectrometry System
(Thermo Scientific). Raw mass spectrometry data were
processed using MM File Conversion, and protein iden-
tifications were analyzed using Mascot v2.6.0 against the
Human UniProt database.

RNA-seq

RNA-sequencing was carried out to identify the target
genes regulated by AS-tDR-007333. PC9 cells were trans-
fected with AS-tDR-007333 or NC for 48 h. Thereafter,
RNA was isolated from the treated PC9 cells using the
TRIzol reagents (Invitrogen, Shanghai, China). RNA-seq
libraries were prepared using the Illumina KAPA Stranded
RNA-Seq Library Prep Kit (Illumina, CA, USA). Sequenc-
ing was performed on an Illumina HiSeq 4000 by KangChen
Biotech (Shanghai, China). Sequencing reads were trimmed
using StringTie and mapped to human genome database
(GRCh37) by the Hisat2 software. Differential expression
and normalized read counts (FPKM, Fragments per kilo-
base of gene/transcript model per million mapped frag-
ments) were calculated using the Ballgown software.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed using the ChIP Kit (Beyo-
time, Shanghai, China). Briefly, cells were treated with 1%
formaldehyde solution for 10 min and quenched in gly-
cine for 5 min at room temperature to generate DNA-
protein cross-links. Cell lysates were then sonicated
to produce chromatin fragments of 200-1000 bp and
immunoprecipitated with anti-HSPB1, anti-ELK4, or IgG
antibodies. Immunoprecipitated DNAs were analyzed
by qRT-PCR. Information for primers and antibodies is
listed in Additional file 1: Table S2.

Dual-luciferase reporter assay
The full-length promoter of MED29 carrying mutant or
wild-type sequences was cloned into pGLO4.10 vectors
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(Promega, MWI, USA), respectively, and co-transfected
with ELK4 overexpression vector or mock vector into
PC9 cells, using Lipofectamine TM 2000 (Invitrogen, CA,
USA). After 48 h of culture, the activities of firefly and
Renilla luciferase were measured using the dual-lucif-
erase reporter gene assay system (Beyotime, Shanghai,
China) in accordance with the manufacturer’s protocols.

Additional information on methods
See Supplementary materials for additional information
on methods.

Results

Circulating tRFs are differentially expressed between pre-
and post-operation plasma samples in patients with NSCLC
To identify and characterize differentially expressed cir-
culating tRFs in NSCLC, we compared the tRF expression
profiles between nine pairs of pre- and post-operation
plasma samples from patients with NSCLC. tRF and
tiRNA sequencing revealed that tRF expression profiles
differed substantially between pre- and post-operation
plasma samples (Fig. 1A). The lengths of circulating
tRFs ranged from 15 to 50 nucleotides (nt), with 53.97%
and 30.11% of the tRFs between 20 and 23 (nt), and 31
to 33 nt, respectively (Fig. 1B). Notably, the expression
levels of most tRFs in post-operation plasma were sig-
nificantly lower than that in pre-operation plasma sam-
ples (Fig. 1B), suggesting that up-regulated plasma tRFs
were associated with the existence of tumors in NSCLC.
The stacked plot indicated that one type of tRF or tiRNA
can be produced from different tRNAs by cleavage into
the fragments with identical sequences (Fig. 1C, D).
Pie plot analysis revealed that most plasma tRFs were
derived from the 5’ end of tRNAs; similarly, tiRNA series
belonged more to tiRNA-5 (Fig. 1E, F).

tRF AS-tDR-007333 is up-regulated in NSCLC

With a cutoff criteria of fold change 22.0 and P<0.05,
we identified 4 up-regulated tRFs and 4 down-regulated
tRFs in pre-operation plasma samples compared to that
in post-operation plasma samples. Among them AS-
tDR-007333 was a novel tRF that has not been previously

(See figure on next page.)

migrated cells. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

Fig. 3 AS-tDR-007333 promotes proliferation and migration capacity of NSCLC cells. A, C Overexpression of AS-tDR-007333 promoted proliferation
rates of A549 and PC9 cells. B, D Knockdown of AS-tDR-007333 with inhibitor suppressed cell proliferation in A549 and PC9 cells. E, G Cell cycle
analysis revealed that the percentages of S phase cells in AS-tDR-007333-overexpressed PC9 cells were increased as compared with their negative
controls. F, H Knockdown of AS-tDR-007333 reduced the rate of S phase cells in PC9 cell line. I, K Up-regulation of AS-tDR-007333 increased the
number of S phase cells in A549 cells. J, L Knockdown of AS-tDR-007333 reduced the rate of S phase cells in A549 cells. M—Q Transwell assays
showed that up-regulation of AS-tDR-007333 increased the numbers of migrated cells, but knockdown of AS-tDR-007333 reduced the numbers of
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reported in tRF databases. The AS-tDR-007333 was
28 nt long and cleaved at site 1 to 28 on the 5 end of
tRNA-Gly-GCC (Additional file 2: Fig. Sla-c). Using
qRT-PCR assay, it was confirmed that the expression
levels of AS-tDR-007333 in pre-operation plasma were
significantly (P=0.0312) higher than that in post-oper-
ation plasma samples in patients with NSCLC (Fig. 2A).
qRT-PCR analysis in additional sample set consisting
of plasma from NSCLC patients (n=29) and healthy
controls (n=45) showed that plasma AS-tDR-007333
concentration in NSCLC patients was significantly
higher than that in healthy controls (Fig. 2B). Receiver
operating characteristic (ROC) analysis indicated that
the area under the curve (AUC) was 0.9379 (sensitiv-
ity=97.78%, specificity=79.31%) (Fig. 2C), suggesting
that plasma AS-tDR-007333 level had high potential to
serve as diagnostic biomarker for NSCLC. In addition,
AS-tDR-007333 expression levels in NSCLC cell lines
(PC9, HCC827, NCI-H226, and A549) were also higher
than that in normal human bronchial epithelial cells
(BEAS-2B) (Fig. 2D). Moreover, the expression levels of
AS-tDR-007333 in NSCLC tumor tissues (n=9) were
significantly (P<0.0001) higher than that in the adjacent
normal tissues (n=9) (Fig. 2E). Taken together, multiple
lines of evidence clearly indicated that AS-tDR-007333
was up-regulated in NSCLC and might play a critical role
in the pathogenesis of NSCLC.

Higher expression of AS-tDR-007333 is associated

with poor prognosis of NSCLC

To assess the clinical significance of AS-tDR-007333
in NSCLC patients, we used FISH to determine AS-
tDR-007333 expression levels in NSCLC tumor
tissues and adjacent tissues. The results showed that AS-
tDR-007333 level was positively correlated with TNM
stages (Fig. 2F, H), suggesting that AS-tDR-007333 levels
were associated with the progression of NSCLC. Moreo-
ver, AS-tDR-007333 was more abundant in the cytoplasm
than in the nucleus (Fig. 2G, Additional file 1: Tables S3,
S4). Thus, cytoplasm staining scores of AS-tDR-007333

Page 8 of 20

were used to assess the relationships between the levels
of AS-tDR-007333 and the outcomes of NSCLC. When
patients were divided into two groups based on the cyto-
plasm score of AS-tDR-007333 (score23, high expres-
sion; score<3, low expression), Kaplan—Meier survival
analysis revealed that higher AS-tDR-007333 levels were
associated with lower overall survival (OS) in NSCLC
patients (log-rank test, P=0.008, Fig. 2I). Further-
more, multivariate Cox regression analysis confirmed
that higher expression of AS-tDR-007333 was signifi-
cantly associated with shorter survival time in NSCLC
(HR=2.288; 95%Cl, 1.0203-5.1310; P=0.04) (Additional
file 1: Table S5). Thus, clinical data strongly suggested
that higher AS-tDR-007333 level was associated with
poor prognosis in NSCLC patients.

AS-tDR-007333 promotes proliferation and migration

of NSCLC cells

To evaluate the biological functions of AS-tDR-007333
in NSCLC, we conducted gain- and loss-of-function
experiments in NSCLC cells. The CCK-8 assay showed
that overexpression of AS-tDR-007333 significantly
promoted cell proliferation, whereas knockdown of AS-
tDR-007333 significantly suppressed NSCLC cell pro-
liferation (Fig. 3A-D). To examine whether the effect
of AS-tDR-007333 on the proliferation of NSCLC cells
reflected cell cycle transition, flow cytometric analysis
was carried out to investigate cell cycle progression. The
results showed that PC9 cells were arrested in S phase by
AS-tDR-007333 overexpression, while inhibition of AS-
tDR-007333 decreased the rate of S phase cells (Fig. 3E-
H). In support of these, similar results were also observed
in A549 cells (Fig. 3I-L). We then examined the inva-
sive ability of AS-tDR-007333 in NSCLC cells using the
transwell assay. We found that the number of migrated
cells in the AS-tDR-007333-overexpression group was
significantly higher than that of control group, while AS-
tDR-007333 inhibitor reversed these effects (Fig. 3M-Q).
However, no significant effects of AS-tDR-007333 or its
inhibitor on apoptosis were observed in both PC9 and
A549 cells (Additional file 2: Fig. S3a-3e).

(See figure on next page.)

Fig. 4 AS-tDR-007333 enhances NSCLC cell proliferation through up-regulating MED29. A RNA-seq revealed the differentially regulated genes
between AS-tDR-007333-overexpression cells and control cells. B Principal component analysis (PCA) showed a clear difference between genetic
components of AS-tDR-007333-overexpression cells and that of control cells. C Top ten differentially expressed genes regulated by AS-tDR-007333,
with MED29 displaying the highest fold change and smallest P value. D Gene Ontology (GO) analysis revealed that AS-tDR-007333 was significantly
correlated with mediator complex (MED) pathway genes. E MED29 gene was significantly up-regulated in NSCLC tumor tissues compared with
that in adjacent tissues (analysis on TCGA data). F The expression levels of MED29 gene and protein in NSCLC cells were significantly higher than
that in BEAS-2B cells. G Western blot analysis showed that overexpression of AS-tDR-007333 promoted MED29 protein expression in both PC9

and A549 cells, while knockdown of AS-tDR-007333 suppressed MED29 protein expression. Numerical numbers denoted the ratio of integrated
optical density (I0OD) of MED29/I0D of B-actin. H, I Up-regulation of MED29 promoted cell proliferation of NSCLC cells. J, K Knockdown of MED29
expression inhibited NSCLC cell proliferation. *P < 0.05; **P<0.01; ***P<0.001; ***P < 0.0001
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AS-tDR-007333 enhances NSCLC cell proliferation

through up-regulating MED29

To explore the target genes regulated by AS-tDR-007333,
we transfected AS-tDR-007333 into NSCLC cells. RNA-
seq analysis revealed that transcriptome profiles in AS-
tDR-007333-overexpressed cells were distinct from
that of NC cells (Fig. 4A, B, Additional file 1: Table S6).
Among the differentially expressed genes, MED29 dis-
played the highest up-regulation by AS-tDR-007333
overexpression (Fig. 4C). Gene ontology (GO) analysis
revealed that the differentially expressed genes were sig-
nificantly enriched in mediator complex (MED) of cel-
lular component (Fig. 4D; Additional file 1: Table S7).
Gene set enrichment analysis (GSEA) also showed that
MED pathway genes, particularly MED29, were enriched
in AS-tDR-007333-overexpressed cells (Additional file 1:
Table S8; Additional file 2: Fig. S4a-b). Furthermore, the
expression levels of MED29 in NSCLC tumor tissues
were significantly higher than that in the adjacent tis-
sues (Fig. 4E, Additional file 2: Fig. S5a-f, S14c). Similarly,
qRT-PCR assay and Western blot analyses verified that
MED29 gene and protein were significantly up-regulated
in NSCLC cells (Fig. 4F). Interestingly, the expression
levels of AS-tDR-007333 were positively correlated that
of MED29 in NSCLC tumor tissues (Additional file 2: Fig.
S14f). Taken together, these results indicated that AS-
tDR-007333-induced up-regulation of MED29 may play
an important role in the pathogenesis of NSCLC.

To verify the relationship between AS-tDR-007333
and MED29 in NSCLC, we transfected AS-tDR-007333
into NSCLC cells. Western blot and qRT-PCR analyses
showed that overexpression of AS-tDR-007333 signifi-
cantly promoted MED29 expression, while inhibition
of AS-tDR-007333 decreased the expression levels
of MED29 (Fig. 4G; Additional file 2: Fig. S6a, S6b).
Moreover, CCK-8 assays revealed that up-regulation of
MED29 promoted cell proliferation in both A549 and
PC9 cells (Fig. 4H, I), whereas knockdown of MED29
inhibited the growth rate of NSCLC cells (Fig. 4], K).
In addition, rescue assays showed that co-transfection
of AS-tDR-007333 with si-MED29 into NSCLC cells
resulted in significantly decreased of cell proliferation,
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compared with that of transfection of AS-tDR-007333
alone (Additional file 2: Fig. Séc, S6d), suggesting that
the biological function of AS-tDR-007333 was partly
dependent on MED29. Together, these results sug-
gested that AS-tDR-007333 promoted the expression
of MED29, which subsequently acted as an oncogene to
enhance the proliferation of NSCLC cells.

AS-tDR-007333 interacts with HSPB1 that epigenetically
augments MED29 transcription
To elucidate the mechanism by which AS-tDR-007333
exerted its biological functions in NSCLC, we performed
RNA pull-down experiment, followed by mass spec-
trometry analysis in NSCLC cells (Fig. 5A). We found
that AS-tDR-007333 precipitated with several cancer-
related RNA-binding proteins, including HSPB1, DHXO9,
ACTB, YBX3, and ILF2 (Fig. 5B). Among them, we were
particularly interested in HSPB1, because HSPB1 had
the highest matching score and has been reported to
be associated with the development and progression of
NSCLC [14, 15]. Moreover, HSPB1 was also found to
be up-regulated in NSCLC and other types of cancers
(Additional file 2: Fig. S7a-f, S14a) and was positively cor-
related with that of AS-tDR-007333 in NSCLC tumor
tissues (Additional file 2: Fig. S14d). RIP assay using an
antibody against HSPB1 confirmed that AS-tDR-007333
specifically bound to endogenous HSPB1 (Fig. 5C). The
computational protein-RNA docking analysis (http://
hdock.phys.hust.edu.cn/) also indicated that several
amino acid residues in HSPB1 protein are critical for AS-
tDR-007333 binding (Fig. 5D). Furthermore, CHX assay
showed that AS-tDR-007333 did not affect the stability of
HSPB1 proteins (Additional file 2: Fig. S8a-b). These data
suggested that AS-tDR-007333 might exert its biological
function by directly binding to HSPB1 in NSCLC cells.
To determine whether AS-tDR-007333 may regu-
late NSCLC cells proliferation through interacting
with HSPB1. We first examined the expression levels
of HSPB1 in NSCLC cell lines and BEAS-2B cells. Both
qRT-PCR and Western blot assays consistently showed
that the expression levels of HSPB1 in NSCLC cells were
significantly higher than that of BEAS-2B cells (Fig. 5E,

(See figure on next page.)

*P<0.05;**P<0.01; ***P<0.001

Fig. 5 AS-tDR-007333 directly binds to and interacts with HSPB1 in NSCLC cells. A Silver SDS-PAGE gel image revealed proteins
immunoprecipitated by AS-tDR-007333 and its antisense RNA in PC9 cells. B AS-tDR-007333 binding proteins with top matching scores identified
by mass spectrometry. C RIP assay followed by gRT-PCR analysis confirmed that AS-tDR-007333 specifically bound to HSPB1 protein in PC9 cells.
D Predicted 3D structure of the AS-tDR-007333-HSPB1complex. E The expression levels of HSPB1 protein in NSCLC cells were higher than that in
BEAS-2B cells. F The expression levels of HSPB1 gene in NSCLC cells were significantly higher than that in BEAS-2B cells. G si-HSPB1 significantly
repressed cell proliferation of PC9 cells. H Inhibition of HSPB1 gene expression decreased cell proliferation rate of A549 cells. | Rescue assays
showed that co-transfection of AS-tDR-007333 and si-HSPB1 suppressed the promoting ability of AS-tDR-007333 on cell proliferation of PC9 cells.
J Co-transfection of AS-tDR-007333 and si-HSPB1 decreased the capacity of AS-tDR-007333 for enhancing cell proliferation rate in A549 cells.
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F). Rescue experiments by co-transfection of si-HSPB1
and AS-tDR-007333 into NSCLC cells revealed that the
increased cell proliferation capacity by AS-tDR-007333
overexpression could be significantly diminished by

si-HSPB1 (Fig. 5G-J), indicating that the effect of AS-
tDR-007333 on NSCLC cell proliferation was function-
ally dependent, at least in part, on HSPB1.
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As AS-tDR-007333 could interact with HSPB1 and
enhance MED29 expression, we hypothesized that AS-
tDR-007333 may exert its biological function by regu-
lating HSPB1, which further modify the expression and
function of MED29. To test our hypothesis, we trans-
fected AS-tDR-007333 and its inhibitor into NSCLC
cells and found that overexpression of AS-tDR-007333
increased the expression levels of HSPB1 gene and pro-
tein, whereas knockdown of AS-tDR-007333 decreased
HSPB1 expressions (Fig. 6A-D). Interestingly, knock-
down HSPBI not only suppressed the expression of
HSPB1, but also inhibited MED29 expression (Fig. 6E, G).
Co-IP assay showed that HSPB1 could bind to MED29
in NSCLC cells (Fig. 6F), suggesting a potential interac-
tion between HSPB1 and MED29. Rescue experiments
using luciferase assay verified that up-regulation of AS-
tDR-007333 significantly increased the promoter activity
of MED29, whereas co-transfection of AS-tDR-007333
with si-HSPB1 diminished MED29 promoter activity
(Fig. 6H). Functionally, co-transfection of MED29 and
si-HSPB1 into NSCLC cells significantly repressed the
effect of MED29 on cell proliferation (Fig. 61, J). Taken
together, our results indicated that AS-tDR-007333 may
enhance NSCLC cell proliferation through activating the
HSPB1-MED29 interactions.

Histone modification plays a vital role in epigenetic
regulation of gene transcription [16]. As the UCSC
genome browser showed that the MED29 promoter
region contains H3K4mel and H3K27ac, histone marks
for transcription activation (Additional file 2: Fig. S11a),
we examined whether HSPB1 expression may affect
histone marks expression in MED29 promoter. JAS-
PAR database analysis predicted that there were several
putative binding sites in the MED29 promoter region
for HSPB1 (Additional file 2: Fig. S11b). Western blot
assay showed that si-HSPB1 suppressed the expres-
sion levels of H3K4mel and H3K27ac compared to that
in wild-type cells (Fig. 6K). Further, ChIP-qPCR assay
demonstrated that knockdown of HSPB1 significantly
decreased H3K4mel and H3K27ac levels in MED29 pro-
moter region (Fig. 6L, M). Thus, these data indicated that
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AS-tDR-007333 may promote cancer cell proliferation,
at least in part, through HSPB1-mediated H3K4mel and
H3K27ac modifications in the promoter of MED29.

AS-tDR-00733 up-regulates MED29 via activating
ELK4-mediated transcriptional regulation

Since HSPB1-MED29 interaction could only partly
explain MED29 expression, we speculated that there may
be additional mechanisms in AS-tDR-007333-associated
regulation of MED29 expression. Because it has been
proposed that transcription factor (TF) could target spe-
cific MED subunit to induce transcriptional responses
[17], we reasoned that MED29 transcription may be
affected by particular transcriptional factor. Using JAS-
PAR and UCSC database analyses, we found that MED29
promoter contained putative binding sites for transcrip-
tion factor ELK4 (Fig. 7A). Indeed, ELK4 was found to
be up-regulated in NSCLC cells and in NSCLC tissues
(Additional file 2: Fig. S9a-c, S10a-b, S14b) and its expres-
sion levels were positively correlated with that of AS-
tDR-007333 in NSCLC tumor tissues (Additional file 2:
Fig. S14e). To assess the impact of ELK4 on NSCLC, we
transfected si-ELK4 into NSCLC cells and found si-ELK4
significantly suppressed NSCLC proliferation (Fig. 7B,
C). To determine whether AS-tDR-007333 may influ-
ence ELK4 expression, we transfected AS-tDR-007333
into NSCLC cells. We found that overexpression of AS-
tDR-007333 significantly promoted the expression levels
of ELK4 in NSCLC cells (Fig. 7D, E); in contrast, inhibi-
tion of AS-tDR-007333 significantly decreased ELK4
expression (Fig. 7D, F). Rescue experiments further
confirmed that AS-tDR-007333 was functionally inter-
acted with si-ELK4 in NSCLC cell proliferation (Fig. 7G,
H). To investigate whether ELK4 may directly affect
MED29 expression, we performed ChIP-PCR assays,
which confirmed that ELK4 directly bound to the pre-
dicted promoter regions of MED29 gene (Fig. 7I). Lucif-
erase reporter assay showed that overexpression of ELK4
significantly increased luciferase activity of the report-
ers containing the wild-type binding sites, compared to
that of NC-vector cells (Fig. 7]). However, no significant

(See figure on next page.)

Fig. 6 AS-tDR-007333 activates HSPB1 to regulate H3K4me1 and H3K27ac levels in MED29 promoter region. A AS-tDR-007333 up-regulated

HSPB1 protein expression in NSCLC cells. Numerical numbers denoted the ratio of integrated optical density (I0D)/IOD of -actin. B Blocking
AS-tDR-007333 suppressed HSPB1 protein expression. C Up-regulation of AS-tDR-007333 promoted HSPB1 gene expression in NSCLC cells. D
Knockdown of AS-tDR-007333 decreased HSPB1 gene expression in NSCLC cells. E si-HSPB1 inhibited both HSPB1 and MED29 protein expressions.
F Co-IP assay indicated that HSPB1 protein interacted with MED29 protein in A549 cells. G Inhibition of HSPB1 suppressed MED29 gene expression
in PC9 and A549 cells. H Rescue assays showed an interaction between AS-tDR-007333 and si-HSPB1 for regulating MED29 promoter activity. I,

J Co-transfection of MED29 and si-HSPB1 into NSCLC cells rescued the promoting effect of MED29 on cell proliferation. K Western blot analysis
revealed that knockdown of HSPB1 suppressed the expression of H3K4me1 and H3K27ac in NSCLC cells. L ChIP-gPCR results of H3K4me1 signal on
different regions of MED29 promoter in the presence or absence of si-HSPB1. M ChIP-gPCR results of H3K27ac expression levels on different regions
of MED29 promoter in the presence or absence of si-HSPB1. *P < 0.05; **P<0.01; ***P<0.001
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change of the luciferase activity was observed on the
binding of ELK4 with the mutant promoter of MED29
(Fig. 7]). Collectively, these findings suggested that AS-
tDR-007333 interacted with ELK4 to modify MED29
promoter transcription.

Targeting AS-tDR-007333 suppresses NSCLC cell growth

in vivo

Given that AS-tDR-007333 acted as an oncogenic tRF
in NSCLC, we hypothesized that inhibition of AS-
tDR-007333 may have therapeutic effect on NSCLC. To
evaluate the therapeutic efficacy of AS-tDR-007333-in-
hibitor in vivo (Fig. 8A), we synthesized AS-tDR-
007333-targeting inhibitor with modification optimized
for in vivo study. As shown in Fig. 8B, C, the tumor vol-
ume was significantly smaller in AS-tDR-007333-in-
hibitor group than that in NC or blank control groups
during the entire experimental period, but no differ-
ences in body weight were observed among experimental
groups (Additional file 2: Fig. S13). Moreover, the aver-
age tumor weight in AS-tDR-007333-inhibitor group
was significantly (P<0.01) lower than that of control
groups (Fig. 8D, E). Furthermore, the expression levels
of AS-tDR-007333, HSPB1, ELK4, and MED29 in xeno-
graft tumor tissues were significantly suppressed in the
AS-tDR-007333-inhibitor group compared with that of
NC and control groups (Fig. 8F-I). In addition, adminis-
tration of AS-tDR-007333-inhibitor also suppressed the
expression levels of both MED29 and Ki-67 proteins in
the xenograft tumor tissues (Fig. 8]). Thus, these find-
ings suggest that AS-tDR-007333 inhibitor could sup-
press NSCLC tumor growth through inhibiting MED29
expression in vivo.

Discussion

Through systematic profiling of tRFs in pre- and post-
operation plasma from patients with NSCLC, we uncov-
ered a new tRF named AS-tDR-007333, which is derived
from the D-loop of tRNASY=6CC We found that AS-
tDR-007333 was up-regulated in NSCLC. Its increased
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levels were associated with worse prognosis of NSCLC
patients and were able to discriminate NSCLC patients
from healthy controls. We have also demonstrated that
up-regulation of AS-tDR-007333 significantly promoted
NSCLC malignancy, while inhibition of AS-tDR-007333
effectively suppressed NSCLC cell growth in vitro and
in vivo. Our findings indicated that AS-tDR-007333 was
an oncogenic tRF that had potential to serve as diagnostic
and prognostic markers or therapeutic target for NSCLC.

The molecular mechanisms by which tRFs exert their
functions are largely unclear. Prior studies have shown
that some tRFs can directly bind to the 3’ untranslated
regions (3’ UTRs) of target mRNAs, leading to transla-
tion suppression [18, 19]. Other tRFs repressed the stabil-
ity of oncogenes by replacing the 3’-UTR of mRNAs. For
instance, hypoxia-induced i-tRFs could decrease the sta-
bility of some oncogenes via YBX1 replacement [10]. tRFs
could also bind to mRNA 3’-UTR and induce its degra-
dation, resulting in decreased protein production [12].
More recently, it was reported that certain tRFs could
bind to proteins and alter the phosphorylation status and
the function of the target protein [20]. The present study
demonstrated, for the first time to our knowledge, that
tRFs (i.e., AS-tDR-007333) interacted with binding pro-
tein to modify histone modifications and activate tran-
scription factor to enhance promoter activity, resulting
in gene expression alteration. These findings expand our
knowledge on the regulatory roles of tRFs in cancer cells.

We found that AS-tDR-007333 directly bound to
HSPB1 with high specificity in NSCLC cells. The HSPB1
(HSP27) is a member of the highly conserved heat shock
proteins (HSPs) which are expressed at low levels under
normal conditions, but induced in response to cellular
stresses, including heat shock, hypoxia, genotoxic agents,
and overexpression of oncoproteins [21]. Previous studies
showed that HSPB1 was highly expressed in a variety of
human cancers, including lung cancer [22]. Overexpres-
sion of HSPB1 was associated with malignant properties
of cancer cells, resistance to chemotherapy or radiother-
apy, and poor prognosis [14, 23]. HSPB1 also increased

(See figure on next page.)

Fig. 7 AS-tDR-00733 regulates MED29 through ELK4-mediated transcriptional activation. A Schematic view of the putative binding sites and

sequences of ELK4 on MED29 promoter region, predicted by the JASPAR and UCSC websites. B Inhibitive effect of si-ELK4 on PC9 cell proliferation.
CThe impact of ELK4 knockdown by si-ELK4 on A549 cell proliferation. D AS-tDR-007333 increased ELK4 protein expression levels in A549 and PC9
cells (upper); AS-tDR-007333-inhibitor repressed the expression of ELK4 protein in NSCLC cells (lower). E Up-regulation of AS-tDR-007333 promoted
the expression of ELK4 gene in NSCLC cells. F AS-tDR-007333-inhibitor suppressed ELK4 gene expression in NSCLC cells. G Interaction effects
between si-ELK4 and AS-tDR-007333 on PC9 cell proliferation. H Co-transfection of si-ELK4 and AS-tDR-007333 inhibited the promoting effect of
AS-tDR-007333 on A549 cell proliferation. I ChIP-PCR assay verified the reliability of the binding sequences of ELK4 on MED29 promoter region. J
Luciferase reporter gene assays showed that binding of ELK4 to the wild-type MED29 promoter significantly increased the transcription of MED29.
*P<0.05;**P<0.01; **P<0.001
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cell proliferation by facilitating cell cycle progression
[24], promoting migration and invasion [25], maintaining
cancer stem cells [26], or inactivating the Hippo tumor
suppressor pathway [27]. Nevertheless, the molecular
mechanisms governing HSPB1 expression were unclear.
Here, we showed that HSPB1 bound to and activated by
AS-tDR-007333. Rescue assays showed that the impact
of AS-tDR-007333 on cell proliferation is dependent, at
least in part, on HSPB1. These results revealed a novel
mechanism by which tRF interacted with HSPB1 to regu-
late NSCLC cell proliferation.

To elucidate the molecular mechanisms underlying
AS-tDR-007333 functions in NSCLC, we examined AS-
tDR-007333-induced transcriptome changes, leading
to the identification of MED29 as the key target gene
of AS-tDR-00733. The MED29 (previously known as
IXL) is a subunit of regulatory Mediator (MED) com-
plex and locates in the head module of the MED com-
plex [28]. The MED complex stimulates the assembly of
a pre-initiation complex (PIC) and recruitment of RNA
Polymerase II (Pol II) to gene promoter to initiate gene
expression [29]. While studies have showed that loss of
MED function resulted in decreased mRNA levels and
concomitant diminished expression of Pol II transcribed
genes [30, 31], relatively little is known about the role
of MED29 in cancers. There was only one report show-
ing that MED29 was overexpressed in pancreatic cancer
and promoted pancreatic cancer cell viability [32]. The
present study shed light on the biological functions of
MED29 in several ways. First, we showed that the expres-
sion of MED29 was up-regulated by tRFE. Second, overex-
pression of MED29 promoted NSCLC cell proliferation.
Third, down-regulation of AS-tDR-00733 was correlated
with decreased expression of MED29 in vitro and in vivo.
Collectively, these findings indicated that MED29 may
function as an oncogene in tRF-mediated malignancy in
NSCLC cells.

Little is known about the regulatory mechanisms that
control MED29 expression. Here, we showed that AS-
tDR-007333 stimulated MED29 expression via HSPB1-
mediated histone modifications in MED29 promoter.
Several studies have reported the impact of HSPB1
on gene expression [21]. It was reported that inhibi-
tion of histone deacetylase 6 (HDAC6) suppressed
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HSPB1-related biological processes [33]. But whether
HSPB1 may regulate gene expression through modify-
ing histone modifications is unclear. Histone modifi-
cation is crucial in chromatin structure change which
regulates the DNA replication and gene expression [34].
Among the many types of histone modifications, lysine
methylation deregulation is the most important in car-
cinogenesis [35]. Monomethylation on lysine 4 of his-
tone H3 (H3K4mel) is mainly found in enhancer regions
of the chromatin, and multiple studies have shown that
enhancer usage is changed in cancer cells favoring the
expression of growth-associated genes [36]. H3K4mel
also exists at promoter regions proximal to transcrip-
tion start sites [37]. H3K27ac is an epigenetic mark of
active enhancers. Elevation of H3K27ac on the enhancer
and promoter regions promoted gene transcription
[38]. But lack of H3K27ac resulted in decreased expres-
sion of the proximal genes of enhancers [39]. Coexist-
ence of H3K27ac and H3K4mel was associated with
active enhancers [40]. In this study, we found that AS-
tDR-007333 bound to and interacted with HSPBI.
ChIP assay revealed that H3K4mel and H3K27ac were
enriched in the promoter region of MED29. Knockdown
of HSPB1 decreased the H3K4mel and H3K27ac levels
around MED29 promoter region. These observations
suggested an essential role of AS-tDR-007333-HSPB1
complex in modifying histone modifications at MED29
promoter. Whether AS-tDR-007333 may bind to other
transcriptional regulators for regulating H3K4mel and
H3K27ac levels warrants further investigations.

In addition to the influence of AS-tDR-007333-HSPB1-
histone modification axis on MED29 gene expression, we
also found that AS-tDR-007333 stimulated the expres-
sion of ELK4 to enhance the activity of MED29 promoter.
ELK4 is a transcription factor belonging to the ternary
complex factor subfamily of E twenty-six domain tran-
scription genes [41]. ELK4 has been identified as a proto-
oncogene whose overexpression was associated with the
malignant phenotypes of prostate, melanoma, and gastric
cancers [42]. ELK4 is also involved in immune regulation
by directing differentiation programs in aff CD8+T cells
[43]. But the target gene of ELK4 has not been charac-
terized. Here, we showed that AS-tDR-007333 promoted
ELK4 expression. Moreover, we demonstrated that ELK4

(See figure on next page.)

tumors. *P<0.05; **P<0.01; ***P<0.001; ****P < 0.0001

Fig. 8 Targeting AS-tDR-007333 with inhibitor diminished NSCLC tumor growth in vivo. A Schematic experimental overview of the in vivo study.

B Representative bioluminescence images of the xenograft tumors in mice after injecting with inhibitor, or inhibitor-NC, respectively. C The mean
tumor volumes of AS-tDR-007333-inhibitor group were significantly smaller than that of NC group. D The mean tumor weight of the inhibitor

group was lower than that of NC group. E Representative images of the xenograft tumors isolated from the three indicated groups. F-1 gRT-PCR
analysis showed that AS-tDR-007333-inhibitor suppressed the expression of AS-tDR-007333, MED29, ELK4, and HSPB1 in xenograft tumor tissues. J
Representative images of IHC staining, indicating that AS-tDR-007333-inhibitor repressed expression levels of Ki-67 and MED29 proteins in xenograft
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Fig. 9 The schematic diagram shows how AS-tDR-007333 promotes tumorigenesis of NSCLC through the HSPB1-MED29 and ELK4-MED29 axes
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directly bound to the promoter of MED29. Furthermore,
we revealed that overexpression of ELK4 enhanced the
activity of MED29 promoter and increased its tran-
scription. Therefore, our results indicated that AS-
tDR-007333 could regulate MED29 expression via both
epigenetic and transcriptional pathways.

Since AS-tDR-007333 was identified to be an
oncogenic tRF and knockdown of AS-tDR-007333

significantly inhibited NSCLC cell malignancy in vitro,
we explored whether targeting AS-tDR-007333 might
have therapeutic effect on NSCLC tumor growth in vivo.
In agreement with the findings of in vitro experiments,
our in vivo study demonstrated that AS-tDR-007333-in-
hibitor effectively repressed NSCLC cell growth in ani-
mal models. Interestingly, AS-tDR-007333-inhibitor
also suppressed the expressions level of MED29 protein
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in xenograft tumor, suggesting that the tumor suppres-
sion function of AS-tDR-007333-inhibitor was associ-
ated with down-regulation of MED29 expression. Taken
together, these data strongly support our hypothesis that
AS-tDR-007333 may be a potential therapeutic target for
NSCLC treatment.

Conclusions

In summary, we identified AS-tDR-007333 as a novel
oncogenic tRF in NSCLC. We revealed that AS-
tDR-007333 could promote the malignancy of NSCLC
cells by targeting at oncogenic MED29 through activat-
ing HSPB1- and ELK4-mediated epigenetic and tran-
scriptional regulation axes. We also demonstrated that
inhibition of AS-tDR-007333 suppressed NSCLC cell
proliferation in vitro and in vivo. Our data highlight
the importance of tRF in NSCLC and suggest that AS-
tDR-007333 can act as a promising diagnostic/prognos-
tic biomarker and new therapeutic target for NSCLC
(Fig. 9).

Abbreviations

tRFs: Transfer RNA-derived fragments; NSCLC: Non-small cell lung cancer; gRT-
PCR: Quantitative real-time polymerase chain reaction; ROC curve: Receiver
operating characteristic curve; OS: Overall survival; RNA-seq: RNA-sequencing;
GO: Gene ontology; GSEA: Gene set enrichment analysis; MED: Mediator com-
plex; TCGA: The Cancer Genome Atlas; TMA: Tissue microarray; IHC: Immuno-
histochemistry; FISH: Fluorescence in situ hybridization; 3'UTR: 3’-Untranslated
region; RIP: RNA immunoprecipitation; si-RNA: Small interfering-RNA; ChlP:
Chromatin immunoprecipitation.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513045-022-01270-y.

Additional file 1: Table S1. Characteristics of NSCLC patients recruited
for tRF and tiRNA sequencing. Table S2. Sequences of primers, inhibitor,
and probes used in this study. Table S3. Expression levels of cytoplasmic
AS-tDR-007333 between NSCLC tumor and adjacent tissues. Table S4.
Expression levels of nucleus AS-tDR-007333 between NSCLC tumor and
adjacent tissues. Table S5. Cox regression analysis on the association

of AS-tDR-007333 with NSCLC prognosis. Table S6. Genes significantly
regulated by AS-tDR-007333 over expression. Table S7. Gene ontology
enrichment analysis of up-regulated genes by AS-tDR-007333. Table S8.
Gene set enrichment analysis in AS-tDR-007333-overexpression cells vs.
control cells.

Additional file 2: Figure S1. Characteristics of AS-tDR-007333. Figure S2.
The transfection efficiencies of mimics, plasmids, and si-RNAs in NSCLC
cells. Figure S3. AS-tDR-007333 did not affect apoptosis phenotypes in
NSCLC cells. Figure S4. Gene set enrichment analysis (GSEA) of AS-tDR-
007333-treated cells. Figure S5. In silico analysis of MED29 in NSCLC
based on TCGA database. Figure S6. AS-tDR-007333 regulates MED29
expression and functionally interacts with MED29 in NSCLC cells. Figure
S7.HSPB1 is up-regulated in NSCLC (in silico analysis based on TCGA data-
base). Figure S8. CHX-chase assay results suggested that AS-tDR-007333
may not affect HSPB1 protein degradation. Figure S9. ELK4 was
up-regulated in NSCLC based on TCGA database. Figure S10. ELK4 was
up-regulated in NSCLC cells. Figure S11. Schematic diagram of genomic
organization and chromatin state of the human MED29 gene

Page 19 of 20

locus. Figure $12. Overview of AS-tDR-007333 staining in tissue microar-
rays (TMAs) spots. Figure S13. AS-tDR-007333 inhibitor did not affect the
body weight different subgroups of rats during the period of experiments.
Figure S14. Correlations between AS-tDR-007333 and HSPB1, ELK4, and
MED29 in NSCLC tumor tissues.

Acknowledgements
We thank all study subjects for their participation in this study. We thank Dr.
Chin Hin Wong for assistance in HDOCK analysis.

Author contributions

RZ conceived, designed, and supervised the project. WY, KG, YH, QX, CC, QC,
YW, and QH executed all experiments. YQ, FF, SC, and NX were responsible for
collecting clinical samples and information. JX and YC performed statistical
analysis and bioinformatics analysis. KG, DZ, YQ, and NX provided technical
and material support. RZ, KG, DZ, and NX provided financial supports. RZ, DZ,
and WY constructed the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by grants from the National Nature Science
Foundation of China (41977372,81972003, 81903412), Science and
Technology Program of Guangdong Province in China (2017B 030301016),
Natural Science Foundation of Guangdong Province (2021A1515011046,
2019A1515010210, 2021A1515012144), Shenzhen Science and Innova-
tion Commission (JCYJ20180507182427559, JCYJ20170818100842319,
KQCX2015032416521307), Guangdong Medical Research Foundation
(A2018312), and SZU Ranking Project (86000000210).

Availability of data and materials

The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request. tRF-sequencing and RNA-
seq data have been deposited in the NCBI GEO database with the accession
number GSE185546 and GSE184690.

Declarations

Ethics approval and consent to participate

This study was authorized by the Medical Ethics Committee of Shenzhen
University Health Science Center (Approved No: 2016002). All patients signed
consent forms. The animal protocols were approved by The Animal Ethical and
Welfare Committee of Shenzhen University Health Science Center (Approved
No: AEWC-2020007).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Public Health, Shenzhen University Health Science Center, 1066
Xueyuan Ave, Shenzhen 518055, China. 2Department of Thoracic Surgery, The
First Affiliated Hospital of Shenzhen University, 3002 West Shungang Road,
Shenzhen 518035, China. *Guangdong Provincial Key Laboratory of Genome
Stability and Disease Prevention, International Cancer Center, Shenzhen
University Health Science Center, Shenzhen, China. 4Facu\‘[y of Medicine,

The Chinese University of Hong Kong, Rm508A, Lo Kwee-Seong Integrated
Biomedical Sciences Bldg, Shatin, NT, Hong Kong, China. 5Departmeﬁ‘[

of Thoracic Surgery, Shenzhen University General Hospital, 1098 Xueyuan Ave.,
Shenzhen 518055, China.

Received: 23 December 2021 Accepted: 21 April 2022
Published online: 07 May 2022


https://doi.org/10.1186/s13045-022-01270-y
https://doi.org/10.1186/s13045-022-01270-y

Yang et al. Journal of Hematology & Oncology

(2022) 15:53

References

1.

20.

21.

22.

23.

24.

25.

26.

Duma N, Santana-Davila R, Molina JR. Non-small cell lung cancer:
epidemiology, screening, diagnosis, and treatment. Mayo Clin Proc.
2019;94:1623-40.

Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ Jr, Wu YL, et al.
Lung cancer: current therapies and new targeted treatments. Lancet.
2017;389:299-311.

Zheng LL, Xu WL, Liu S, Sun WJ, Li JH, Wu J, et al. tRF2Cancer: a web server
to detect tRNA-derived small RNA fragments (tRFs) and their expression
in multiple cancers. Nucleic Acids Res. 2016;44:W185-193.

Kumar P, Mudunuri SB, Anaya J, Dutta A. tRFdb: a database for transfer
RNA fragments. Nucleic Acids Res. 2015;43:D141-145.

Zhu L, Liu X, PuW, Peng Y. tRNA-derived small non-coding RNAs in
human disease. Cancer Lett. 2018;419:1-7.

Gebetsberger J, Polacek N. Slicing tRNAs to boost functional ncRNA diver-
sity. RNA Biol. 2013;10:1798-806.

Guzzi N, Ciesla M, Ngoc PCT, Lang S, Arora S, Dimitriou M, et al. Pseudou-
ridylation of tRNA-derived fragments steers translational control in stem
cells. Cell. 2018;173:1204-16.

Kim HK, Fuchs G, Wang S, Wei W, Zhang Y, Park H, et al. A transfer-
RNA-derived small RNA regulates ribosome biogenesis. Nature.
2017,552:57-62.

Romano G, Veneziano D, Acunzo M, Croce CM, Sun C, Fu Z, et al. Small
non-coding RNA and cancer. Carcinogenesis. 2017;38:485-91.

. Goodarzi H, Liu X, Nguyen HC, Zhang S, Fish L, Tavazoie SF. Endogenous

tRNA-derived fragments suppress breast cancer progression via YBX1
displacement. Cell. 2015;161:790-802.

. Pekarsky Y, Balatti V, Palamarchuk A, Rizzotto L, Veneziano D, Nigita G, et al.

Dysregulation of a family of short noncoding RNAs, tsRNAs, in human
cancer. Proc Natl Acad Sci USA. 2016;113:5071-6.

. Huang B, Yang H, Cheng X, Wang D, Fu S, Shen W, et al. tRF/miR-1280

suppresses stem cell-like cells and metastasis in colorectal cancer. Cancer
Res. 2017;77:3194-206.

. He Q Yang L, Gao K, Ding P, Chen Q, Xiong J, et al. FTSJ1 regulates tRNA

2'-O-methyladenosine modification and suppresses the malignancy of
NSCLC via inhibiting DRAM1 expression. Cell Death Dis. 2020;11:348.

. Saini J, Sharma PK. Clinical, prognostic and therapeutic significance of

heat shock proteins in cancer. Curr Drug Targets. 2018;19:1478-90.

. Lianos GD, Alexiou GA, Mangano A, Mangano A, Rausei S, Boni L, et al.

The role of heat shock proteins in cancer. Cancer Lett. 2015;360:114-8.

. Stillman B. Histone modifications: insights into their influence on gene

expression. Cell. 2018;175:6-9.

. Immarigeon C, Bernat-Fabre S, Guillou E, Verger A, Prince E, Benmed-

jahed MA, et al. Mediator complex subunit Med19 binds directly GATA
transcription factors and is required with Med1 for GATA-driven gene
regulation in vivo. J Biol Chem. 2020;295:13617-29.

. Kuscu C, Kumar P, Kiran M, Su Z, Malik A, Dutta A. tRNA fragments (tRFs)

guide Ago to regulate gene expression post-transcriptionally in a Dicer-
independent manner. RNA. 2018;24:1093-105.

. Maute RL, Schneider C, Sumazin P, Holmes A, Califano A, Basso K, et al.

tRNA-derived microRNA modulates proliferation and the DNA damage
response and is down-regulated in B cell lymphoma. Proc Natl Acad Sci
USA. 2013;110:1404-9.

Pan L, Huang X, Liu ZX, Ye Y, Li R, Zhang J, et al. Inflammatory cytokine-
regulated tRNA-derived fragment tRF-21 suppresses pancreatic ductal
adenocarcinoma progression. J Clin Invest. 2021;131:2148130.

Yun CW, Kim HJ, Lim JH, Lee SH. Heat shock proteins: agents of cancer
development and therapeutic targets in anti-cancer therapy. Cells.
2019;9:60.

Wu J, Liu T, Rios Z, Mei Q, Lin X, Cao S. Heat shock proteins and cancer.
Trends Pharmacol Sci. 2017,38:226-56.

Hsu HS, Lin JH, Huang WC, Hsu TW, Su K, Chiou SH, Tsai YT, Hung SC.
Chemoresistance of lung cancer stemlike cells depends on activation of
Hsp27. Cancer. 2011;117:1516-28.

Zoubeidi A, Gleave M. Small heat shock proteins in cancer therapy and
prognosis. Int J Biochem Cell Biol. 2012;44:1646-56.

Shiota M, Bishop JL, Nip KM, Zardan A, Takeuchi A, Cordonnier T, et al.
Hsp27 regulates epithelial mesenchymal transition, metastasis, and
circulating tumor cells in prostate cancer. Cancer Res. 2013;73:3109-19.
Wei L, LiuTT, Wang HH, Hong HM, Yu AL, Feng HP, et al. Hsp27 partici-
pates in the maintenance of breast cancer stem cells through regulation

Page 20 of 20

of epithelial-mesenchymal transition and nuclear factor-kappaB. Breast
Cancer Res. 2011;13:R101.

27. Vahid S, Thaper D, Gibson KF, Bishop JL, Zoubeidi A. Molecular chaperone
Hsp27 regulates the Hippo tumor suppressor pathway in cancer. Sci Rep.
2016;6:31842.

28. Han SJ, Lee YC, Gim BS, Ryu GH, Park SJ, Lane WS, et al. Activator-specific
requirement of yeast mediator proteins for RNA polymerase Il transcrip-
tional activation. Mol Cell Biol. 1999;19:979-88.

29. Knoll ER, Zhu ZI, Sarkar D, Landsman D, Morse RH. Role of the pre-initia-
tion complex in Mediator recruitment and dynamics. Elife. 2018;7:39633.

30. Plaschka C, Lariviere L, Wenzeck L, Seizl M, Hemann M, Tegunov D, et al.
Architecture of the RNA polymerase Il-mediator core initiation complex.
Nature. 2015;518:376-80.

31. Jeronimo C, Robert F. Kin28 regulates the transient association of Media-
tor with core promoters. Nat Struct Mol Biol. 2014;21:449-55.

32. Kuuselo R, Savinainen K, Azorsa DO, Basu GD, Karhu R, Tuzmen S, et al.
Intersex-like (IXL) is a cell survival regulator in pancreatic cancer with
19913 amplification. Cancer Res. 2007,67:1943-9.

33. Kang KH, Han JE, Hong YB, Nam SH, Choi BO, Koh H. Human HSPB1 muta-
tion recapitulates features of distal hereditary motor neuropathy (dHMN)
in Drosophila. Biochem Biophys Res Commun. 2020;521:220-6.

34. Lawrence M, Daujat S, Schneider R. Lateral thinking: how histone modifi-
cations regulate gene expression. Trends Genet. 2016;32:42-56.

35. Liu Q Wang MW. Histone lysine methyltransferases as anti-cancer targets
for drug discovery. Acta Pharmacol Sin. 2016;37:1273-80.

36. Chen H, Li C, Peng X, Zhou Z, Weinstein JN, Liang H. A pan-cancer
analysis of enhancer expression in nearly 9000 patient samples. Cell.
2018;173:386-399.312.

37. Bae S, Lesch BJ. H3K4me1 distribution predicts transcription state and
poising at promoters. Front Cell Dev Biol. 2020;8:289.

38. Bose DA, Donahue G, Reinberg D, Shiekhattar R, Bonasio R, Berger SL.
RNA binding to CBP stimulates histone acetylation and transcription. Cell.
2017;168:135-149.e122.

39. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine
EJ, et al. Histone H3K27ac separates active from poised enhancers and
predicts developmental state. Proc Natl Acad Sci USA. 2010;107:21931-6.

40. Hlady RA, Sathyanarayan A, Thompson JJ, Zhou D, Wu Q, Pham K; et al.
Integrating the epigenome to identify drivers of hepatocellular carci-
noma. Hepatology. 2019,69:639-52.

41. Zheng L, XuH, DiY, Chen L, Liu J, Kang L, Gao L. ELK4 promotes the
development of gastric cancer by inducing M2 polarization of mac-
rophages through regulation of the KDM5A-PJA2-KSR1 axis. J Trans| Med.
2021;19:342.

42. Zhu Z,Song J, Guo Y, Huang Z, Chen X, Dang X, et al. LAMB3 promotes
tumour progression through the AKT-FOXO3/4 axis and is transcription-
ally regulated by the BRD2/acetylated ELK4 complex in colorectal cancer.
Oncogene. 2020;39:4666-80.

43. Maurice D, Costello P, Sargent M, Treisman R. ERK signaling controls
innate-like CD8(+) T cell differentiation via the ELK4 (SAP-1) and ELK1
transcription factors. J Immunol. 2018;201:1681-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A novel tRNA-derived fragment AS-tDR-007333 promotes the malignancy of NSCLC via the HSPB1MED29 and ELK4MED29 axes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Clinical samples and cell lines
	tRFs and tiRNA sequencing
	Animal experiment
	Tissue microarray (TMA) and fluorescence in situ hybridization (FISH)
	RNA pulldown and mass spectrometry
	RNA-seq
	Chromatin immunoprecipitation (ChIP)
	Dual-luciferase reporter assay
	Additional information on methods

	Results
	Circulating tRFs are differentially expressed between pre- and post-operation plasma samples in patients with NSCLC
	tRF AS-tDR-007333 is up-regulated in NSCLC
	Higher expression of AS-tDR-007333 is associated with poor prognosis of NSCLC
	AS-tDR-007333 promotes proliferation and migration of NSCLC cells
	AS-tDR-007333 enhances NSCLC cell proliferation through up-regulating MED29
	AS-tDR-007333 interacts with HSPB1 that epigenetically augments MED29 transcription
	AS-tDR-00733 up-regulates MED29 via activating ELK4-mediated transcriptional regulation
	Targeting AS-tDR-007333 suppresses NSCLC cell growth in vivo

	Discussion
	Conclusions
	Acknowledgements
	References


