
ARTICLE

M6A RNA methylation-mediated RMRP stability renders
proliferation and progression of non-small cell lung cancer
through regulating TGFBR1/SMAD2/SMAD3 pathway
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Non-small cell lung cancer (NSCLC) has the highest mortality rate among all malignancies worldwide. The role of long noncoding
RNAs (lncRNAs) in the progression of cancers is a contemporary research hotspot. Based on an integrative analysis of The Cancer
Genome Atlas database, we identified lncRNA-RNA Component of Mitochondrial RNA Processing Endoribonuclease (RMRP) as one
of the most highly upregulated lncRNAs that are associated with poor survival in NSCLC. Furthermore, N(6)-methyladenosine (m6A)
was highly enriched within RMRP and enhanced its RNA stability. In vitro and in vivo experiments showed that RMRP promoted
NSCLC cell proliferation, invasion, and migration. In terms of mechanism, RMRP recruited YBX1 to the TGFBR1 promotor region,
leading to upregulation of the transcription of TGFBR1. The TGFBR1/SMAD2/SMAD3 pathway was also regulated by RMRP. In
addition, RMRP promoted the cancer stem cells properties and epithelial mesenchymal transition, which promote the resistance to
radiation therapy and cisplatin. Clinical data further confirmed a positive correlation between RMRP and TGFBR1. In short, our work
reveals that m6A RNA methylation-mediated RMRP stability renders proliferation and progression of NSCLC through regulating
TGFBR1/SMAD2/SMAD3 pathway.
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INTRODUCTION
Among malignant tumors, lung cancer has always been highly
ranked in terms of incidence and mortality rate worldwide [1].
Lung cancer is histopathologically classified as non-small cell lung
cancer (NSCLC) and small cell lung cancer. Approximately 85% of
lung cancer patients are NSCLC. The advances in diagnostic and
treatment modalities have helped improve the survival time of
cancer patients; however, the 5-year survival rate of NSCLC is still
17.7% [2]. In addition, approximately 85% of all patients with
NSCLC are diagnosed at an advanced stage [3]. Therefore, further
research on the pathogenesis of NSCLC and identification of novel
therapeutic targets and prognostic biomarkers is a key imperative
to improve patient survival.
Long noncoding RNAs (lncRNAs) are RNA transcripts with

lengths of more than 200 base pairs. Recently, lncRNAs and
variations in epigenetic regulation were reported to be related to
the incidence and progression of cancer [4]. In our previous
studies, some lncRNAs were identified as potential prognostic
biomarkers for cancer patients [5–8]. Furthermore, some lncRNAs
also play an important role in the incidence and progression by
influencing the expression of target genes. For example, lncRNA-

CTS was shown to promote metastasis of cervical cancer by
regulating the expression of ZEB2 [9]. LncRNA SATB2-AS1 was
shown to inhibit metastasis by regulating SATB2 in colorectal
cancer [10].
LncRNA-RNA Component of Mitochondrial RNA Processing

Endoribonuclease (RMRP) was identified in the mitochondria of
human tissues [11]. Subsequently, a study demonstrated the
interaction between RMRP and telomerase reverse transcriptase
[12]. Some recent studies have demonstrated upregulation of
RMRP in cancerous tissues and its potential regulatory effect on
tumorigenicity. RMRP promotes proliferation of bladder cancer
cells by regulating miR-206 as a sponge [13]. RMRP was also
shown to promote proliferation of NSCLC cells by regulating miR-
1-3p or miR-206 as a sponge [14, 15]. However, further research is
required to unravel the complex mechanism of RMRP.
Transforming Growth Factor Beta Receptor 1 (TGFBR1) is a

receptor of Transforming Growth Factor Beta (TGFB) and
modulates the cancer stem cell (CSC) properties and epithelial
mesenchymal transition (EMT) [16]. The TGFB signaling played
important role in tumorigenesis and progression. There are two
types of cell-surface receptors in this pathway, namely, TGFBR1
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and TGFBR2. After the binding of TGFB to its receptor, active
TGFBR2 recruits and causes phosphorylation of TGFBR1, which can
phosphorylate the transcription factors SMAD Family Member 2
(SMAD2) and SMAD Family Member 3 (SMAD3). Our previous work
showed that TGFBR1 promotes EMT and cell cycle progression in
NSCLC [17, 18]. However, there is a need to explore the upstream
signaling pathways and the related mechanisms.
In the present study, based on bioinformatics analysis, firstly we

found that RMRP may play an important role in NSCLC. Further
research showed the m6A modification improved the stability of
methylated RMRP transcripts by decreasing the RNA degradation
rate. In addition, RMRP was found to promote proliferation,
migration, and invasion. In terms of mechanism, RMRP promotes
TGFBR1 transcription by recruiting YBX1 to TGFBR1 promoter. The
TGFBR1/SMAD2/SMAD3 pathway was regulated by RMRP. More-
over, RMRP promoted the CSC properties and EMT which
promoted the resistance to radiation therapy and cisplatin. Clinical
data further confirmed the positive correlation between RMRP and
TGFBR1. Hence, our work showed the clinical significance and
regulatory mechanism of lncRNA RMRP in NSCLC, which may
serve as a promising therapeutic target and as a biomarker to
predict prognoses of NSCLC patients.

RESULTS
Integrated analysis of NSCLC reveals that RMRP may be a
biomarker
We performed an integrated analysis of the Cancer Genome Atlas
(TCGA) lung adenocarcinoma (LUAD) database (535 NSCLC and 59
normal samples). RMRP was upregulated in the NSCLC tissues than
in the normal tissues (Fig. 1A). High RMRP expression was
associated with late T stages and worse survival rates (Fig. 1B
and C). In addition, RMRP was upregulated in NSCLC tissues (n=
80) compared to normal lung tissues (n= 30) in GSE43458 [19], as
shown in the Gene Expression Omnibus database (Fig. 1D) [20].
Co-expression research is a way to explore the potential

function of genes. We explored the mRNAs that are co-
expressed with RMRP in the TCGA database (cor > 0.4, p < 0.01).
The GO results showed that RMRP functions in protein hetero-
dimerization activity, chromatin DNA binding, bitter taste receptor
activity, etc. (Fig. 1E). The KEGG results showed that RMRP was
enriched in pathways of alcoholism, systemic lupus erythematosus,
viral carcinogenesis, transcriptional misregulation, etc. (Fig. 1F).
Then, Gene Set Enrichment Analysis (GSEA) of KEGG research

was also conducted. RMRP was enriched in the cell cycle,
colorectal cancer, protein export, TGFB pathway, and ubiquitin-
mediated proteolysis pathways (Fig. 1G). These pathways were
closely related to tumorigenesis and metastases, which suggested
that RMRP may play a vital role in NSCLC. The protein-coding
potential of RMRP was also explored which suggested that RMRP
has no protein-coding potential (Fig. 1H and I).

m6A modification is enriched in RMRP and improves its
transcript stability
Recent preliminary researches have reported that m6A modifica-
tion is widespread and regulates the transcriptome to influence
the splice of RNA, translation, export, localization, and stability. To
explore the m6A modification of RMRP, we firstly used the online
bioinformatics tool m6Avar (http://m6avar.renlab.org/) to predict
the m6A sites located in RMRP, and identified two RMRP m6A
sequence motifs (Supplementary Fig. S1).
Then, the methylated RNA immunoprecipitation (Me-RIP) assays

in human lung epithelial cells (HBE) and two NSCLC cell lines
(A549 and H1299) were performed. The m6A methylation level of
RMRP in HBE cells was lower than that in the NSCLC cells (A549
and H1299) as revealed by MeRIP-qPCR assays (Fig. 2A). Further-
more, A549 and H1299 cell lines expressed higher levels of m6A
than HBE (Supplementary Fig. S2). We then used small interfering

RNA to target METTL3, a core component of the m6A methylase
complex, and found the m6A levels in both the total RNA and
RMRP RNA was decreased in A549 cells (Fig. 2B, C, D and
Supplementary Fig. S3). The loss of RMRP RNA was then measured
after the treatment of actinomycin D (5 μg/mL) to block new RNA
synthesis in A549 cells. The results revealed that RMRP exhibited
lower RNA stability after the downregulation of METTL3 (Fig. 2E).
Furthermore, the expression of miR-122 or miR-206 was

increased after the downregulation of METTL3, which could be
rescued following RMRP overexpression in A549 cells. While
METTL3 overexpression decreased the expression of miR-122 or
miR-206 in H1299 cells (Supplementary Fig. S4). The above findings
indicate the possibility that the m6A level of RMRP was upregulated
in NSCLC cells compared to lung epithelial cells, and that m6A
modification of RMRP improved its transcript stability, which may
partially explain the significant upregulation of RMRP in NSCLC.

RMRP promotes NSCLC cell proliferation
To further explore the role of RMRP, we detected RMRP expression
in NSCLC cells using quantitative RT-PCR analysis. RMRP expres-
sion in A549 cell lines was significantly higher than that in H1299
cells (Fig. 3A). Hence, we transfected A549 cells with two different
shRNAs against RMRP (shRMRP-1 and shRMRP-2) or control
scrambled shRNA (Scrambled) and transfected H1299 cells with
an RMRP-overexpressing plasmid (RMRP) or matched Controls
(Ctrl). The transfection efficiency was confirmed by quantitative
RT-PCR analysis (Fig. 3B and C). Then CCK-8 and colony formation
assays revealed significant inhibition of the growth and prolifera-
tion of NSCLC cells transfected with shRMRP compared with those
transfected with scrambled, whereas the opposite effects were
observed following transfection of RMRP-overexpressing plasmid
(Fig. 3D–G, Supplementary Fig. S5, P < 0.05 for all).

TGFBR1 is a critical target by which RMRP promotes
proliferation, invasion, and migration
In our previous study, we found that TGFBR1 was associated with
proliferation and metastasis in NSCLC, and the GSEA results
showed that RMRP may participate in the TGFB pathway [17]. The
TCGA database showed a positive correlation between the
expressions of TGFBR1 and RMRP (Fig. 4A). Hence, we hypothe-
sized that RMRP may target TGFBR1. In addition, the expression of
TGFBR1 was altered after the knockdown or overexpression of
RMRP in A549 or H1299 cells (Fig. 4B, C, and D), respectively.
Furthermore, the expression of TGFBR1 was decreased, and BAX/
Bcl-2 was increased after knockdown of RMRP in A549 cells,
whereas the opposite effects were observed following TGFBR1
overexpression. In H1299 cells, the expression of TGFBR1 was
increased, and that of BAX/Bcl-2 was decreased after RMRP
overexpression, whereas the opposite effects were observed
following TGFBR1 knockdown (Fig. 4D).
In addition, we explored the involvement of TGFBR1 in the

mechanism by which RMRP promotes NSCLC growth and
proliferation. The results showed that the inhibition of growth
and proliferation of NSCLC cells by shRMRP was rescued following
TGFBR1 overexpression, whereas the opposite effects were found
after TGFBR1 knockdown (Fig. 4E, F, H, and J).
TGFBR1 promotes the invasion, migration, and G1 cell cycle

progression in NSCLC cells. Hence, we explored the effect of RMRP
on invasion, migration, and G1 cell cycle progression. The wound-
healing, transwell, and cell cycle assays suggested significant
inhibition of the invasion, migration, and G1 cell cycle progression
of NSCLC cells transfected with shRMRP compared with controls,
whereas the opposite effects were observed in RMRP-
overexpressing cells. Furthermore, inhibition of the invasion,
migration, and G1 cell cycle progression of NSCLC cells by
shRMRP was rescued following TGFBR1 overexpression, whereas
opposite effects were observed following TGFBR1 knockdown
(Fig. 4G, I, K, L, M, and N). In short, the above results revealed that
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TGFBR1 may be a critical target by which RMRP promotes
proliferation, invasion, and migration.

RMRP is associated with the transcriptional factor YBX1
To further elucidate the mechanisms of RMRP, fractionated nuclear
and cytoplasmic RNA, and fluorescence in situ hybridization (FISH)
assays were conducted in NSCLC cells. The results showed that
RMRP was mainly located in the cytosol (Fig. 5A and B). Several
recent reports have found that many lncRNAs function by
interacting with DNA or proteins. To explore the regulatory role of
RMRP, we used catRAPID. The results showed that YBX1, which plays
an important role in NSCLC, was a potential binding protein of RMRP
(Fig. 5C). To further explore the interaction, the RIP assay showed
that RMRP was significantly enriched by the anti-YBX1 antibody
(Fig. 5D and E). RNA pull-down assays further confirmed the
interaction between RMRP and YBX1 (Fig. 5F). In all, these above
results suggested a close interaction between YBX1 and RMRP.

RMRP promotes TGFBR1 transcription by recruiting YBX1 to
TGFBR1 promoter
We explored the ATAC-seq data of TCGA-LUAD to identify the
possible transcriptional factor of TGFBR1 (Supplementary Fig. S6).
This analysis revealed a potential binding sequence for YBX1 in
the promoter region of the TGFBR1 gene. The expression of
YBX1 showed a positive correlation with TGFBR1 but not with
RMRP in the TCGA-LUAD database by GEPIA (Fig. 6A–C). Hence, we
presumed that YBX1 functions as a transcription factor that may
be recruited to the TGFBR1 promoter by RMRP.
To further investigate the mechanism, siRNA (SiYBX1), pcDNA-

YBX1 (YBX1), and their matched controls (SiNC or Ctrl) were
transfected into the cells, respectively. Knockdown of YBX1
inhibited the expression of TGFBR1, while overexpression of
YBX1 increased the expression of TGFBR1 (Fig. 6D, Supplementary
Fig. S7). A ChIP assay and Luciferase reporter assay were also
performed (Supplementary Fig. S8). The YBX1-bound complex

Fig. 1 Integrated analysis of NSCLC reveals that lncRNA-RMRP is a potential biomarker for NSCLC patients. A. RMRP was significantly
upregulated in NSCLC tissues (n= 535) as compared to normal lung tissues (n= 59) (Wilcoxon signed-rank test). B. RMRP was associated with
tumor size in NSCLC patients (n= 335; Wilcoxon signed-rank test). C High RMRP expression was associated with worse survival rates by
Kaplan–Meier method (n= 504). D RMRP was upregulated in NSCLC tissues (n= 80) compared to normal lung tissues (n= 30) in GSE43458, as
shown in the Gene Expression Omnibus (GEO) database, which was analyzed by the online tool Lung Cancer Explorer (https://lce.biohpc.
swmed.edu/lungcancer/). E Gene Ontology (GO) results showed that RMRP functions in protein heterodimerization activity, chromatin DNA
binding, bitter taste receptor activity, Rab GTPase binding, histone binding, ubiquitin-like protein transferase activity, taste receptor activity,
ubiquitin-protein transferase activity, Rab guanyl-nucleotide exchange factor activity, histone deacetylase binding, nucleosomal DNA binding,
modification-dependent protein binding, transcription coactivator activity, nucleosome binding, and ubiquitin-like protein binding. F The
KEGG results showed that RMRP was enriched in pathways of Alcoholism, Systemic lupus erythematosus, viral carcinogenesis, transcriptional
misregulation in cancer, Necroptosis, Mitophagy—animal and Ubiquitin mediated proteolysis. G The GSEA research showed RMRP was
enriched in the cell cycle, colorectal cancer, protein export, TGFB pathway, and ubiquitin-mediated proteolysis pathway. H The protein-coding
potential of RMRP through the CPAT database. I The protein-coding potential of RMRP through the CPC database. LncRNA-MALAT1, LncRNA-
HOTAIR, CCND1, and MYC were also explored as control.
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showed remarkable enrichment of the TGFBR1 promoter (Fig. 6E
and F). And YBX1 overexpression increased luciferase activity in
cells expressing the wide-type TGFBR1 (TGFBR1-WT) but not in
cells expressing the mutant TGFBR1 (TGFBR1-MUT) (Fig. 6G and H).
Knockdown of RMRP decreased the enrichment of YBX1 on the
TGFBR1 promoter, and this effect was reversed by co-transfection
of YBX1 (Fig. 6I). In addition, the binding was increased by RMRP
(Fig. 6J). Luciferase assay further revealed that the change in the
luciferase activity was due to the knockdown or overexpression of
RMRP (Fig. 6K and L).
In addition, the pull-down and RIP assays revealed that METTL3

interacted with RMRP (Supplementary Fig. S9A and B). Knockdown
of METTL3 decreased the expression of TGFBR1, which was rescued
following RMRP overexpression (Supplementary Fig. S9C). Over-
expression of METTL3 augmented the enrichment of YBX1 on the
TGFBR1 promoter, and this effect was reversed by treatment with
siRMRP by ChIP assay (Supplementary Fig. S9D, E). Furthermore, after
transfection with vector control or METTL3 for 24 h, interactions
between RMRP and YBX1 in A549 or H1299 cells were investigated
by RIP-qPCR using an antibody against YBX1. METTL3 overexpres-
sion increased the binding between RMRP and YBX1 in both A549
and H1299 cells (Supplementary Fig. S9F and G), which may account
for m6A modification of RMRP improved its transcript stability.

RMRP regulated the TGFBR1/SMAD2/ SMAD3 pathway in
NSCLC
TGFBR1/SMAD2/SMAD3 pathway plays an important role in NSCLC.
Hence, we performed SMAD-binding element (SBE) luciferase reporter
gene activity assays and p-SMAD2/3 immunofluorescence assays to

investigate the activation of the TGFB pathway by RMRP. The results
revealed that TGFBR1 rescued TGFB pathway activation in NSCLC cells
with RMRP knockdown (Supplementary Fig. S10). Western blot and
immunofluorescence assays revealed that RMRP knockdown drama-
tically inhibited the nuclear translocation and expression of p-SMAD2/
3 in NSCLC cells (Fig. 7A and B). To further explore whether RMRP can
affect TGFB signaling in a different way other than regulation of
TGFBR1 transcription, we treated NSCLC cells with TGFBR1 knock-
down (siTGFBR1) or siRNA negative controls (siNC). Western blot
results showed that alteration of RMRP had no effect on the
expression levels of p-SMAD2 and p-SMAD3 in the siTGFBR1 group,
which indicates that TGFBR1 was indispensable for the activation of
SMAD2/SMAD3 signaling pathway by RMRP (Fig. 7C).
TGFB pathway is often associated with CSC properties and EMT.

Hence, we explored whether RMRP promotes the CSC properties
in NSCLC. We explored the expression of CSC-related genes (KLF4,
SOX2, NANOG, CD133, and ALDH) by qRT-PCR, and found that the
expressions of these genes were decreased after RMRP knock-
down in A549 cells. In contrast, these genes were upregulated
after overexpression of RMRP in H1299 cells (Fig. 7D). In addition,
we further explored the EMT-related genes in these cells. The
results revealed that RMRP knockdown increased the expressions
of E-Cadherin, and decreased the expressions of N-Cadherin and
Vimentin (Fig. 7A). Moreover, we also explored the sphere-forming
capacity in these cells. The assays showed that RMRP knockdown
decreased the sphere-forming capacity, while overexpression of
RMRP increased this capacity (Fig. 7E).
Consistent with a pro-CSC effect, RMRP inhibition increased the

sensitivity of A549 cells to cisplatinum and radiation therapy

Fig. 2 The m6A level of RMRP was upregulated in NSCLC cells than lung epithelial cells. A The m6A methylation level of RMRP in human
normal lung epithelial cells (HBE) and NSCLC cells (H1299 and A549) were determined by MeRIP-qPCR assays. The input RNA fraction Ct value
was used to account for RNA sample preparation differences; negative control groups (IgG) were used to adjust background fraction (n= 3). B
Results of Western blot assay showing METTL3 protein expression in A549 cells transfected with two different short interference RNAs for
METTL3 (si-METTL3-1 and si-METTL3-2) or negative controls (si-Control) (n= 3). C Results of qRT-PCR assays showing the mRNA levels of
METTL3 and RMRP in the treated A549 cells (n= 3). β-actin was used as the reference for normalization. D The m6A level in the treated A549
cells (n= 3). E Reduction of RMRP RNA stability in METTL3-knockdown A549 cells as compared to control. Cells were treated with 5 μg/mL
actinomycin D and RNA was isolated at 0 h, 2 h, and 4 h (n= 3). Data presented as mean ± SD from at least three independent experiments. *P
< 0.05, **P < 0.01, ***P < 0.001.
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(Fig. 7F and G). These data suggest that RMRP facilitates NSCLC
progression by potentiating CSC self-renewal and EMT.

RMRP in NSCLC tissues is positively correlated with TGFBR1
expression
We further explored the correlation between RMRP and TGFBR1
in a total of 81 NSCLC patients who had undergone surgery at
our clinical center. The results revealed that RMRP and TNM
stage were independent prognostic factors in univariate and

multivariate analyses (Supplementary Fig. S11A, B). Kaplan–
Meier analysis showed that patients with high RMRP expression
had worse overall survival and disease-free survival (Supple-
mentary Fig. S11C, D). Further research revealed a positive
relation of RMRP with tumor size, lymphatic invasion, and worse
TNM stage (Supplementary Fig. S11E–G). In addition, correlation
analysis revealed a positive correlation (R= 0.445, n= 181)
between RMRP and TGFBR1 expression (Supplementary
Fig. S11H).

Fig. 3 RMRP promotes NSCLC cell proliferation. A Results of quantitative RT-PCR (qRT-PCR) analysis showing RMRP expression in NSCLC cell
lines (H1299, H460, H1915, A549) and human lung epithelial cell line (HBE). β-actin was used as the endogenous control (n= 3). B Results of
qRT-PCR analysis showing RMRP expression in A549 cells transfected with two different shRNAs against RMRP (shRMRP-1 and shRMRP-2) or
scrambled control (Scrambled). β-actin was used as the endogenous control (n= 3). C Results of qRT-PCR analysis showing RMRP expression in
H1299 cells transfected with RMRP-overexpressing plasmid (RMRP) or matched Controls (Ctrl). β-actin was used as the endogenous control (n
= 3). D CCK-8 assays of A549 cells transfected with shRMRP compared with those transfected with Scrambled (n= 3). E CCK-8 assays of H1299
cells transfected with RMRP or Ctrl (n= 3). F Representative images (Up) and quantification (Down) of colony formation assays in A549 cells
transfected with shRMRP or Scrambled (n= 3). G Representative images (Up) and quantification (Down) of colony formation assays in H1299
cells transfected with RMRP or Ctrl (n= 3). Data presented as mean ± SD from at least three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001.
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Knockdown of RMRP limited tumor growth in vivo
To further confirm that RMRP promotes tumor growth in vivo,
A549-shRMRP cells and A549-Scrambled cells were injected into

nude mice. After 30 days, the tumors in the shRMRP group were
significantly smaller (Fig. 8A and B). In addition, the tumor
volumes and weights were significantly lower in the shRMRP

Fig. 4 TGFBR1 is a critical target by which RMRP promotes proliferation, invasion, and migration. A The TCGA database of lung
adenocarcinoma showed a positive correlation between the expressions of TGFBR1 and RMRP (n= 594). B Results of qRT-PCR analysis
showing the expression of TGFBR1 mRNA in A549 cells after being transfected with shRMRP or TGFBR1-overexpressing plasmid (shRMRP+
TGFBR1) as well as their respective negative controls. C Results of qRT-PCR analysis showing the expression of TGFBR1 mRNA in H1299 cells
after being transfected with RMRP or short interference RNAs for TGFBR1 (RMRP+ SiTGFBR1) as well as their respective negative controls. D
Western blot analysis of the treated A549 and H1299 cells using the indicated antibodies (n= 3). E CCK-8 assays of the treated A549 cells (n=
3). F CCK-8 assays of the treated H1299 cells (n= 3). G Representative images (Left) and quantification (Right) of the wound-healing assays of
the treated A549 cells (n= 3, Scale bar, 200 μm). H Representative images (Left) and quantification (Right) of colony formation assay of the
treated A549 cells (n= 3). I Representative images (Left) and quantification (Right) of the wound-healing assays in the treated H1299 cells (n=
3). J Representative images (Left) and quantification (Right) of colony formation assay of the treated H1299 cells (n= 3). K Representative
images (Left) and quantification (Right) of the transwell assays including invasion and migration of the treated A549 cells (n= 3). L The cell
cycle assays of the treated A549 cells (n= 3). M The cell cycle assays of the treated H1299 cells (n= 3). N Representative images (Left) and
quantification (Right) of the transwell assays including invasion and migration of the treated H1299 cells (n= 3, Scale bar, 200 μm). Data
presented as mean ± SD from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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group (Fig. 8C, D). Furthermore, the expressions of Ki-67, MMP9,
and TGFBR1 were higher in the A549-Scrambled group (Fig. 8E,
Supplementary Fig. S12).

DISCUSSION
The role of lncRNAs in cancer is a contemporary research hotspot
[21]. For example, lncRNA MIR100HG was shown to mediate
cetuximab resistance by Wnt/β-catenin signaling [22]. LncRNA
AFAP1-AS1 was shown to regulate the proliferation of NSCLC cells
by repressing p21 [23]. However, the role of lncRNAs in NSCLC is
not well characterized. In the present study, bioinformatics
analysis revealed significant upregulation of RMRP in NSCLC
tissues compared to normal tissues; in addition, upregulated RMRP
in NSCLC patients was associated with late T stage and worse
overall survival.
RMRP, which is located on chr9, was known in cartilage hair

hypoplasia. Recently, RMRP was reported to be an oncogene in
the context of many cancers. In breast cancer, mutations in RMRP
affect protein binding to their promoters and alter expression [24].
In gastric cancer, RMRP promotes carcinogenesis by sponging
miR-206 [25]. In NSCLC, RMRP acts as an oncogene [15]. However,
the detailed specific mechanisms have not been explored. In our
current research, we found that RMRP promotes proliferation and
invasion both in vitro and in vivo. In addition, RMRP was an
independent prognostic factor of NSCLC patients. Hence, our work
indicates that RMRP is a promoter of NSCLC progression.
Our previous research described TGFBR1 as a crucial inducer of

the progression of NSCLC [17, 18]. The TGFBR1 inhibitor SD208
effectively reduced bone metastases of prostate cancer [26]. MiR-
140-5p was shown to suppress tumor growth and metastases of
hepatocellular carcinoma by targeting TGFBR1 [27]. The above
research revealed that TGFBR1 is a key factor in the progression of
NSCLC. Recent studies have found a regulatory effect of lncRNAs
on the TGFBR1 expression. Linc00462/miR-665 was found to
regulate TGFBR1/2 to promote invasiveness of pancreatic cancer
[28]. Here, we found that RMRP promotes the expression of
TGFBR1. In terms of mechanisms, TGFBR1 is transcriptionally

regulated by RMRP by recruiting the transcriptional factor YBX1 to
the TGFBR1 promotor. Furthermore, RMRP and TGFBR1 showed a
significantly positive correlation.
RMRP is a component of the nuclear RNase MRP complex,

which participates in the processing of ribosomal RNA to generate
the short mature 5.8S rRNA and cleaves B-cyclin (CLB2) mRNA in
yeast, lowering B-cyclin levels during mitosis [29, 30]. In our study,
we found that RMRP was mainly located in the cytosol. Our data
are in accordance with several studies that have shown RMRP acts
as competing endogenous RNAs (ceRNAs) or natural microRNA
sponges, which are mainly located in the cytoplasm [14, 15, 31]. In
general, the location of RMRP could be regulated by many signal
pathways. For example, a previous study demonstrated export of
Human antigen R (HuR) and GRSF1 bound RMRP from the nucleus
to the cytosol [32]. Moreover, there are many other factors except
HuR and GRSF1 that influence the location of RMRP which merit
further work.
Furthermore, pull-down and RIP assays further proved the

interaction between YBX1 and RMRP. YBX1 is a member of the
RNA-binding proteins. In sarcoma, YBX1 promotes the translation
of HIF1A, which promotes metastases [33]. In gastric cancer,
lncRNA HOXC-AS3 mediates tumorigenesis by binding to YBX1
[34]. The exact roles of YBX1 in NSCLC are not well characterized.
Our study demonstrated that RMRP recruits YBX1 to the TGFBR1
promoter and, consequently, upregulates TGFBR1 transcription.
TGFB/SMAD2/SMAD3 pathway is often associated with CSCs

and EMT, which promotes resistance to radiation therapy and
chemotherapy. Hence, we explored the association between
RMRP and CSC properties. The SBE luciferase reporter gene activity
assays and p-SMAD2/3 immunofluorescence assays showed that
RMRP regulated the TGFBR1/SMAD2/SMAD3 pathway. In addition,
RMRP promoted the sphere-forming capacity, EMT, and resistance
to radiation therapy and chemotherapy.
In addition, many types of research showed RMRP was

associated with T cell. In rheumatoid arthritis patients, RMRP is
significantly high expression in T cells [35]. In response to
infection, the DDX5-RMRP complex is recruited to RORγt-
occupied DNA to drive the expression of genes that promote

Fig. 5 RMRP is associated with the transcription factor YBX1. A qRT-PCR assays of the relative expression levels after the fractionation of
nuclear and cytoplasmic RNA of H1299 and A549 cells. GAPDH was used as a cytoplasmic marker, and U1 was used as a nuclear marker (n= 3).
B Representative RNA-FISH images showing the subcellular location of RMRP in H1299 and A549 cells. 18S and U6 were used as cytoplasmic
and nuclear markers, respectively (Scale bar, 100 μm) (n= 3). C The analysis of RNA interaction profile showed the putative binding sequence
of RMRP to YBX1 protein by catRAPID. D, E RNA immune precipitation (RIP) experiment was performed using the YBX1 and IgG antibodies to
probe A549 and H1299 cells extracts, and the levels of the co-precipitated RNAs were determined using qRT-PCR (n= 3). F Total protein was
extracted from A549 and H1299 cells and utilized in biotinylated RNA pull-down assay. Proteins that were associated with RMRP were
explored by Western blot with anti-YBX1 antibody (n= 3). Data presented as mean ± SD from at least three independent experiments. *P <
0.05, **P < 0.01, ***P < 0.001.
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host defense and autoimmunity in Th17 cells [36]. And RMRP
mutations have a drastic effect on lymphocyte maturation and
function, and that they interfere with thymic generation of T
lymphocytes [37]. In addition, TGFB pathway plays an important
role in Vasculature and Cancer-associated fibroblasts [38]. As well
known, T cell, Vasculature, and Cancer-associated fibroblasts are
important components of tumor microenvironment [39, 40]. And
recently work showed some lncRNAs play key role in tumor
microenvironment such as lncRNA CamK-A or lncRNA H19 [41–
43]. Hence, there is a possibility that RMRP may play an
important role in changing the microenvironment of NSCLC
which merits further work.
The m6A methylation in mRNA controls gene expression by

readers, writer-complex components, and erasers. Recently, writer
methyltransferases have been observed to participate in tumor
progression by mediating the m6A modification of RNA. For
example, METTL3 was shown to contribute to the progression and
development of acute myeloid leukemia by increasing m6A [44].
METTL14 suppresses the metastases of hepatocellular carcinoma
by modulating m6A [45]. Sun et al found that the m6A
modification led to upregulation of lncRNA FAM225A by improv-
ing its stability [46]. In our study, we found that modification of

m6A led to upregulation of RMRP, which was similar to the results
of Sun’s study.
Overall, the current study suggests that the m6A modifica-

tion promoted the lncRNA-RMRP/TGFBR1/SMAD2/SMAD3 path-
way. The underlying mechanism involves transcriptional
regulation of TGFBR1 by RMRP by recruiting the transcriptional
factor YBX1 to the TGFBR1 promotor. Furthermore, RMRP
increased the sphere-forming capacity and EMT, which are
related to the resistance to radiation therapy and chemother-
apy. In addition, our research suggests that RMRP is a biological
marker with potential prognostic and therapeutic relevance in
the context of NSCLC.

MATERIALS AND METHODS
Biological information analysis
Level 3 expression profiles of genes were downloaded from the TCGA
LUAD Data Portal (https://tcga-data.nci.nih.gov/tcga/; 535 NSCLC and 59
normal samples) and normalized [47]. The R software (version 4.0) was
used for data processing. Patients with NSCLC for whom complete clinical
information was not available were excluded from our current work. In
total, 335 NSCLC patients were enrolled. Overall survival analysis was
performed using the Kaplan–Meier method. The clusterProfiler package

Fig. 6 RMRP promotes TGFBR1 transcription by recruiting YBX1 to the TGFBR1 promoter. A The expression of YBX1 was not correlated
with RMRP in TCGA-LUAD database by GEPIA (http://gepia.cancer-pku.cn/) using Pearson Correlation Coefficient. B The expression of
YBX1 showed a positive correlation with TGFBR1 in TCGA-Lung adenocarcinoma (LUAD) database by GEPIA using Pearson Correlation
Coefficient. C The expression of YBX1 showed a positive correlation with TGFBR1 in TCGA-Kidney Renal Clear Cell Carcinoma (KIRC) database
by GEPIA using Pearson Correlation Coefficient. D Results of Western blot assays: knockdown of YBX1 inhibited the expression of TGFBR1,
while overexpression of YBX1 increased the expression of TGFBR1 (n= 3). E, F YBX1-bound complex showed remarkable enrichment of the
TGFBR1 promoter by ChIP and quantitative RT-PCR analysis in A549 and H1299 cells. IgG was used as a negative control. Enrichment was
quantified relative to input controls (n= 3). G, H Luciferase activity assays were performed in A549 and H1299 cells transfected with wide type
(TGFBR1-WT) or mutant-type (TGFBR1-MUT) TGFBR1 promoter-containing pGL3 reporter vector. These cells were further transfected with
YBX1 (YBX1) or control (Ctrl). After 48 h, firefly luciferase activity was detected and normalized to Renilla luciferase activity (n= 3). I, J ChIP and
quantitative RT-PCR analysis in the treated A549 and H1299 cells. IgG was used as a negative control. Enrichment was quantified relative to
input controls (n= 3). K, L Luciferase activity assays in the treated A549 and H1299 cells were further transfected with TGFBR1-MUT or
TGFBR1-WT. After 48 h, firefly luciferase activity was detected and normalized to Renilla luciferase activity, respectively (n= 3). Data presented
as mean ± SD from three independent experiments. Student’s t test was used for statistical analysis: *P < 0.05; **P < 0.01; ***P < 0.001.
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was used to explore the GO and KEGG of RMRP. GSEA was used to
explore significantly different genes according to the expression of RMRP.
The permutations were set at 1000. The value of P and normalized
enrichment score (NES) were used to evaluate the enrichment KEGG
pathways.

The related cells
The normal lung epithelial cell line HBE and the human lung cancer cell
lines H1299, H460, H1915, and A549 were used. The above cell lines were
obtained from the Institute of Cell Biology of the Chinese Academy of
Sciences (Shanghai, China). The cell lines were authenticated regularly by
short tandem repeat DNA profiling and did not have any mycoplasma
contamination. The culture environment was RPMI-1640 (Gibco, Carlsbad,
CA, USA) with 10% fetal bovine serum (FBS; 0500, ScienCell, USA) and 1%
penicillin–streptomycin (Beyotime, Shanghai, China). The incubation
parameters were 37 °C and 5% CO2.

Transfection
Stable knockdown of RMRP (ShRMRP) or control scrambled shRNA
(Scrambled) was accomplished by lentiviral constructs in the presence of
polybrene (107689, Sigma) containing two different RMRP shRNAs or no
targeting shRNA (Genechem, Shanghai, China). The transduced cells were
cultured in puromycin (Calbiochem, USA) for 2 weeks and validated by
qRT-PCR.
Short interference RNAs for human METTL3 (siMETTL3), TGFBR1

(siTGFBR1), YBX1 (siYBX1), and matched negative controls (siNC) were
provided by Genechem (Shanghai, China). The transfections were
performed with INTERFERin® (Polyplus-transfection® SA) according to the
manufacturer’s instructions. The target sequences used for the shRNAs or
siRNAs are listed in Tables S1 and S2. This method is identical to that
described in our previous work [47].

Overexpression of RMRP, YBX1, TGFBR1, and matched Controls (Ctrl)
were cloned into the pcDNA3.1 vector (Genechem, China). The transfec-
tions were performed with jetPRIME® (Polyplus-transfection® SA) according
to the manufacturer’s instructions.

Quantitative real time-PCR (qRT-PCR)
The E.Z.N.A.® Total RNA Kit I (Omega Bio-Tek, USA) was used to obtain RNA
from cultured cells lysates. The RNA samples were then reverse transcribed
into cDNA using a cDNA Synthesis Kit (Roche, USA). Polymerase chain
reaction (PCR) was performed using the ABI 7500 FAST Real-Time PCR
system. The expression levels of mRNAs or lncRNAs were determined by
the cycle threshold (Ct) method (2-ΔΔCT).
Relative quantification method was used to analyze the qRT-PCR data.

The primer sequences were synthesized by Shanghai Generay Biotech Co.
Ltd. (Generay, Shanghai, China) and are listed in Table S3. The details are
described in our previous study [17]. β-actin was used as the reference for
normalization of expressions of mRNAs or lncRNAs. The relative fold
changes were analyzed using 2−ΔΔCT method. All samples were analyzed in
triplicate.

Western blot analysis
The related proteins were lysed in ice-cold RIPA buffer with 0.1 M PMSF
and measured using the BCA kit. Lysates of cells were separated by SDS
polyacrylamide gels. The separated proteins were then transferred to a
polyvinylidene fluoride membrane (Millipore) by 300mA for 60–90min.
The membranes were then blocked by 5% skimmed milk and probed
overnight with matched antibodies against the target proteins at 4 °C.
Subsequently, the membranes were incubated with relevant antibodies.
Finally, we used the FluorChem HD2 (Protein Sample, USA) to explore the
proteins. The primary detection antibodies that were used in the work are
listed in Table S4.

Fig. 7 RMRP regulated the TGFBR1/SMAD2/ SMAD3 pathway in NSCLC. A A549/Scrambled, A549/shRMRP, H1299/Ctrl, and H1299/RMRP
cells under the TGFB treatment were collected and subjected to Western blot analysis using the indicated antibodies. The TGFB treatment was
stimulated with 5 ng/mL TGFB for 1 h (n= 3). B Representative immunofluorescence images of anti-p-SMAD2/3 (green) and DAPI (blue)
staining of the treated NSCLC cells. The cells were also cultured under the TGFB treatment and were collected for immunofluorescence
analysis (n= 3) (Scale bar, 5 μm). C A549/Scrambled, A549/shRMRP, H1299/Ctrl, and H1299/RMRP cells were treated with TGFBR1 knockdown
(siTGFBR1) or siRNA negative controls (siNC). The samples under the TGFB treatment were collected and subjected to Western blot analysis
using the indicated antibodies (n= 3). D Related cells were collected and analyzed by qRT-PCR (n= 3). β-actin was used as the reference for
normalization. E The number of tumorspheres was counted, and the morphology was observed under a light microscope. Upper panel:
Representative pictures of tumorspheres. Lower panel: Tumorspheres quantification results including the number and size of spheres. (Scale
bar, 100 μm). F The treated A549 and H1299 cells were subjected to irradiation (6 Gy). Subsequently, immunofluorescence analysis was
performed after 1 h (n= 3, Scale bar, 5 μm). G Results of CCK-8 assays showing cell viability after incubation with different concentrations of
cisplatin for 24 h. *P < 0.05; **P < 0.01; ***P < 0.001. Data represent three independent experiments.
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Subcellular fractionation
Firstly, the cells required for the experiments were prepared. Then, the
nuclear and cytoplasmic RNA were separated using Nuclear and
Cytoplasmic Extraction Reagents (Norgen Belmont, CA) by the

manufacturer’s instructions. Then, quantitative real time-PCR was explored
to determine the RNA. U1 and GAPDH were used as the internal references
for the nucleus and cytoplasm, respectively.

Fig. 8 Knockdown of RMRP limited tumor growth in vivo. A A549 cells with stable expression of shRMRP (A549/shRMRP) or scrambled
control (A549/Scrambled) were transplanted into the axilla of nude mice to construct tumor growth model. Representative images of nude
mice and tumors. B A549/Scrambled and A549/shRMRP group samples were collected and analyzed by qRT-PCR (n= 3). C Tumor volumes in
the A549/Scrambled and A549/shRMRP groups. D Tumor weight in the A549/Scrambled and A549/shRMRP groups. E Representative images
of haematoxylin and eosin (H&E) staining, Ki-67, MMP9, and TGFBR1 expression by immunohistochemical analysis in xenograft tumors derived
from A549/Scrambled and A549/shRMRP groups. F Flowchart of our experiments. Our study suggests the m6A mark improved the stability of
methylated RMRP transcripts by decreasing the RNA degradation rate, which may partially account for the upregulation of RMRP in NSCLC.
Furthermore, RMRP promotes TGFBR1 transcription by recruiting YBX1 to TGFBR1 promoter.
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M6A RNA methylation quantification
The m6A levels were determined using the EpiQuik m6A RNA Methylation
Quantification Kit (Colorimetric; America) according to the manufacturer’s
instructions. Firstly, 200 ng of RNA samples were added to assay wells.
Then, the diluted capture antibody, the diluted detection antibody, and
the diluted enhancer solution were added to each well. M6A levels were
determined according to the absorbance of each sample at 450 nm, and a
standard curve was then used to calculate the relative m6A content.

Transwell assay
Transwell assay was performed to evaluate the invasion and migration of
cells (Costar 3422, Corning, United States). A polycarbonate membrane (8
μm pore size) with or without Matrigel (BD Biosciences, San Jose, CA, USA)
separated the upper and lower compartments. Then, 5 × 104 cells/well
suspended in a serum-free medium were seeded into the upper chamber.
Mitomycin C (0.5 mg/mL) was also added (M5353, Sigma, United States).
In the bottom chamber, 750 μL of medium containing 20% serum was

added. The plate was incubated at 37 °C for the indicated amount of time.
Then, the membrane was rinsed using a PBS-soaked cotton swab and the
lower side of the membrane was immobilized with 1mL of 4%
paraformaldehyde in each well for 30 min at room temperature. The
fixative was removed, the cells were washed once with PBS, and 1mL of
0.5% crystal violet solution (PAB180004, Bio-Swamp) was added to each
well. After 90 min of staining, the cells were washed three times with PBS.
Five randomly selected visual fields on each insert were photographed,
and cells were counted manually.

Fluorescence in situ hybridization
We conducted the FISH assay using the FISH Kit (RiboBio, China) according
to the manufacturer’s instruction. Firstly, we cultured cells in 24-well plates
for 24 h. Then the treated cells were hybridized with 20 μM Cy3-labeled U6,
18S and RMRP. Finally, the images were observed with a confocal laser
scanning microscope (FV1200, Olympus, Japan).

Chromatin immunoprecipitation (ChIP)
We performed the ChIP assays using EZ-ChIPTM ChIP Kit (Millipore, USA)
according to the manufacturer’s instruction. A549 cells, H1299 cells, A549
Scrambled cells, A549 shRMRP-1 cells, H1299 cDNA, and H1299 RMRP cells
were used in this assay.
We first crosslinked the cells by 1% formaldehyde for 10min. Related

cells were added into lysis buffer for 5 min. Then, cell lysates were
subjected to pulsed ultrasonication to break nuclear membrane and shear
DNA into fragments (300–500 bp fragments). The final lysates were
incubated overnight with YBX1 (Santa Cruz, USA) or IgG (Santa Cruz, USA)
antibody at 4 °C. Cross-linked DNA released from the protein-DNA complex
was purified using Universal DNA Purification Kit (Tiangen, China) and the
eluted DNA was further detected by qRT-CR. Input and IgG were used
simultaneously to confirm that the detected signals were derived from the
specific bonding of chromatin and YBX1. All ChIP assays were repeated
independently three times. The results were reported as % input ±
standard error of the mean (S.E.M.). The primers used for PCR are listed in
Supplementary Table S5.

RNA immunoprecipitation (RIP)
RIP assays were performed using Magna RIPTM RNA-Binding Protein
Immunoprecipitation Kits (Millipore, USA) according to the manufacturer’s
instructions. Briefly, the related cells were harvested to perform RIP
experiments using m6A antibody (2 μg/sample; Synaptic Systems,
Goettingen, German), YBX1 antibody (Abcam, ab76149), and IgG (Santa,
USA) antibody. The co-precipitated RNAs were then explored by
magnetic beads.
Finally, qRT-PCR assay was used to explore the total RNA. The input

fraction Ct value was used to normalize the RNA sample preparation
differences in each group, and the negative controls (IgG) Ct was used to
adjust for background fraction.

RNA pull-down assay
The T7 RiboMAXTM Express Large Scale RNA Production System
(Catalogue Number P1320, Promega, USA) was used to produce abundant
RMRP in vitro according to the manufacturer’s instructions. The 3′ ends of
RMRP RNAs were then labeled using Pierce™ RNA 3′ End Desthiobiotinyla-
tion Kit (Thermo Fisher Scientific, USA). Then the compounds were further

incubated with the protein of the treated cells by Pierce™ Magnetic RNA-
Protein Pull-Down Kit (Thermo Fisher, USA). Finally, the precipitated
proteins of NSCLC cells were explored by Western blot assays. We used the
antisense RNA as the negative control.

Dual-Luciferase reporter
Dual-Luciferase reporter assay was performed as described in our previous
report [17]. The promoter region of TGFBR1 containing 200 bp putative
binding area (wild type, named TGFBR1-WT) or mutant area (mutant type,
named TGFBR1-MUT) was constructed into pGL3-basic vectors by
GeneCreate (Wuhan, China). These were then transfected in related cells.
Finally, the dual luciferase reporter assay was performed using the Dual-
Luciferase Reporter Assay system (Promega, Madison, USA) according to
the manufacturer’s instructions. The firefly luciferaseactivity was normal-
ized to Renilla activity. The sequences of related genes are listed in
Supplementary Table S6. As for SMAD-binding element (SBE) luciferase
reporter gene activity, the related cancer cells were transfected with a
luciferase reporter plasmid carrying three copies of a SBE, pGL4.48-luc2P/
SBE/Hygro (Promega, Madison, USA). The relative luciferase activity was
explored by the Dual-Luciferase Reporter Assay System (Promega)
following the manufacturer’s instructions. The sequences of the relevant
genes are listed in Supplementary Table S6.

CCK8 and colony formation assays
CCK-8 (Dojindo, Kyushu, Japan) and colony formation assays were used to
assess cell proliferation. For CCK-8 assays, the related cells were seeded in
96-well plates (1 × 103 cells per well) in triplicate and cultured at the
indicated concentrations. At the end of each time-point (1 day, 2 days,
3 days, and 4 days), CCK-8 was added for 1 h at 37 °C. The absorbance was
detected at 450 nm.
For cisplatin sensitivity, suspensions of NSCLC cell lines (1 × 104 cells per

well) were plated in 96-well plates. The cells were treated with different
concentrations of cisplatin for 24 h. After treatment, the media were
removed, and RPMI1640 (90 μL) and CCK-8 (10 μL) were added. The plates
were incubated for 3 h in the incubator. The absorbance at 450 nm was
measured using an automated reader. The inhibition rate was calculated
using the following formula:

IR ¼ ODcontrol group � ODexperimental group
� �

=ODcontrol group ´ 100%:

For the colony formation assays, 600 cells were inoculated into six-well
plates for ~2 weeks. The cells were subsequently fixed with 4%
paraformaldehyde and stained with 0.5% crystal violet. The photographs
of the wells were obtained and the number of colonies was counted by
three different individuals [17].

Cell cycle analysis
The Cell Cycle Staining Kit (Heygen, China) was used. We first washed the
cells with cold PBS fixed with ethanol overnight (−20 °C). On the next day,
the cells were centrifugated for 10min. We further used PI/RNase to stain
the cells. Finally, a flow cytometer (Becton-Dickinson) was used to evaluate
the cell cycle in each sample following the manufacturer’s instructions. The
details were described as previously described [17].

Patients
181 NSCLC samples were collected between May 2013 and August 2015 at
the department of thoracic surgery in Harbin Medical University Cancer
Hospital. The patients enrolled in the study all signed informed consent
forms for medical record review and tissue sample donation according to
their preference. The current work was also approved by the Institutional
Research Ethics Committee of the Harbin Medical University Cancer
Hospital.

Xenograft analysis
The animal experiments were approved by the Institutional Animal Care
and Use Committee of the Harbin Medical University Cancer Hospital. The
assays conformed to all the regulatory standards. All animals (n= 10) were
bred under pathogen-free conditions at the Animal Center of Harbin
Medical University. BALB/c athymic nude mice (male, age: 5 weeks) were
purchased from Beijing Charles River (https://www.vitalriver.com/). We
injected 4 × 106 cells suspended in 0.1 mL of PBS into ~5-week-old BALB/c
mice. When the tumors became palpable, the tumor volume (V) was
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assessed using the following equation:

V ¼ Width2 ´ Length
� �

´ 0:5:

Furthermore, each mouse was weighed. The tumors were harvested for
immunohistochemistry and qRT-PCR assays. Tissue sections were
immersed in minocycline-ethylenediaminetetraacetic acid. Subsequently,
the sections were heated at 100 °C for 15min and incubated in methanol
for 15min. The slides were incubated with anti-Ki67 (abcam, ab92742,
1:1000), anti-MMP9 (abcam, ab228402, 1:1000), and anti-TGFBR1 (abcam,
ab235178, 1:500) primary antibody. Relative staining intensity was judged
according to the percentage of immunoreactive cells. The details were as
previously described [17].

Statistical analysis
Statistical analyses were performed using SPSS 17.0 and GraphPad Prism 8.
All data are presented as mean ± standard deviation. All experiments
(except the xenografts) were performed at least three times. Between-
group differences with respect to continuous variables were assessed
using Student’s t test. P values < 0.05 were considered indicative of
statistical significance. The Kaplan–Meier method was used to determine
overall survival and disease-free survival. The correlation between RMRP
and TGFBR1 was estimated using Pearson’s correlation analysis. More
materials and methods were supplied in the part of supplement.

DATA AVAILABILITY
The data sets in this study are available from the corresponding author upon
reasonable request.
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