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YTHDF2-mediated FGF14-AS2 decay promotes osteolytic
metastasis of breast cancer by enhancing RUNX2 mRNA
translation
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BACKGROUND: LncRNA FGF14-AS2 is a critical suppressor in breast cancer (BCa) metastasis. However, whether FGF14-AS2 plays a
role in the bone metastasis of BCa remains unknown.
METHODS: TRAP assay and intratibial injection were carried out to evaluate the role of FGF14-AS2 in BCa bone metastasis in vitro
and in vivo. Polyribosome profiling was done to examine the translation level. RNA pulldown combined with LC/MS was performed
to identify the lncRNA-binding partner, RIP, dual-luciferase assay, and Co-IP assays as well to testify these physical interactions. The
prognostic value of FGF14-AS2 expression level in BCa patients was analysed using Kaplan–Meier Plotter.
RESULTS: We found that FGF14-AS2 suppresses osteoclast differentiation and osteolytic metastasis of BCa. Mechanistically, FGF14-
AS2 suppresses the translation of RUNX2 by inhibiting the assembly of eIF4E/eIF4G complex and the phosphorylation of eIF4E,
thereby reducing the transcription of RANKL, an essential regulator of osteoclast differentiation. Moreover, FGF14-AS2 is
downregulated by YTHDF2-mediated RNA degradation in an m6A-dependent manner. Clinically, patients with high YTHDF2 and
low FGF14-AS2 expression levels showed worse distant metastasis-free survival (DMFS).
CONCLUSIONS: FGF14-AS2 plays a crucial role in osteolytic metastasis, and may serve as a promising prognostic biomarker and
therapeutic target for BCa bone metastasis.
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BACKGROUND
Breast cancer (BCa) is one of the most common cancers and is the
leading cause of cancer-related deaths among women worldwide
[1]. Although great advances have been made in the diagnosis
and treatment, the cure for BCa awaits better understanding of
the pathophysiology of metastasis [2]. Metastasis accounts for
more than 90% of the death, among which bone is the most
common site of BCa metastasis [3, 4]. The symptoms of bone
metastasis include severe bone pain, pathological fractures,
hypercalcaemia, which reduce the life quality and the survival
time of the patients. Therefore, a more comprehensive under-
standing of the mechanisms of bone metastasis is of great
significance for improving the prognosis of BCa.
Bone metastasis is a complex process in which tumour cells

detach from the primary site, transport in the blood, and reside in
the bone microenvironment. Once cancer cells spread to the bone,
the dynamic balance between osteoblasts and osteoclasts is
broken, thus interrupting the normal bone remodelling process
and causing bone destruction [5]. Bone metastases are usually

divided into three types: osteolytic, osteoblastic and mixed [6].
Osteolytic metastasis accounts for the majority of BCa metastasis,
which is quite different from the osteoblastic bone metastasis of
prostate cancer [7]. In the process of osteolytic metastasis, the
activation of osteoclasts plays a decisive role. The differentiation
and maturation of osteoclasts are induced by several key cytokines
secreted by BCa cells, such as receptor activator for nuclear factor-
κB ligand (RANKL), macrophage colony-stimulating factor (M-CSF),
and parathyroid hormone-related protein (PTHrP) [8]. Among these
cytokines, the binding of RANKL to receptor activator of nuclear
factor-κB (RANK) on the surface of preosteoclasts is essential for
osteoclastogenesis and subsequent bone resorption [9]. The
interaction of RANKL and RANK is proposed as a novel and effective
therapeutic target in bone metastasis [10, 11]. Moreover, RUNX2, a
transcription factor essential for osteoblast differentiation, can
transcriptionally up-regulate RANKL expression [12] and plays an
important role in osteolytic metastasis of BCa [13, 14].
Long noncoding RNAs (lncRNAs) are a type of noncoding RNA

(ncRNA) longer than 200 nucleotides. Only a few of lncRNAs is
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capable of encoding micropeptides, peptides, or proteins [15].
A growing body of evidence increasingly validates that lncRNAs
play critical roles in human tumorigenesis and progression by
serving as tumour oncogenes or suppressors. For example, the
lncRNA Uc003xsl.1 promotes triple-negative breast cancer
(TNBC) tumorigenesis by binding with nuclear transcriptional
factor NFκB-repressing factor (NKRF) to activate the NFκB/IL8
axis [16]. The lncRNA LINC00926 suppresses breast tumour
growth and metastasis through inhibition of the PGK1-
mediated Warburg effect [17]. LncRNAs have become an
important class of molecules in the diagnosis, treatment, and
prognosis of various types of cancers; however, our under-
standing of the mechanism of lncRNAs remains limited [18, 19].
FGF14-AS2 is an antisense lncRNA transcribed from the
opposite strand of the FGF14 (fibroblast growth factor 14,
FGF14) gene. Recently, we revealed that FGF14-AS2, which was
predominantly distributed in the cytoplasm, inhibits BCa
metastasis by acting as a competing endogenous RNA (ceRNA)
for miR-370-3p [20]. However, the role of FGF14-AS2 in BCa
bone metastasis remains unknown.
N6-methyladenosine (m6A) is the most prevalent modification

of eukaryotic mRNA and is generally mediated by “writers” and
“erasers”. The writer complex, comprising methyltransferase-like
3 (METTL3), methyltransferase-like 14 (METTL14) and Wilms
tumour 1-associating protein (WTAP), catalyses the m6A
methylation of mRNA [21, 22]. Eraser enzymes, such as AlkB
homologue H5 (ALKBH5) and fat mass and obesity-associated
protein (FTO), mediate the demethylation of mRNA [23, 24]. In
addition, there are “readers” that recognise and bind to the m6A
motif of the transcript, and regulate mRNA stability, splicing,
export, localisation, or translation. The most common readers
include YTH N6-methyladenosine RNA-binding protein (YTHDF)
1/2/3, eukaryotic translation initiation factor 3 (eIF3), insulin-like
growth factor 2 mRNA binding protein (IGF2BP) 1/2/3 [25–27].
Notably, abundant noncoding RNAs, including microRNAs,
lncRNAs, circular RNAs, small nuclear RNAs, and ribosomal RNAs,
are also highly modified with m6A [28]. Aberrant m6A modifica-
tion has been reported to be involved in the progression of
various cancers [29]. For example, elevated METTL3 expression
stimulates the m6A modification of heparin-binding growth
factor (HDGF) mRNA and enhances its stability, thereby
promoting angiogenesis and glycolysis in gastric cancer [30].
YTHDF1 augments the translation of eIF3C in an m6A-dependent
manner and concomitantly promotes the overall translational
output, thereby facilitating tumorigenesis and metastasis in
ovarian cancer [31].
In this study, we revealed that FGF14-AS2 suppresses osteoclast

differentiation in vitro and osteolytic bone metastasis of BCa
in vivo. Mechanistically, FGF14-AS2 blocked RUNX2 mRNA
translation by interfering with the formation of eIF4E/eIF4G
complex and inhibiting the phosphorylation of eIF4E in BCa cells,
and consequently reduced the transcription of RANKL, a key
regulator of osteoclast differentiation. Moreover, YTHDF2 pro-
moted FGF14-AS2 degradation in an m6A-dependent manner in
BCa cells. High levels of YTHDF2 and low levels of FGF14-AS2 were
significantly correlated with decreased DMFS in patients with BCa.
Collectively, our data suggested that FGF14-AS2 might serve as a
promising prognostic biomarker and therapeutic target for BCa
bone metastasis.

METHODS
Cell lines and cell culture
The human breast cancer cell line MDA-MB-231, the human embryonic
kidney cell line HEK 293T, and the mouse macrophage cell line RAW264.7
were obtained from the American Type Culture Collection (Manassas, VA,
USA). The human breast cancer cell line MDA-MB-468 was obtained from
the Type Culture Collection, Chinese Academy of Sciences (Shanghai,

China). Cells were maintained in Dulbecco’s modified Eagle’s medium
(Gibco, Carlsbad, CA, USA) supplemented with 10% foetal bovine serum
(Wisent, Nanjing, China) in an incubator at 37 °C with 5% CO2. In this study,
the absence of mycoplasma or bacterial contamination of the cells was
detected.

Plasmids, chemicals and transfection
The primers used for plasmid construction are shown in Supplementary
Table S1. Additional information about the plasmid construction and the
source of other plasmids and chemicals is presented in Supplementary
methods.

Quantitative real-time reverse transcription PCR (qRT-PCR)
Total RNA from tissue samples or cancer cells was isolated using TRIzol
(Takara, Dalian, China), and complementary DNA was synthesised from
1 μg total RNA using the PrimeScript RT reagent (Vazyme, Nanjing,
China) following the manufacturer’s instructions. The qRT-PCR was
performed using Hieff® qPCR SYBR Green Master Mix (Yeasen) in a Roche
LightCycler 96 Real-Time PCR System. The RNA expression values were
normalised to that of the β-actin gene and calculated using the 2-ΔΔCt

method. The primers used in qRT-PCR are listed in Supplementary
Table S2.

Western blotting
Western blotting was performed according to a previously reported
protocol [32]. The following primary antibodies were used: anti-p-p38
(AF4001, Affinity, Cincinnati, OH, USA), anti-p38 (AF6456, Affinity), anti-p-
Mnk1 (AF4488, Affinity), anti-p-eIF4E (AF3110, Affinity), and anti-RANKL
(DF7006, Affinity), anti-EIF2AK2 (ab32052, Abcam, Shanghai, China), anti-
eIF4E (ab33766, Abcam), anti-RUNX2 (ab236639, Abcam), anti-Mnk1
(10136-1-AP, Protech, Wuhan, China), anti-eIF4G (15704-1-AP, Protech),
anti-β-actin (20536-1-AP, Protech).

Conditioned medium (CM) preparation
When the confluence reached 60–70%, the MDA-MB-231 and MDA-MB-
468 cells were deprived of growth factors by overnight incubation in
the presence of 0.1% serum before treatment with 10 ng/mL TGF-β1 for
20 h (Peprotech, Suzhou, China). The conditioned medium (CM) was
prepared by filtering the supernatant medium through 0.22-µm of the
filter.

TRAP staining for osteoclast differentiation
RAW264.7 cells were plated in 12-well plates (104 cells/well) and treated
with RANKL (Peprotech, Suzhou, China; 50 ng/mL) for 3 days. Then, the
cells were cultured in CM. Two days later, the RAW264.7 cells were fixed
and stained for osteoclast-derived TRAP (tartrate-resistant acid phospha-
tase) (Wako, Osaka, Japan). Multinucleated cells that contained at least
three nuclei were considered as TRAP-positive cells.

RNA pulldown and liquid chromatograph/mass spectrometer
(LC/MS) analysis
FGF14-AS2 was transcribed in vitro using a MEGAscript™ T7 Transcription
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and then biotinylated
using a Pierce RNA 3′ End Desthiobiotinylation Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. RNA pull-down
assays were performed using a Pierce Magnetic RNA-Protein Pull-Down
Kit (Thermo Fisher Scientific). Briefly, biotinylated FGF14-AS2 was
captured with streptavidin magnetic beads and incubated with cell
lysates at 4 °C for 6 h. The mixture was washed, eluted and then
separated using an SDS-polyacrylamide gel. Silver staining was
performed using a Rapid Silver Staining Kit (Beyotime, Shanghai, China)
according to the manufacturer’s instructions. The lanes were extracted
by cutting and then subjected to liquid chromatograph/mass spectro-
meter (LC/MS) analysis.

RNA immunoprecipitation (RIP) assay
RIP assay was performed according to a previously reported protocol [32].
The following primary antibodies were used: anti-N6-methyladenosine
antibody (9010006, EpiGentek, Farmingdale, NY, USA), anti-EIF2AK2
antibody (ab32052, Abcam), anti-eIF4E antibody (ab33766, Abcam), or
anti-YTHDF2 antibody (ab220163, Abcam).
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Dual-luciferase reporter assay
The YTHDF2 or YTHDF2-5A-mut expression plasmids, together with
psiCHECK2-FGF14-AS2 plasmids, were co-transfected into MDA-MB-231
cells using Lipofectamine 2000 Reagents (Invitrogen). At 48 h after
transfection, the cells were lysed, and luciferase activities were measured
using a Dual-Luciferase Reporter Assay Kit (Promega, Beijing, China).

Polysome profiling
Polysome profiling assay was performed according to a previously
reported protocol [33].

Animal model construction
All animal procedures were approved by the Committee on the Ethics of
Animal Experiments of Nanjing Medical University, Nanjing, China
(Approval No: IACUC-1909010). Four-week-old female nude (SPF grade
BALB/c) mice were obtained from Shanghai SLAC Laboratory Animal Co.,
Ltd. All mice were in good health status. Before the experiments, the mice
were acclimatised to the new environment for one week. Mice were
randomised into two groups (10 total, 5 in each group) before tumour cell
inoculation (no repeat operation). The investigator was blinded to the
group allocation of the animals during the experiment. Briefly, cells
(5 × 105) in PBS (100 μl) were injected into the tibias of mice. Metastasis
development was monitored by micro-CT. Five weeks later, the mice were
sacrificed, and tibia tissues were used for subsequent qRT-PCR, western
blotting, HE and immunohistochemical analysis.

Bone histological analysis
The tibias were fixed with 10% neutral formalin for 24 h, decalcified with
10% EDTA for 4 weeks, dehydrated by a graded alcohol series, and
embedded in paraffin. Tibia tissue sections (5 μm) were stained with
haematoxylin and eosin using standard protocols. For immunohistochem-
ical studies, the sections were incubated with primary antibodies at 4 °C
overnight and then incubated with secondary antibodies at 37 °C for 1 h.
Signals were visualised using the chromogen 3′-diaminobenzidine (DAB),
and then the sections were counterstained with haematoxylin. For TRAP
staining, osteoclasts were detected using a TRAP staining kit (Wako)
according to the manufacturer’s protocol.

Tissue samples
Thirty-nine pairs of BCa and adjacent normal tissues were collected from
the First Affiliated Hospital of Nanjing Medical University. None of the
patients had undergone treatment prior to surgery. The clinicopathological
characteristics for all of the patients are shown in Supplementary Table S3.
The study was approved by the Human Research Ethics Committee of
Nanjing Medical University, and written consent was obtained from each
patient enrolled in the study.

Statistical analysis
All data are expressed as the mean ± standard deviation. Comparisons
between two groups were analysed using Student’s t test (two-tailed) or
the Wilcoxon signed-rank test. The relationship between YTHDF2 and
FGF14-AS2 expression levels was assessed using Spearman correlation
analysis. Kaplan–Meier analysis with log-rank test was applied for survival
analysis using the online bioinformatics tool (http://kmplot.com/analysis/).
The FPKM-normalised data (level-3) of YTHDF2 in breast cancer were
downloaded from The Cancer Genome Atlas (TCGA) database and the
Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
gds/, GSE109169). Differential expression analysis on BCa osteolytic
metastasis genes was performed using “limma” package with a filter as
P < 0.05 and |log2 FC | > 1 (GSE137842, using R version 3.6.0). GraphPad
Prism v6.01 (GraphPad Inc., La Jolla, CA, USA) was used for the statistical
analysis and P value less than 0.05 was considered statistically significant.
All statistical tests are justified as appropriate, and the data meet the
assumptions of the tests. The variance is similar between the groups that
are being statistically compared (Student’s t test).

RESULTS
FGF14-AS2 suppresses osteolytic metastasis
To explore the role of FGF14-AS2 in bone metastasis of BCa, we
firstly established stable cell lines with FGF14-AS2 overexpression
(FGF14-AS2 OE) and the vector control in MDA-MB-231 cells

(Supplementary Fig. 1a), and then injected the cells into the tibiae
of nude mice to mimic the later stage of BCa bone metastasis
(Fig. 1a). Osteolysis was markedly weakened in the FGF14-AS2 OE
mice as shown by micro-CT examination and H&E staining of tibial
sections after five weeks since transplantation (Fig. 1b, c).
Moreover, osteoclast activity was reduced in the tibiae of FGF14-
AS2 OE mice compared with the control group, as shown by TRAP
staining (arrows) (Fig. 1d). These results revealed that elevated
expression of FGF14-AS2 in cancer cells markedly suppressed BCa
osteolytic metastasis.
To evaluate the function of FGF14-AS2 in osteoclast differentia-

tion, we performed TRAP assays in RAW264.7 cells treated with CM
from MDA-MB-231 and MDA-MB-468 cells with FGF14-AS2 over-
expression (OE) or knockdown (KD) (Fig. 1e). Consistent with the
strong inhibitory effect exhibited in vivo, CM from FGF14-AS2 OE
cells dramatically inhibited the osteoclast differentiation of
RAW264.7 cells. On the contrary, CM from FGF14-AS2 KD cells
significantly enhanced the osteoclast differentiation (Fig. 1f). The
overexpression and knockdown of FGF14-AS2 in MDA-MB-231
and MDA-MB-468 cells were confirmed by qRT-PCR (Supplemen-
tary Fig. 1a). These data suggest that FGF14-AS2 functions as a
suppressor in osteoclast differentiation.
We also validated the specificity of the two siRNAs against

FGF14-AS2 used in the experiments aforementioned to exclude
the possible off-target effects. We constructed two plasmids
containing FGF14-AS2 gene with point mutation within the
respective regions targeted by the two siRNAs (Supplementary
Fig. 1b). As shown in Supplementary Fig. 1c, FGF14-AS2 siRNAs
efficiently reduced the expression levels of endogenous and
exogenous FGF14-AS2, whereas, the two mutations were sufficient
to fully abolish any siRNA knockdown of the expression level of
the FGF14-AS2 (Supplementary Fig. 1d), indicating that the siRNAs
were highly selective for endogenous FGF14-AS2.

FGF14-AS2 downregulates RUNX2/RANKL axis to suppress
osteolytic metastasis
To identify the target gene of FGF14-AS2 in BCa osteolytic
metastasis, we analysed the differentially expressed genes
between primary tumour tissues (n= 3) and bone metastatic
tissues of BCa patients (n= 3) from the GEO dataset (GSE137842).
In total, 6097 differentially expressed mRNAs (P < 0.05 and |log2-
fold change (FC) | > 1) were obtained (Supplementary Fig. 2a).
RANKL/RANK signalling pathway plays an essential role in
osteoclastogenesis, which is indispensable for osteolytic metas-
tasis [10, 11]. Notably, these differentially expressed genes
including RANKL were preferentially enriched in the signalling
pathway involved in osteoclast differentiation (Supplementary
Fig. 2b). Moreover, a high level of RANKL expression was
significantly associated with worse DMFS (distant metastasis-free
survival, DMFS) (Supplementary Fig. 2c).
We then determined whether the expression of RANKL was

regulated by FGF14-AS2 in breast cancer cells. As shown in Fig. 2a
and b, the mRNA and protein levels of RANKL were markedly
reduced upon FGF14-AS2 overexpression, and increased upon
FGF14-AS2 knockdown. RUNX2, a key transcription factor in
osteoblast differentiation, is an important contributor to BCa bone
metastasis [34, 35]. Galea et al. reported that RUNX2 transcrip-
tionally regulates RANKL expression by directly binding to the
promoter of RANKL gene [12]. Intriguingly, we found that RUNX2
was downregulated in protein levels upon FGF14-AS2 over-
expression, and upregulated upon FGF14-AS2 knockdown (Fig. 2c).
However, FGF14-AS2 did not affect the mRNA levels of RUNX2 in
MDA-MB-231 cells (Fig. 2d). These data suggest that FGF14-AS2
may regulate RUNX2 expression at the translational or post-
translational level. Furthermore, we demonstrated that over-
expression of RUNX2 rescued the decrease of RANKL expression
induced by FGF14-AS2 overexpression in MDA-MB-231 cells
(Fig. 2e), suggesting that FGF14-AS2 downregulated RANKL
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and western blotting (h). The data are shown as the mean± s.d. of at least three independent experiments. **P< 0.005, ***P<0.001 and ns, no
significance.
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expression through inhibiting RUNX2-mediated transcription in
BCa cells.
To further determine the role of FGF14-AS2/RUNX2/RANKL axis in

the inhibition of osteoclast differentiation, we performed TRAP
assays in RAW264.7 cells using CM collected from FGF14-AS2 OE
cells with or without RUNX2 overexpression. As shown in Fig. 2f,
overexpression of RUNX2 successfully rescued the decrease of
osteoclast differentiation induced by FGF14-AS2 overexpression in
MDA-MB-231 and MDA-MB-468 cells. Moreover, the downregula-
tion of RUNX2 and RANKL was also observed in the tibiae of FGF14-
AS2 OE mice by using immunohistochemistry (IHC) and western
blot assays (Fig. 2g, h). Collectively, these data suggest that FGF14-
AS2 suppresses osteolytic metastasis via the RUNX2/RANKL axis.

FGF14-AS2 downregulates RUNX2 expression through
inhibiting its translation
Next, we wonder whether FGF14-AS2 regulates the expression of
RUNX2 at the translational level. To test this, polyribosome
profiling followed by qRT-PCR was carried out using FGF14-AS2 OE

and FGF14-AS2 KD cells. As shown in Fig. 3a, global cellular
translation was slightly inhibited in FGF14-AS2 OE cells (A
reduction of polyribosomes peak shown in the box) and
stimulated in FGF14-AS2 KD cells (A rise of polyribosomes peak
shown in the box), compared to the controls. However, the active
translation of RUNX2 mRNA bound by heavy polyribosomes was
significantly decreased in FGF14-AS2 OE cells, and increased in
FGF14-AS2 KD cells (Fig. 3b). Meanwhile, qRT-PCR assays showed
that the active translation of RUNX2 mRNA was decreased in
FGF14-AS2 OE cells, and increased in FGF14-AS2 KD cells (Fig. 3c).
Taken together, these data revealed that FGF14-AS2 decreased
RUNX2 expression by inhibiting its mRNA translation.

FGF14-AS2 interferes with the assembly of the eIF4G/eIF4E
complex
To reveal how FGF14-AS2 inhibits RUNX2 translation, we first
determined whether FGF14-AS2 encodes a peptide. Potential
ribosome occupancy of FGF14-AS2 was found using the Cistrome
Data Browser database, although an ORF (342 nts) was predicted
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with no ribosome binding site using RegRNA 2.0 online software
(Supplementary Fig. 3a, b). We then constructed a GFP fusion
plasmid by inserting the potential ORF (339 bp, with stop codon
deletion) of FGF14-AS2 into the upstream of GFP coding sequence
with start codon mutated (Fig. 4a). We observed the expression of

GFP in GFPwt-transfected MDA-MB-231 cells by fluorescence
microscopy and western blot assays. However, no GFP was
observed when the start codon of GFP was mutated. Notably,
when the ORF of FGF14-AS2 was fused with GFPmut, no GFP
expression was observed (Fig. 4b, c). Taken together, these data
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demonstrated that FGF14-AS2 is a noncoding RNA (ncRNA)
without coding capacity. The functions of lncRNAs are usually
determined by their structures [36]. Using omicX (a web server for
RNA secondary structure prediction) analysis, we found that
FGF14-AS2 has a complex secondary structure, implying its
important role in regulating gene expression (Fig. 4d).
Cytoplasmic lncRNAs usually exert their biological functions by

binding to RNA-binding proteins (RBPs) to regulate mRNA stability,
translation and protein stability, or acting as a miRNA sponge.
Next, we sought to identify the proteins that interact with FGF14-
AS2 using RNA pulldown combined with LC-MS/MS assays (Fig. 4e).
A total of 13 candidate proteins were identified through the
integration of our two independent RNA pull-down datasets,
website predictions (catRAPID, http://service.tartaglialab.com/
page/catrapid_omics2_group) and classic RNA-binding protein
dataset (Fig. 4f and Supplementary Tables S4–7). eIF4E (eukaryotic
translation initiation factor 4E) attracted our attention because it is
a critical component of the translation initiation complex eIF4F.
Besides, eIF4E acts as an important modulator of tumour growth
and metastasis by mediating a rate-limiting process that drives the
selective translation of many oncogenic proteins [37]. Then, the
binding of eIF4E with FGF14-AS2 was validated by RNA pulldown
followed by western blot assays with an anti-eIF4E antibody. As
shown in Fig. 4g, labelled FGF14-AS2 sense RNA, but not antisense
FGF14-AS2, specifically retrieved eIF4E from MDA-MB-231 and
MDA-MB-468 cell extracts. Subsequent RIP assays further con-
firmed the physical interaction between eIF4E and FGF14-AS2
(Fig. 4h). However, neither FGF14-AS2 overexpression nor FGF14-
AS2 knockdown had an obvious impact on the protein level of
eIF4E (Fig. 4i). The binding of eIF4E to eIF4G is essential for the
assembly of the initiation complex eIF4F. Interestingly, we found
that the binding of eIF4E to eIF4G was reduced upon FGF14-AS2
overexpression (Fig. 4j), and enhanced upon FGF14-AS2 knock-
down (Fig. 4k). Collectively, these data indicate that FGF14-AS2
interacts with eIF4E to abrogate the formation of the eIF4E/eIF4G
complex, thereby inhibits RUNX2 translation.

FGF14-AS2 inhibits eIF4E phosphorylation via the EIF2AK2/
p38 signalling pathway
Phosphorylated eIF4E has a higher binding affinity for the cap and
contributes to form a more stable eIF4F complex. Another
candidate, EIF2AK2, attracted our attention as well in the RNA
pulldown followed LC-MS assays aforementioned (Fig. 4e, f),
because (1) EIF2AK2 is an activator of the p38/Mnk1 signalling
pathway; (2) eIF4E is phosphorylated by Mnk1 at Ser209. Thus, we
hypothesised that FGF14-AS2 may interact with EIF2AK2 to
regulate the p38/Mnk1 signalling pathway and subsequent
phosphorylation of eIF4E. Firstly, we found that EIF2AK2 was
presented in FGF14-AS2 sense RNA probe pull-down samples by
western blotting (Fig. 4g). Moreover, RIP assays further confirmed
the physical interaction between EIF2AK2 and FGF14-AS2 (Fig. 5a).
Next, we examined the effect of FGF14-AS2 on the protein levels
of EIF2AK2. As shown in Fig. 5b, EIF2AK2 protein levels were
decreased upon FGF14-AS2 overexpression and increased upon

FGF14-AS2 knockdown. Furthermore, we found that the degrada-
tion of EIF2AK2 protein was accelerated when FGF14-AS2 was
overexpressed (Fig. 5c). Meanwhile, the proteasome inhibitor
MG132 suppressed FGF14-AS2 overexpression-induced EIF2AK2
degradation (Fig. 5d). In addition, we found that overexpression of
FGF14-AS2 significantly increased the ubiquitination level of
EIF2AK2 (Fig. 5e). Taken together, these data revealed that the
interaction of FGF14-AS2 with EIF2AK2 promoted the proteasome-
dependent degradation of EIF2AK2.
Then, we examined the effect of FGF14-AS2 on the p38/Mnk1/

eIF4E signalling pathway. As shown in Fig. 5f and Supplementary
Fig. 4a, overexpression of FGF14-AS2 inhibited the phosphoryla-
tion of p38, Mnk1 and eIF4E in MDA-MB-231 and MDA-MB-468
cells, while FGF14-AS2 knockdown enhanced the phosphorylation
of these proteins. Moreover, we found that overexpression of
EIF2AK2 successfully rescued the decrease of the phosphorylation
of p38, Mnk1 and eIF4E due to FGF14-AS2 overexpression (Fig. 5g
and Supplementary Figs. 4b and 5a, b), while EIF2AK2 knockdown
attenuated the enhanced phosphorylation of these proteins due
to FGF14-AS2 knockdown (Fig. 5h and Supplementary Figs. 4c
and 5a, b). Furthermore, we verified whether FGF14-AS2 inhibits
the phosphorylation of eIF4E via the p38/Mnk1 signalling path-
way. As shown in Fig. 5i and Supplementary Fig. 4d, the enhanced
phosphorylation of p38, Mnk1 and eIF4E by FGF14-AS2 knock-
down was weakened by treatment with the p38 MAPK inhibitor SB
203580. Finally, the decrease of EIF2AK2, p-P38, p-Mnk1 and
p-eIF4E were observed in the tibiae of FGF14-AS2 OE mice by
western blotting (Fig. 5j). qRT-PCR showed the overexpression of
FGF14-AS2 in the tibiae of mice compared to the control group
(Fig. 5k). Collectively, these data suggest that the interaction of
FGF14-AS2 with EIF2AK2 promotes EIF2AK2 degradation, and
consequently decreases eIF4E phosphorylation via the p38/
Mnk1 signalling pathway. Therefore, in addition to interfering
with eIF4E/eIF4G complex formation, FGF14-AS2 inhibits RUNX2
translation by influencing p38/Mnk1-mediated eIF4E
phosphorylation.

m6A reader YTHDF2 mediates the degradation of FGF14-AS2
It has been reported that FGF14-AS2 is downregulated in BCa
tissues [20, 38], albeit the mechanism is unclear. In the RNA
pulldown followed LC-MS assays of FGF14-AS2 aforementioned,
YTHDF2 was identified to interact with FGF14-AS2 (Fig. 4e, f).
YTHDF2 is an m6A reader, which promotes the degradation of
m6A-modified RNA. Therefore, we postulated that YTHDF2 might
promote the degradation of m6A-modified FGF14-AS2 in BCa cells.
To test this hypothesis, we firstly demonstrated the binding of
FGF14-AS2 to YTHDF2. We found that labelled FGF14-AS2 sense
RNA, but not antisense FGF14-AS2, specifically retrieved YTHDF2
from MDA-MB-231 and MDA-MB-468 extracts (Fig. 4g). In addition,
RIP assays further confirmed the physical interaction between
YTHDF2 and FGF14-AS2 (Fig. 6a). More importantly, we observed
that overexpression of YTHDF2 promoted the rapid degradation of
FGF14-AS2, on the contrary, YTHDF2 knockdown delayed the
degradation of FGF14-AS2 (Fig. 6b).

Fig. 4 FGF14-AS2 interferes with eIF4E/eIF4G complex formation. a Schematic diagram of GFP constructs (GFPwt, GFPmut and ORFwt-
GFPmut). b, c Expression of GFP was detected using fluorescence microscopy (b) and western blotting (c). d Secondary structure of FGF14-AS2
predicted by omicX (https://omictools.com/rnastructure-tool). e MDA-MB-231 cell lysates were incubated with biotin-labelled oligonucleo-
tides, and the pull-down proteins were subjected to SDS-PAGE followed by silver staining. The lanes were extracted by cutting and then
subjected to LC-MS analysis. f Venn diagram shows the 13 proteins potentially binding to FGF14-AS2 based on LC-MS data (two independent
RNA pull-down assays), website predictions and classic RNA-binding protein dataset. g RNA pulldown followed by western blotting was
performed with the indicated cell lysates and anti-eIF4E, anti-EIF2AK2 or anti-YTHDF2 antibodies. h RIP assay was performed using the
indicated cell lysates and anti-eIF4E antibodies. The coprecipitated RNAs were subjected to qRT-PCR to detect FGF14-AS2. The fold
enrichment of FGF14-AS2 in the eIF4E pellet is shown relative to its matching IgG control. i eIF4E levels in FGF14-AS2-overexpressing or
FGF14-AS2-knockdown cells were detected using western blotting. j, k Co-IP assays were performed to detect the interaction between eIF4E
and eIF4G in FGF14-AS2-overexpressing (j) and FGF14-AS2 knockdown cells (k). The data are shown as the mean ± s.d. of at least three
independent experiments. ***P < 0.001.
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Next, we proceeded to determine whether FGF14-AS2 is
m6A-modified. The presence of m6A modification in FGF14-AS2
was predicted using m6A2Target (Supplementary Fig. 6a). meRIP-
qPCR assay further confirmed that FGF14-AS2 was m6A modified
(Supplementary Fig. 6b). To identify the m6A modification sites in
the FGF14-AS2 sequence, we performed dual-luciferase reporter

assays. SRAMP prediction server analysis revealed that FGF14-AS2
possessed m6A consensus sequences (GGACU, GGACA and
AGACU) (Supplementary Fig. 6c). As shown in Supplementary
Fig. 6d, e, two of the four sites (red) with high confidence in
prediction were identified as m6A methylation sites. Additionally,
the m6A-modified RNA levels were significantly higher in BCa
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tissues and cells than in normal breast tissues and cells by dot blot
assays (Supplementary Fig. 6f, g).
Then we sought to determine whether the YTHDF2-induced

downregulation of FGF14-AS2 depends on the m6A-modification
of FGF14-AS2. It has been shown that K416 and R527 in the YTH
domain of YTHDF2 are essential for binding of the RNA backbone
and that W432, W486 and W491 are responsible for the
recognition of m6A modification sites [39, 40]. Therefore, we
constructed YTHDF2 expression plasmid containing K416A/R527A/
W432A/W486A/W491A 5 A mutations (Fig. 6c). As shown in Fig. 6d,
wild-type YTHDF2, but not mutated YTHDF2, markedly decreased
the luciferase activity of FGF14-AS2 constructs. Simultaneously, we
found that mutated YTHDF2 had no obvious effect on the
degradation of FGF14-AS2 (Fig. 6e). Together, these data suggest
that FGF14-AS2 expression is downregulated in BCa through
YTHDF2-mediated degradation of m6A-modified FGF14-AS2.
Finally, we determined the clinical value of YTHDF2 and FGF14-

AS2 dysregulation in human BCa tissues. As shown in Fig. 6f,
YTHDF2 mRNA levels were significantly upregulated in BCa patients
according to The Cancer Genome Atlas (TCGA) and GEO dataset
analysis. Moreover, we detected the expression of FGF14-AS2 and
YTHDF2 in our own cohort of 39 BCa tissues and paired adjacent
normal tissues using qRT-PCR. We found that YTHDF2 was
significantly upregulated in BCa tissues, while FGF14-AS2 was
downregulated (Fig. 6g). Furthermore, we found that the expression
level of FGF14-AS2 was negatively correlated with that of YTHDF2 in
BCa tissues (R2= 0.1406, P= 0.0289) (Fig. 6h). Notably, patients with
high YTHDF2 and low FGF14-AS2 levels had worse DMFS according
to the Kaplan–Meier plot (Fig. 6i). Taken together, these data
revealed that FGF14-AS2 was negatively regulated by YTHDF2 and
that the dysregulation of FGF14-AS2 and YTHDF2 was correlated
with the prognosis of patients with BCa.

DISCUSSION
Osteolytic metastasis represents a frequent and severe complica-
tion of advanced BCa and is associated with pathological fractures,
pain, hypercalcaemia, spinal cord compression, and decreased
mobility [41]. The mechanism of BCa osteolytic metastasis remains
poorly understood. In this study, we found that (1) FGF14-AS2
functions as a suppressor in BCa osteolytic metastasis; (2) FGF14-
AS2 suppresses the translation of RUNX2 by inhibiting the
assembly of eIF4E/eIF4G complex and the phosphorylation of
eIF4E, thereby reducing the transcription of RANKL, the crucial
regulator of osteoclast differentiation; (3) YTHDF2 mediates the
degradation of m6A-modified FGF14-AS2 in BCa cells; (4) low
levels of FGF14-AS2 was correlated with worse DMFS in BCa
patients.
Despite an increasing number of lncRNAs were reported to play

important roles in cancer initiation and progression [42], our
understanding of lncRNAs in tumour bone metastasis is still very
limited. Lang et al. reported that lncRNA PCAT7 was involved in
the SMAD3/SP1 complex-mediated constitutive active loop and

promoted prostate bone metastasis [43]. Lnc34a promoted the
bone metastasis of hepatocellular carcinoma by epigenetically
suppressing miR-34a expression [44]. LncRNA MAYA promoted
BCa bone metastasis by mediating the crosstalk between ROR1-
HER3 and the Hippo-YAP pathway [45]. In this study, we revealed
that lncRNA FGF14-AS2 suppresses BCa osteolytic metastasis via
the RUNX2/RANKL axis, indicating that FGF14-AS2 functions as a
tumour suppressor in osteolytic metastasis.
eIF4E is an important component of eIF4F (which also consists

of a scaffold protein eIF4G and an RNA helicase, eIF4A) [46]. The
binding of eIF4E to eIF4G and the phosphorylation of eIF4E are
crucial steps in translation initiation [47]. Notably, eIF4E mediates a
rate-limiting process that drives selective translation of many
oncogenic proteins such as cyclin D1, survivin and VEGF, thereby
contributing to tumour growth, metastasis and therapy resistance
[37]. RUNX2 is a critical transcription factor for the upregulation of
RANKL expression [12]. In this study, we found that FGF12-AS2
suppressed RUNX2 translation, and consequently inhibited RANKL
expression in BCa cells. Furthermore, we uncovered that eIF4E and
EIF2AK2 are FGF14-AS2 binding proteins using RNA pulldown
combined with LC-MS/MS assays. FGF14-AS2 impeded eIF4G/
eIF4E complex formation by interacting with eIF4E. EIF2AK2 is an
important activator of the p38/MAPK signalling pathway, and
excessive activation of p38 phosphorylates eIF4E via Mnk1 [48]. In
addition, we found that the interaction of FGF14-AS2 with EIF2AK2
promoted the proteasome-dependent degradation of EIF2AK2,
thereby inhibiting the p38 signalling pathway and eIF4E
phosphorylation. Therefore, our data suggest that FGF14-AS2
suppressed the translation of RUNX2 by reducing eIF4E/eIF4G
complex formation and eIF4E phosphorylation, thereby inhibiting
RANKL transcription.
In recent years, m6A modification has attracted much attention

because of its pivotal role in the regulation of various stages of the
RNA life cycle, such as RNA processing, nuclear export, and
translation. In addition, it has been reported that some lncRNAs
are m6A modified. For instance, Wu et al. demonstrated that m6A
modification increased the accumulation of RP11 in the nucleus
[49]. Zuo et al. reported that m6A modification led to an increase
in the stability of LINC00958 RNA [50]. Here, we demonstrated that
FGF14-AS2 was m6A modified using meRIP-qPCR assay. Moreover,
YTHDF2, which is an FGF14-AS2 binding protein identified by RNA
pull-down and RIP assays, significantly accelerated the degrada-
tion of FGF14-AS2. Therefore, YTHDF2-mediated degradation of
FGF14-AS2 is at least partially responsible for the downregulation
of FGF14-AS2 in BCa.
In summary, our results revealed that FGF14-AS2 suppresses

RUNX2 translation by reducing eIF4E/eIF4G complex formation
and eIF4E phosphorylation, thereby inhibits RANKL transcription
and osteolytic metastasis of BCa. Decreased FGF14-AS2 caused by
YTHDF2-mediated degradation is significantly correlated with
poor prognosis in BCa patients (Fig. 6j). Our findings suggested
that FGF14-AS2 might serve as a promising prognostic biomarker
and therapeutic target for BCa bone metastasis.

Fig. 5 FGF14-AS2 inhibits eIF4E phosphorylation via the EIF2AK2/p38 signalling pathway. a RIP assay was performed using indicated cell
lysates and anti-EIF2AK2 antibodies, and the coprecipitated RNAs were subjected to qRT-PCR to detect FGF14-AS2. The fold enrichment of
FGF14-AS2 in the EIF2AK2 pellet is shown relative to its matching IgG control. b EIF2AK2 levels in FGF14-AS2-overexpressing and FGF14-AS2-
knockdown MDA-MB-231 cells were detected using western blotting. c, d EIF2AK2 levels in FGF14-AS2-overexpressing and control cells
treated with Cycloheximide (CHX) (50 μg/ml) (c) or MG132 (25 µM, 4 h) (d) were detected using western blotting. e Co-IP assays were
performed with either anti-EIF2AK2 or anti-ubiquitin (Ub) antibodies in FGF14-AS2-overexpressing and control cells. f p-p38, p38, p-Mnk1,
Mnk1, p-eIF4E and eIF4E levels were examined using western blotting in MDA-MB-231 cells with FGF14-AS2 overexpression or knockdown.
g, h p-p38, p38, p-Mnk1, Mnk1, p-eIF4E and eIF4E levels were examined using western blotting in MDA-MB-231 cells with both FGF14-AS2 and
EIF2AK2 overexpression (g) and with both FGF14-AS2 and EIF2AK2 knockdown (h). i p-p38, p38, p-Mnk1, Mnk1, p-eIF4E and eIF4E levels were
examined using western blotting in MDA-MB-231 cells with FGF14-AS2 knockdown and SB 203580 treatment (25 µM) for 2 h. j EIF2AK2, p-p38,
p38, p-Mnk1, Mnk1, p-eIF4E and eIF4E AS2 levels in the tibiae of mice injected with FGF14-AS2 OE and control cells were detected by western
blotting. k FGF14-AS2 levels in the tibiae of mice injected with FGF14-AS2 OE and control cells were detected by qRT-PCR. The data are shown
as the mean ± s.d. of at least three independent experiments. *P < 0.05, **P < 0.005, ***P < 0.001.
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