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Abstract: Bone metastasis is the major cause of morbidity and mortality in patients with prostate cancer (PCa). 
However, the underlying mechanism of bone-specific metastasis remain vague. Recently, with the deep research of 
N6-methyladenine (m6A) mRNA methylation, many studies directly focus on the role of m6A modification in human 
diseases, especially in cancers. Here we found that methyltransferase-like 3 (METTL3) expression is higher in PCa 
than in normal prostate tissues, especially in PCa with bone metastasis. High METTL3 expression was positively 
correlated with advanced progression and a poor prognosis of PCa. Functional assays demonstrated that METTL3 
regulates the expression of Integrin β1 (ITGB1) through m6A-HuR-dependent mechanism, which affects the bind-
ing of ITGB1 to Collagen I and tumor cell motility, so as to promote the bone metastasis of PCa. The findings of this 
study reveal a novel mechanism of PCa osteotropism and suggest METTL3 as a therapeutic target for PCa bone 
metastasis.
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Introduction

Prostate cancer (PCa) is the most commonly 
diagnosed form of cancer and the second lead-
ing cause of cancer-related deaths among men 
worldwide [1], in which metastasis to the bone 
is the main cause of death [2]. More than 60% 
of advanced PCa patients are found bone 
metastasis, and an autopsy found evidence of 
bone metastases in more than 90% of patients 
diagnosed with PCa. The overall 5-year survival 
of patients with localized PCa was approxi-
mates 100%, however, less than 31% for pa- 
tients in whom bone metastases occurred [3]. 
These patients with bone metastasis had seri-
ous complications, such as ostealgia, spinal 
cord compression and pathological fracture [4], 
seriously affected the life quality and survival 
rate of patients. Therefore, a better under-
standing of the molecular mechanism of can-
cer metastasis is benefit to treat PCa with bone 
metastases. 

In more recent years, epigenetic modification to 
RNA species have received attention in many 
countries and science. More than 100 types of 
chemical modifications have been identified in 
RNAs so far, which are widely distributed on 
messenger RNAs (mRNAs), transfer RNAs 
(tRNAs), ribosomal RNAs (rRNAs) and other 
non-coding RNAs [5, 6]. N6-methyladenosine 
(m6A) is one of the most abundant post-tran-
scriptional modifications identified in RNAs [7]. 
Analogous to DNA and histone, it is a reversible 
methylation modification via regulation of m6A 
modification methyltransferase, demethylase 
and proteins that preferentially recognize m6A 
modification as “writers”, “erasers” and “read-
ers”, respectively [8]. m6A participates in regu-
lation of various aspects of mRNA metabolism 
including RNA processing [9], RNA transporting 
from nucleus to cytoplasm [10], RNA translation 
[11], and RNA decay [12]. m6A methylation has 
been found to have an impact on cancer stem 
cell pluripotency, cancer cell proliferation and 
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aggression through various mechanisms [13]. 
Despite m6A RNA methylation can metastatic 
potential of many tumours, including hepato-
cellular carcinoma, colorectal carcinoma and 
pancreatic cancer et al. [14-16], the functional 
mechanisms of m6A in PCa bone metastasis 
are still not well understood.

Here, we first demonstrated the function of 
METTL3 in facilitating PCa bone metastasis by 
inducing ITGB1/Collagen I-associated path-
ways through affecting mRNA m6A modifica-
tion, in an attempt to elucidate the potential 
mechanism of PCa organotropic metastasis.

Materials and methods

Patients and tissue specimens

A total of 15 localized PCa tissues, 15 PCa with 
BM and corresponding adjacent tissues were 
retrieved from consecutive PCa patients who 
underwent radical prostatectomy at the First 
Affiliated Hospital of Guangzhou Medical Uni- 
versity between January 2008 and December 
2013. The study was approved by the human 
study ethics committees at our Hospital, and all 
cases gave the informed consent.

Cell lines and cell culture 

The human PCa cells PC3 and LNCaP were 
obtained from the ATCC. LNCaP were main-
tained in DMEM basic (Gbico) supplemented 
with 10% fetal bovine serum (Gbico) and a 1% 
penicillin and streptomycin combination. PC3 
were maintained in 1640 (Gbico) supplement-
ed with 10% fetal bovine serum (Gbico) and a 
1% penicillin and streptomycin combination. All 
cells grew in standard cell culture conditions 
(5% CO2, 95% humidity) at 37°C.

Plasmids and transfections 

The shRNAs targeting METTL3 and ITGB1 we- 
re purchased from GenePharma (Shanghai, 
China) and were transfected with Lipofec- 
tamine2000 (Invitrogen, Carlsbad, CA). Those 
shRNA sequences are summarized in Table S1. 
The METTL3 and HuR CDS obtained by PCR 
product (PCR primer sequence as followed in 
Table S2) was ligated into the pCDNA3.1 (+) 
vector. The stable cell lines PC3-shMETTL3 and 
LNCaP-METTL3 were established as described 
previously [17]. ITGB1-CDS-WT (wild-type CDS 

of ITGB1), ITGB1-CDS-Mut (mutant CDS of 
ITGB1, m6A was replaced by T in the m6A 
motifs), ITGB1-5’UTR-WT (wild-type 5’UTR of 
ITGB1), ITGB1-5’UTR-Mut (mutant 5’UTR of 
ITGB1, m6A was replaced by T in the m6A 
motifs) were ligated into the pMIR-REPORT and 
pGL3-Basic vector, respectively. Control pRL-
sv40 plasmid was purchased from Promega.

Immunohistochemical analysis

Expression pattern and subcellular localization 
of METTL3 protein in clinical PCa tissues were 
detected by immunohistochemistry and the 
immunoreactivity scores (IRS) of METTL3 were 
calculated according to the protocol previously 
described [17].

In vitro cell adhesion assay

Triplicate wells on a 96-well cell culture plate 
were coated with 1 μg/cm2 type I Collagen (BD 
Biosciences) or a single layer of BMECs for 
overnight at 37°C, washing the plate three 
times with serum-free medium. The plates were 
blocked with 1% BSA in DMEM for 2 hours at 
37°C. A total of 2 × 104 cells were seeded in the 
blocked 96-well plate for 15-30 min, then the 
supernatant and the non-adhesion cells were 
removed with PBS. 100 μl DMEM-free medium 
with 10 μl of MTS added to the each plates and 
the cells were incubated for another 4 hours at 
37°C. The absorbance of the solution was mea-
sured with a 490 nm filter.

Quantitative reverse transcription-PCR

Total RNA from cells was isolated with TRIzol 
(Invitrogen) as described previously [17]. Se- 
lected sequences of the sense and antisense 
primers were used for the amplification (Table 
S2). All values were normalized for the GAPDH 
expression levels. Relative quantification of 
mRNA levels was determined by 2-ΔΔCT method.

Western blotting

Western blot analysis was conducted as previ-
ously described by our laboratory [17]. The pri-
mary antibodies used included antibodies 
against METTL3 (ab#195352, Abcam), HuR 
(ab#200342, Abcam), ITGB1 (ab#24693, Ab- 
cam), GAPDH (ab#8245, Abcam). The second-
ary antibodies were anti-mouse and anti-rabbit 
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IgG conjugated with HRP (ab#136815, ab# 
136817, Abcam).

m6A dot blot assay

Isolate mRNA from total RNA using the Dy- 
nabeads® mRNA Purification Kit following the 
manufacturer’s instructions. Denature the seri-
ally diluted mRNA at 95°C to disrupt secondary 
structures in a heat block for 3 min, chill on ice 
immediately after denaturation; Crosslink spot-
ted mRNA to membrane in a Stratalinker 2400 
UV Crosslinker twice. Incubate the membrane 
in blocking buffer for 1 h at room temperature 
with gentle shaking. Incubate the membrane 
with anti-m6A antibody overnight at 4°C with 
gentle shaking, then incubate the membrane 
with goat anti-rabbit IgG-HRP for 1 h at room 
temperature. Wrap the membrane in plastic 
wrap and expose with Hyperfilm ECL for a prop-
er exposure period.

Dual-luciferase reporter assay

2 × 104 cells per well were plated in 96-well 
plates and transfected with 100 ng of ITGB1-
luciferase plasmid. To normalize transfection 
efficiency, the cells were co-transfected with 
10 ng of pRL-CMV (Renilla luciferase). After 48 
h, the luciferase activity was measured using 
the Dual-Luciferase Assay kit (Promega, Ma- 
dison, WI, USA). Three independent experime- 
nts were performed, and the calculated means 
and standard deviations are presented.

Gene-specific m6A qPCR

Total RNAs were first extracted from LNCaP and 
PC3 cells. Chemically fragmented RNA was 
incubated with m6A antibody for immunopre-
cipitation according to the standard protocol of 
the Magna methylated RNA immune-precipita-
tion (MeRIP) m6A Kit (Merck Millipore). Enri- 
chment of m6A containing mRNA was then ana-
lyzed either through quantitative reverse-tran- 
scription polymerase chain reaction (qRT-PCR).

RNA Binding Protein Immunoprecipitation 
(RIP)

RIP was conducted with the RIP™ RNA-Binding 
Protein Immunoprecipitation Kit (Millipore) ac- 
cording to the manufacturer’s instructions. 
Briefly, magnetic beads coated with 5 μg of 
specific antibodies against METTL3 (ab#1953- 

52, Abcam) were incubated with prepared cell 
lysates overnight at 4°C. Then, the RNA-protein 
complexes were washed 6 times and incubated 
with proteinase K digestion buffer. RNA was 
finally extracted by phenol-chloroform RNA 
extraction methods. The relative interaction 
between METTL3 and ITGB1 transcripts was 
determined by qPCR and normalized to the 
input.

RNA stability assay

Actinomycin D (A9415, Sigma-Aldrich) was ad- 
ded to PCa cells at 5 mg/ml to assess RNA sta-
bility. After incubation for indicated time points, 
the cells were collected and RNA samples were 
extracted for reverse transcription and qPCR. 
mRNA transcription was inhibited with 
Actinomycin D and the degradation rate of RNA 
(K decay) was estimated by following equation: 
ln(C/C0) = Kdecayt.

C0 is the concentration of mRNA at time 0, t is 
the transcription inhibition time, and C is the 
mRNA concentration at the time t. Thus the K 
decay can be derived by the exponential decay 
fitting of C/C0 versus time t. The half-time (t 
1/2), which means C/C0 = 50%/100% = 1/2, 
can be calculated by the following equation: 
ln(1/2) = -Kdecayt1/2.

In vivo metastasis assay

Twenty 5-week-old male SCID mice were sup-
plied by the Experimental Animal Center of 
Guangdong Province, China. The animals were 
maintained in a special pathogen free facility. 
All the mice were randomly divided into five 
groups of four mice each, including PC3-shNC, 
PC3-shMETTL3-1/2, LNCaP-vector and LNCaP-
METTL3 group. For intratibia injection, 1 × 106 
cells were injected into the cortex of the right 
tibia. The presence of tumor in bone was exam-
ined by localization of X-ray imaging. After 8 
weeks observed, the mice were sacrificed, and 
the tumors were dissected for HE stain.

Statistical analysis 

Each experiment was in triplicate in parallel. 
Data were presented as the Mean ± Standard 
Deviation. The differences among groups were 
analyzed using one-way analysis of variance. All 
the statistical analyses were performed using 
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the SPSS 18.0 software. P values < 0.05 were 
considered to be statistically significant.

Results

METTL3 is overexpressed in PCa tissues and 
correlated with PCa BM and OS

Totals of 15 localized PCa tissues, 15 PCa with 
BM and corresponding adjacent tissues were 
analyzed for METTL3 protein expression us- 
ing immunohistochemistry. METTL3 antibody 

stained cytoplasm and nucleus and gave even-
ly distributed staining pattern with various 
intensities (Figure 1A). METTL3 expression 
was present in 28 of 30 (93.3%) cases and 14 
of 30 (46.7%) cases for PCa tissues and para-
carcinoma, respectively. Mean METTL3 stain-
ing intensity was significantly higher in PCa tis-
sues compared with paracarcinoma (5.80 ± 
1.61 versus 3.80 ± 1.92, P = 0.002, Figure 1B), 
especially the expression levels of METTL3 
were highest in PCa with BM (7.47 ± 2.23, P = 

Figure 1. METTL3 expression is positively correlated with the risk of bone-specific metastasis in PCa. A. Immuno-
histochemical analysis of METTL3 in prostate carcinoma and pericarcinous tissue; B. The IRS of METTL3 in each 
group; C. Kaplan-Meier survival curves of OS. Lower METTL3 expressions were significantly correlated with longer 
OS (P=0.018); D, E. The expression of METTL3 in various prostate cells was analyzed by Western Blot and qRT-PCR, 
GAPDH was used as a loading control. *P < 0.05, **P < 0.01.
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0.026 VS localized PCa). The detail IRS of 
METTL3 in each group was shown in Table 1. 
The associations of METTL3 expression with 
OS of PCa patients were analyzed using Kaplan-
Meier survival analysis (Figure 1C). Lower 
METTL3 expression were significantly correlat-
ed with longer overall survival in patients with 
PCa (P = 0.018, respectively). We also quantify 
METTL3 expression pattern in normal prostate 
epithelial cells RWPE-1 and five PCa cell lines 
by Western blotting (Figure 1D) and qRT-PCR 
(Figure 1E). METTL3 expression in RWPE-1 
cells was considered baseline, it was found 
that the METTL3 was highly expressed in PCa 
cells, especially in PC3. In five tumor cell lines, 
METTL3 expression in LNCaP cells was rela-
tively lower expressed, so PC3 and LNCaP were 
selected to perform the experiments. 

METTL3 increases adhesion of PCa cells to 
Collagen I and PCa motility

We first constructed a lentiviral vector express-
ing METTL3 and shMETTL3 sequence, and 
established stable cell lines LNCAP-METTL3 
and PC3-shMETTL3 after lentivectors trans-
duction. qRT-PCR analysis confirmed that the 
silencing effect of PC3 was up to 70~80%, and 
the overexpression effect of LNCaP was up to 
more than 230 times (Figure 2A, 2B). Type I 
Collagen is the most common bone protein, to 
which cancer cells bound facilitated the direc-
tional metastasis to the skeleton. To assess the 
role of METTL3 in cell adhesion to Collagen I, 
the cancer cell-bone matrix adhesion assays 
were performed. METTL3 increased the ability 
of LNCaP cells adhesion to Collagen I. Co- 
nversely, METTL3 knockdown in PC3 cells had 
fewer cell binding with Collagen I compared 
with PC3-NC cells (Figure 2C). For other matr- 
ix proteins, METTL3-positive and METTL3-
silenced cells adhered equally to fibronectin, 

ITGB1 mediates the adhesion ability of PCa 
cells by METTL3 expression 

To investigate the potential mechanism of 
METTL3-mediated adhesion of PCa cells to 
ECM, WB and qRT-PCR were performed to 
detect the related adhesion molecules, which 
facilitate cancer cell migration and attachment 
to the bone. Transfection of LNCaP cells with 
the METTL3-expressing vector increased ITGB1 
expression, whereas transfection of PC3 cells 
with METTL3 shRNA markedly inhibited ITGB1 
expression (Figure 3A). Expression levels of the 
PCa bone metastasis-associated markers, 
integrin α2, αv, β3 were unaffected (Figure 3B). 
Consistent with our findings, ITGB1 showed a 
significant positive correlation, with METTL3 in 
expression across PCa patient samples (n = 
98) from TCGA (Gulzar et al., 2012) in GSE40272 
dataset from the Genotype-Tissue Expression 
Project (GTEx). ITGB1 is the most common cell 
surface receptors for Collagen I. We transfect-
ed LNCaP-METTL3 cells with two siRNA 
sequences to silence ITGB1 expression (Figure 
3C), the results showed that ITGB1 silence 
inhibited the METTL3-enhanced binding to 
Collagen I and invasion in LNCaP-METTL3 cells 
(Figure 3D, 3E). Furthermore, the effects seen 
in vitro on tumor cell adherence and migration 
could also be blocked by blocking antibodies to 
ITGB1, and not to other integrins (Figure 3F, 
3G). Therefore, METTL3 facilitated PCa cells 
recruitment to Collagen I by increasing ITGB1 
expression levels.

METTL3 regulated ITGB1 expression in an 
m6A-dependent manner

In the study, the results showed that METTL3-
positive PCa cells prefered to adhere to Co- 
llagen I by upregulating ITGB1 expression com-
pared with METTL3-silenced PCa cells. Then, 

Table 1. The expression pattern of METTL3 in PCa 
and adjacent non-cancerous prostate tissues by 
using immunohistochemical staining

Intensities PCa 
with BM

Localized 
PCa Paracarcinoma

Strong n (%) 3 (20.0) 0 0
Moderate n (%) 7 (46.7) 5 (33.3) 4 (13.3)
Weak n (%) 4 (26.7) 9 (60.0) 10 (33.3)
Undetectable n (%) 1 (6.6) 1 (6.7) 16 (53.3)
Total 15 15 30

laminin, and vitronectin (Figure 2D). We 
examined the effect of METTL3 on the migra-
tory abilities of PCa cells. Transwell assay 
confirmed that the cell migration rate of cells 
was decreased by METTL3 knock-down 
(Figure 2E). In contrast, the migration of the 
PCa cells was significantly promoted by 
METTL3 overexpression. Moreover, the up-
regulated expression of METTL3 promoted 
and the knockdown inhibited PCa cells sur-
vival and proliferation in Collagen I-rich envi-
ronment (Figure 2F). 
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we used the protein synthesis inhibitor CHX 
(cycloheximide) and the proteasome inhibitor 
MG132 to further study the regulatory mecha-

nism of METTL3 on ITGB1 expression. The 
results showed that CHX, but not MG132, sig-
nificantly abolished METTL3 knockdown-in- 

Figure 3. ITGB1 are involved in METTL3-mediated cell adhesion and migration. (A, B) The expression of Integrin in 
PCa cells, including PC3-NC, PC3-shRNA1, 2; LNCaP-vector, LNCaP-METTL3; (C-E). LNCaP-METTL3 cells were trans-
fected with ITGB1 siRNA1/2 for 24 h, ITGB1 expression were determined by Western blot analyses (C); Adhesion 
assays showed that ITGB1 silence inhibited the METTL3-enhanced binding to Collagen I in LNCaP-METTL3 cells (D); 
Transwell assays were used to evaluate the migration abilities of the cells (E); (F, G) After special antibody block in-
tegrin, adhesion assays and transwell assays were used to evaluate the adhesion and invasion abilities of the cells. 
*P < 0.05, **P < 0.01.  

Figure 2. Effects of METTL3 on the PCa cells adhesion and motility. Successful construction of stable knockdown or 
up-regulated PCa cell lines. A, B. The expression level of METTL3 in stable cell lines was analyzed by Western Blot 
and qRT-PCR; C. Assays to assess the adhesion of cancer cells to the bone matrix Collagen I; D. Assays to assess the 
adhesion of cancer cells to other matrix proteins; E. The migration ability of cancer cells was assessed by transwell 
assay; F. METTL3 overexpression promoted, while knockdown inhibited PCa cells survival and proliferation in Col-
lagen I-rich environment. *P < 0.05, **P < 0.01.   
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duced downregulation of ITGB1 protein ex- 
pression in PC3 cells, suggesting that METTL3 
seems to regulates ITGB1 protein synthesis by 
modulating the stability and/or translation of 
ITGB1 mRNA (Figure 4A). m6A dot blots assay 
also demonstrated that knockdown of endoge-
nous METTL3 by shRNAs in PC3 cells decreased 
global m6A levels (Figure 4B). The m6A level 
changes of ITGB1 mRNA transcripts was as- 
sessed by gene-specific m6A qPCR, the results 
showed that PC3 transfected with METTL3 
shRNA sequence contain much lower levels of 
m6A compared to those with scramble se- 
quence (Figre 4C). To determine whether ITGB1 
is a direct target of METTL3, we performed 
luciferase reporter assays. Luciferase activity 
was decreased in PC3-shMETTL3 cells by 
transfecting with the reporter construct carry-
ing wild-type ITGB1 3’UTR and CDS compared 
with PC3-shNC cells; this decrease was abro-
gated when the putative m6A sites (m6A was 
replaced with T) were mutated (Figure 4D). As 
expected, forced expression of wild-type 
METTL3 increase m6A levels of ITGB1 mRNA, 
enhanced luciferase activity of the reporter 
construct carrying wild-type ITGB1 3’UTR and 
CDS, but not mutant m6A sites, relative to the 
control (Figure 4E). To explore the biological 
function of METTL3-mediated m6A modifica-
tion in ITGB1 mRNA metabolism, actinomycin D 
(A9415, Sigma-Aldrich) was added to PCa cells 
at 5 mg/ml to assess RNA stability. Knockdown 
of METTL3 decreased, while METTL3 overex-
pression improved the mRNA stability of ITGB1 
(Figure 4F, 4G). Taken together, our results 
demonstrated that the modulation of ITGB1 
expression was under the control of METTL3-
associated m6A modification. 

HuR enhances ITGB1 mRNA stability via an 
m6A-dependent manner

The diversity mRNA fate is determined by spe-
cific m6A-binding proteins, for example, YTH- 
DF2 mediates mRNA degradation by binding 
m6A-modified mRNA, thus accurately regulat-
ing gene expression at the mRNA level [18]. 
Conversely, YTHDF1 promotes the binding of 
m6A-mRNA to the ribosome, which facilitates 
the translation of RNA [19]. Interestingly, knock-
down of HuR, but not the YTH family, decreased 
the mRNA stability of ITGB1 (Figure 5A, 5B). RIP 
assays also validated the interaction between 
the HuR and ITGB1 mRNA in PC3 and LNCaP 

cells (Figre 5C). Consistently, HuR was over-
expressed in PCa tissues and widely expressed 
in multiple PCa cell lines (Figure 5D). 
Knockdown of HuR decreased, while forced 
overexpression of HuR increased, ITGB1 pro-
tein and mRNA expression, the adhesion ability 
of PCa cells to collagen I, cell migration in tumor 
cells in vitro (Figure 5E-G). Additionally, the 
direct interaction between HuR and ITGB1 tran-
scripts was impaired in PC3 cells after METTL3 
inhibition (Figure 5H). These findings indicate 
that HuR-mediated mRNA stability controls the 
expression of the ITGB1 in PCa cells via an 
METTL3-m6A-dependent mechanism.

METTL3 knockdown represses bone metasta-
sis of PCa cells in vivo

To investigate the effect of METTL3 on the 
bone metastasis of PCa in vivo, we injected 
PC3-shMETTL3-1/2 cells, LNCaP-METTL3 cells 
and its corresponding control group cells in the 
tibiae of mouse models. At 8 weeks after injec-
tion, mice were sacrificed. As observed with the 
use of HE staining, tumor cells caused bone 
absorption and bone destruction (Figure 6B). 
Furthermore, the localization of tumor in bone 
was corroborated by X-ray imaging. Represen- 
tative image of mice inoculated with cells 
expressing each construct is shown in Figure 
6A. There were 4 mice demonstrated tumor 
growth in the METTL3-positive PC3-shNC gro- 
up, however, only 0~1 of 4 mice was observed 
in the METTL3-silenced PC3-shMETTL3-1/2 
group. In contrast, no tumor growth was ob- 
served to having tumors in the bones of LNCaP-
vector group, 2 of 4 LNCaP-METTL3 mice dem-
onstrated tumor growth. Those results sug- 
gested that METTL3-positive PCa cells pre- 
fer the growth in bones compared with the 
METTL3-silenced PCa cells in mice models.

Discussion

RNA m6A modification exert diverse biological 
functions in mammals, such as transcription 
splicing, nuclear RNA export, protein transla-
tion control, and cell fate determination at post-
transcriptional level [7]. A growing number of 
studies have found that the abnormal expres-
sion of m6A methyltransferase, demethylase 
and reader proteins were closely related to the 
occurrence of cancer [20-22]. However, few 
studies directly focus on the role of m6A modi-
fication in PCa. In this study, we examined the 
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expression pattern of METTL3 in PCa tissues, 
and analyze its relationship with clinical pathol-
ogy as well as survival rate of patients. We dem-
onstrated that compared with adjacent benign 
prostatic epithelia, METTL3 protein levels were 
obviously up-regulated in PCa tissues, espe-
cially in patient with bone metastasis. METTL3 
knockdown inhibited PCa cell aggression by 
m6A-dependent translation control in vitro. 
These results suggested that METTL3 played 
an oncogen on the progression of PCa, though 
there are other studies that had suggested 
some controversial conclusions. Vu et al. stat-
ed that METTL3 promotes the translation of 
c-MYC, BCL2 and PTEN mRNAs in human 
myeloid leukemia cells, and decreased the lev-
els of apoptosis in leukemia cells [23]. However, 
METTL3 depletion promotes the growth and 
self-renewal of glioblastoma stem cells through 
down-regulating ADAM19 expression [24]. m6A 
plays a dual role of either as a tumor suppres-
sor, or an oncogene in cancer [25], which seem-
ly depends on various functions of target genes 
or the specific recognition of m6A-binding pro-
teins that determines the fate of target genes, 
however, the concrete mechanism need be fur-
ther elucidated.

Tumor cells present a number of adhesive 
abnormalities which contribute significantly to 
their ability to invade locally and at a distance 
[26]. Alterations in the expression of the integ-
rins and molecules regulating the downstream 
signaling events they mediated are associated 
with cancer metastasis [27]. Collagen type I is 
the most abundant protein within the bone, 
making up >90% of the total protein within this 
site. PCa cells are chemotactic toward and bind 
to Collagen I to form the bone metastases. In 
addition, Type I Collagen Receptor (α2β1) sig-
naling could increase PCa cells adhesion to 
Collagen, thus promoting tumor cells anchoring 
to bone [28]. Furthermore, m6A was found to 
regulate the integrin signaling pathway [29]. In 
this study, we found that METTL3 expression 
levels are associated with the risk of PCa bone 
metastasis. Mechanistically, METTL3 facilitat-

ed PCa cells recruitment to Collagen I by in- 
creasing ITGB1 expression levels in a m6A-
dependent manner. However, METTL3 did not 
influence the expression of integrin α2, αV, β3, 
and the adhesion of PCa cells to matrix pro-
teins fibronectin, laminin, and vitronectin. The 
findings presented here provide a novel mecha-
nism underlying the PCa osteotropism.

To illuminate the molecular mechanism by 
which METTL3 promoted tumor metastasis in 
PCa, we performed a GEO2R analysis using the 
public GEO microarray data. The gene expres-
sion profile dataset GSE40272 was download-
ed from. From the enrichment analysis, we 
focused on the integrin signaling pathway, 
which was previously reported to be highly cor-
related with malignancy bone metastasis. We 
confirmed that ITGB1 was regulated by METTL3 
and was modified in the 3’UTR and CDS by 
METTL3-intermediated m6A methylation as 
determined by RIP assays and luciferase 
reporter assay, followed by identification with 
METTL3 shRNA. Furthermore, We transfected  
LNCaP-METTL3 cells with ITGB1 siRNA to si- 
lence ITGB1 expression, the results showed 
that ITGB1 depletion inhibited the METTL3-
enhanced binding to Collagen I in LNCaP-
METTL3 cells. Similarly, the effects of METTL3 
seen in vitro on tumor cell adherence and 
migration could also be blocked by blocking 
antibodies to ITGB1, and not to other integrins. 
Therefore, METTL3 facilitated PCa cells recruit-
ment to Collagen I by increasing ITGB1 expres-
sion levels functioning as an m6A mediator.

Analogous to DNA methylation, the diversity 
biological function of m6A depends largely on 
specific m6A-binding proteins. HuR belongs to 
embryonic lethal abnormal visual (ELAV) family 
of RNA binding protein that widely present on 
many cell types. HuR regulates cancer-related 
target mRNA stability and protein translation at 
post-transcriptional level, thereby affecting the 
biological characteristics of the tumor [30]. 
HuR is also essential for PCa growth and che-
moresistance [31]. Recently, Visvanathan re- 
ported that HuR bound more efficiently to m6A-

Figure 4. METTL3 regulated ITGB1 expression in an m6A-dependent manner. A. Cells were treated with 50 μg/ml 
CHX (cycloheximide), 10 μM MG132 or DMSO for 24 h, followed by detection of ITGB1 protein levels; B. The global 
m6A levels in PCa were determined by m6A dot blot; C. Gene-specific m6A qPCR validation of m6A level changes of 
ITGB1 mRNA in PC3 cells; D, E. Luciferase reporter and mutagenesis assays. Each stable cells were co-transfected 
with ITGB1-CDS or ITGB1-3’UTR bearing wild-type or mutant (m6A replacedby T) m6A motifs; F, G. Effects of METTL3 
on ITGB1 mRNA stability. *P < 0.05, **P < 0.01. 
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modified RNA over unmethylated RNA and 
mediated mRNA stabilization. The recruitment 
of HuR to m6A-modified RNA is essential for 
SOX2 mRNA stabilization by METTL3, which 
mediated glioma stem-like cells maintenance 
and radioresistance [32]. In this stuy, we also 
found that HuR was over-expressed in PCa tis-
sues and widely expressed in multiple PCa cell 
lines. HuR increased its binding to mRNA of 
ITGB1 because of the increased m6A level, 
which resulted from METTL3 overexpression, 
thus increasing the stability of ITGB1 mRNA. 
This is consistent with the findings of Wu et al., 
increased HuR levels regulated integrin β1/
FAK/ERK signaling, which promoted migration, 
invasion, and anoikis resistance of metastatic 
lung cancer cells [33]. However, there are some 
controversial conclusions. HuR was prone to 
binding with less m6A-modified RNA and stabi-

lizing its bound counterparts, METTL3 and 
METTL14 methylated developmental-related 
RNA and m6A methylation blocked HuR bind-
ing, resulting in transcript destabilization. Kno- 
ckdown of METTL3 or METTL14 reduced m6A 
to increase HuR-mRNA interaction and prevent 
miRNA binding [34]. These controversial results 
may underscore the complicated character of 
HuR in m6A-modulation which requires further 
illustrations.

In conclusion, the results of this study provide 
direct evidence for the modulation of METTL3-
positive PCa cells osteotropism. Mechanistica- 
lly, METTL3 enhances the expression levels of 
ITGB1 and the adhesion to bone marrow matrix 
Collagen I in PCa cells, at least partially through 
HuR-mediated mRNA stability (Figure 6C). Our 
results provide the new therapeutic targets for 
PCa bone metastasis.

Figure 6. METTL3 promotes bone metastasis of PCa cells in vivo. A. PCa cells were injected in the tibiae of mouse 
models, and bone destruction were monitored by X-ray imaging; B. H&E analysis for METTL3 of bone metastases 
from A (mice injected with PCa cells). Magnification, × 200; C. The primary mechanisms by which METTL3-mediated 
m6A modification promotes bone metastasis of PCa cells.

Figure 5. HuR enhances ITGB1 mRNA stability via an m6A-dependent manner. A. Effects of HuR on ITGB1 mRNA 
stability; B. Effects of YTHDF2 on ITGB1 mRNA stability; C. RIP assays validated the direct interaction between the 
HuR and ITGB1 mRNA in PC3 and LNCaP cells; D. The expression of HuR in various prostate cells was analyzed by 
Western Blot, GAPDH was used as a loading control. E. Immunoblotting assay of ITGB1 after HuR-knockdown in PC3 
cells or HuR-overexpression in LNCaP cells; F, G. The effect of HuR on PCa cell adhesion and migration ability; H. 
After transfected with METTL3 shRNA, Agarose electrophoresis and PCR analysis of RIP assays in PCa cells showing 
the change of binding between the HuR protein and ITGB1 mRNA. *P < 0.05, **P < 0.01. 
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Table S1. Description of the shRNA sequences
Primer Sequence
siMETTL3-1 5’-CTGCAAGTATGTTCACTATGA-3’
siMETTL3-2 5’-UCAUAGUGAACAUACUUGCAG-3’
siHuR-1 5’-GCAGCAUUGGUGAAGUUGAAUCU-3’
siHuR-2 5’- GCCCAUCACAGUGAAGUUUGCA-3’
siYTHDF2-1 5’-TTGGCTATTGGGAACGTCCTT-3’
siYTHDF-2 5’-AAGGACGTTCCCAATAGCCAA-3’
siITGB1 5’-AUGGGACACGGGUGAAAAUTT-3’
nonspecific oligos 5’-GCUUCGCGCCGUAGUCUUATT-3’

Table S2A. Description of the primer sequences for PCR
Primer Sequence
METTL3
    Forward 5’-TTGCGGCCGCAAGGTGTCCGCGTGAGAATTGG-3’
    Reverse 5’-GCTCTAGAGCCTTAGCTCTGTAAGGAAGTGCTTC-3’
HuR 
    Forward 5’-TTGCGGCCGCAACTTCCCGCCCGTGTTCAGAT-3’
    Reverse 5’-CCCTCGAGGGCGTGAGCGAGTTATTTGTGGG-3’

Table S2B. Description of the primer sequences for qRT-PCR
Primer Sequence
METTL3
    Forward 5’-TTGTCTCCAACCTTCCGTAGT-3’
    Reverse 5’-CCAGATCAGAGAGGTGGTGTAG-3’
ITGB1
    Forward 5’-CACGGCTGCTGGTGTTTTCC-3’
    Reverse 5’-CCTTCTATTGCTCACCTTGTCC-3’
HuR
    Forward 5’-GGGTGACATCGGGAGAACG-3’
    Reverse 5’-CTGAACAGGCTTCGTAACTCAT-3’
ITGA2
    Forward 5’-CCTACAATGTTGGTCTCCCAGA-3’
    Reverse 5’-AGTAACCAGTTGCCTTTTGGATT-3’
ITGAV
    Forward 5’-ATCTGTGAGGTCGAAACAGGA-3’
    Reverse 5’-TGGAGCATACTCAACAGTCTTTG-3’
ITGB3
    Forward 5’-GTGACCTGAAGGAGAATCTGC-3’
    Reverse 5’-CCGGAGTGCAATCCTCTGG-3’
GAPDH
    Forward 5’-CGCTGAGTACGTCGTGGAGTC-3’
    Reverse 5’-GCTGATGATCTTGAGGCTGTTGTC-3’


