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Abstract
Background: Generally, both strands of a single pre-miRNA have been demonstrated to play a similar role
in the same tumor type. However, there are no available literatures yet so far clarifying the opposite roles
of both strands froma single miRNAin one tumor type. The purpose of this study is to investigate the
functional role of both strands of miR-154 in bone metastasis of prostate cancer (PCa).

Methods: miR-154-5p expression was examinedin 285 clinicalPCa tissuesby in situ hybridization. The
clinical correlation ofmiR-154-5p expression with clinicopathological features,and overall and bone
metastasis-free survival inPCa patients was evaluated by Kaplan-Meier survival and statisticalanalysis.
The biological roles of miR-154-3p and miR-154-5p in the bone metastasis of PCa were investigated both
in vitroand in vivo.Bioinformatics analysis, western blot and luciferase reporter analysis were used to
determinethe potential targets of miR-154-5p.Luciferase assay and Western blotting were performed to
clarify the underlying pathway implicated in the role of miR-154-5p in bone metastasis of PCa.

Results: Contrary to the well established pro-bone metastatic role of miR-154-3p in PCa, we found that
miR-154-5p expression was reduced in PCa tissues with bone metastasis andbone metastatic PCa cell
lines. Downexpression of miR-154-5p was positively associated with bone metastasis status, and
predicted poorer bone metastasis-free survival in PCa patients. Gain of function experiments showed that
upregulating miR-154-5p repressed, while silencing miR-154-5p promoted invasion, migration and
proliferation capacities of PCa cells in vitro. Conversely, miR-154-3p yielded an opposite effect oninvasion
and migration capacities of PCa cells. Importantly, administration of agomir-154-5p effectivelyinhibited
bone metastasis of PCa cellsin vivo. Mechanistic dissection further demonstrated miR-154-5p inhibited
invasion, migration and proliferation by targeting EGFR and FGFR1, leading to inactivation of PI3K/AKT
signaling. However, the autocrine levels of corresponding ligands in the supernantant of PCa cells were
not affected by the changed expression of miR-154-5p.

Conclusion: Our results for the �rst time reveal the different role of both strands froma single miRNA in
bone metastasis of PCa, which will facilitate the development of anti-bone metastatic therapeutic
strategy in PCa.

Background
Bone is the most preferential metastatic site of prostate cancer (PCa), with a high incidence of 65–80% in
advanced PCa [1].Once cancer cells disseminate to bone, they signi�cantly disrupt normal bone
remodeling, resulting in bone fractures, nerve compression, pain, and hypercalcemia [2].Despite great
progresses in the treatment of primary PCa in the past decades, distant bone metastasis remains the
priming issue responsible for the poor survival time of PCa patients [3]. Indeed, the 5-year survival rate of
PCa patients with distant bone metastasis is approximately 30% compared with 90% around in primary
PCa patients [4]. Thus, prevention of bone metastasis is a major goal of treatment, and elucidation of the
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crucial factors or validation of the molecular mechanism underlying the high bone metastatic propensity
of PCa is of paramount importance.

So far, several cellular signaling pathways have been con�rmed by a large amount of literature to be
closely related to bone metastases of PCa, including TGF-β [5], Wnt [6], NF-kB [7], EGFR [8] and PI3K/AKT
signaling [9]. Compared with other well-established pro-bone metastatic signaling in PCa, accumulating
attention has been made regarding the role of PI3K/AKT signaling in bone metastasis of PCa. Since
discovered, phosphoinositide 3-kinase (PI3K)/Akt signaling has been involved in diverse cellular
processes, including cell growth, proliferation and survival [10, 11]. The PI3K/AKT signaling initiates after
binding multiple extracellular stimuli, including EGF [12], IGF-1 [13], insulin [14] and FGF [15]. Then, the
activated PI3K phosphorylates phosphatidylinositol-3,4-bisphosphate [PI(3,4)P2] and
phosphatidylinositol − 3,4,5-trisphosphate [PI(3,4,5)P3], at the 3'-hydroxyl group of the inositol ring of
phosphatidylinositol, and further recruits Akt and phosphoinositide-dependent kinases to the plasma
membrane, which ultimately results in activation of Akt signaling [16, 17]. The activated Akt further
phosphorylates a variety of downstream effectors, leading to unlimited proliferation and growth of cells
[18–20]. Constitutive activation of the PI3K/Akt pathway not only play an important role in the
tumorigenesis of many types of cancer [21], but also contributes to the progression and metastasis in
various types of cancer [22–24]. Notably, a study from Li and colleagues has reported that PI3K/Akt
signaling -mediated stabilization of histone methyltransferase WHSC1 promoted bone metastasis and
osteolytic bone lesions in PCa [9]. However, the underlying mechanism responsible for activation of
PI3K/Akt signaling in bone metastasis of PCa is still further clari�ed.

MicroRNAs (miRNAs), a class of non-coding RNAs, function as negative regulators of targeted genes [25].
Being able to coordinately regulate repertoires of target genes, miRNAs can potentially modulate multiple
steps of cancer development and progression [26–28]. The aberrant expression of miRNAs in cancers is
widely reported, which has shown a correlation of miRNAs and metastatic tumors [29, 30]. Furthermore,
several miRNAs have been identi�ed as crucial mediators in the bone metastasis of PCa [7, 31]. As one of
the originally identi�ed miRNAs, miR-154-5p has been reported to be frequently downregulated in multiple
cancer types [32, 33]. In PCa, Gururajan and colleagues have reported that miR-154-3p was elevated in
bone metastatic prostate cancer cell lines and tissues, and silencing miR-154-3p led to decreased bone
metastasis and increased survival [34]. Strikingly, a study from Formosa has shown that miR-154-5p
expression was dramatically downregulated in metastatic PCa cell lines as compared with normal
prostatic epithelial cells (PrEC) through miRNAs microarray [35]. These �ndings suggested that both
strands from a single miRNA may play the opposite roles in the bone metastasis of PCa. However, the
clinical signi�cance and biological role of miR-154-5p in the bone metastasis of PCa, as well as the
underlying molecular mechanisms by which miR-154-5p regulates bone metastasis of PCa have not been
reported yet.

In this study, our results found that miR-154-5p expression was decreased in PCa tissues with bone
metastasis compared with PCa tissues without bone metastasis, but was no signi�cant difference of
miR-154-5p expression between PCa tissues and adjacent normal tissues. Low level of miR-154-5p
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predicted poor bone metastasis-free survival in PCa patients. Moreover, upregulating miR-154-5p
inhibited, while silencing miR-154 increased proliferation, invasion and migration abilities of PCa cells in
vitro. By contrast, miR-154-3p played an opposite role in PCa cells. Importantly, agomir-154-5p injection
through tail vein dramatically suppressed the bone metastasis of PCa cells in vivo. Our results further
demonstrated that miR-154-5p repressed activity of PI3K/AKT signaling by targeting EGFR and FGFR1,
which further inhibited bone metastasis of PCa. Therefore, our results unveil a novel mechanism
responsible for constitutive activation of PI3K/AKT signaling in bone metastasis of PCa.

Methods

Cell lines and cell culture
The human PCa cell lines 22RV1, PC-3, VCaP, DU145, LNCaP and normal prostate epithelial cells RWPE-1
were obtained from Procell (Wuhan, China). RWPE-1 cells were grown in de�ned keratinocyte-SFM (1×)
(Invitrogen). PC-3, LNCaP and 22Rv1 cells were cultured in RPMI-1640 medium (Life Technologies,
Carlsbad, CA, US) supplemented with penicillin G (100 U/ml), streptomycin (100 mg/ml) and 10% fetal
bovine serum (FBS, Life Technologies). DU145 and VCaP cells were grown in Dulbecco's modi�ed Eagle's
medium (Invitrogen) supplemented with 10% FBS. The C4-2B cell line was purchased from the MD
Anderson Cancer Center and maintained in T-medium (Invitrogen) supplemented with 10 % FBS. All cell
lines were grown under a humidi�ed atmosphere of 5 % CO2 at 37°C.

Plasmids, Transfection And Generation Of Stable Cell Lines
The human MIR154 gene was PCR-ampli�ed from genomic DNA and cloned into a Ubi-MCS-SV40-EGFP-
IRES-puromycin lentiviral vector (GV369, Genechem, Shanghai, China). The 3'UTR of IGF1R, EGFR and
FGFR1 were PCR-ampli�ed from genomic DNA and cloned into pmirGLO vectors (Promega, USA), and the
list of primers used in cloning reactions is shown in Additional �le 1- Table S1. Agomir-154-3p, agomir-
154-5p, antagomir-154-3p, antagomir-154-59, the siRNA of EGFR and FGFR1 were purchased from
RIBOBIO Company (Guangzhou, China). Cells were treated with MK-2206 (Selleck Chemicals, Houston,
TX, USA) at the concentrations (1 µM). Transfection of miRNA, siRNAs, and plasmids was performed as
previously described [36].

Rna Extraction, Reverse Transcription, And Real-time Rt-pcr
Total RNA from tissues or cells was extracted as described previously [37]. Messenger RNA (mRNA) and
miRNA were reverse transcribed from total mRNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher, USA) according to the manufacturer’s protocol. Complementary DNA (cDNA) was
ampli�ed and quanti�ed on the CFX96 system (BIO-RAD, USA) using iQ SYBR Green (BIO-RAD, USA). The
primers are provided in Additional �le 2- Table S2. Real-time PCR was performed according to a standard
method, as described previously [38]. Primers for U6, miR-154-3p and miR-154-5p were synthesized and
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puri�ed by RiboBio (Guangzhou, China). U6 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the endogenous controls. Relative fold expressions were calculated with the comparative
threshold cycle (2− ΔΔCt) method.

Patients And Tumor Tissues
A total of 285 PCa tissues, including 203 PCa tissues without bone metastasis and 82 PCa tissues with
bone metastasis, and 46 benign prostate hyperplasia tissues (BPH) were obtained during surgery or
needle biopsy between January 2014 and December 2018 at the Jiangmen Key Laboratory of Clinical
Biobanks and Translational Research, The A�liated Jiangmen Hospital of Sun Yat-sen University
(Guangdong, China). Patients were diagnosed based on clinical and pathological evidence, and the
specimens were immediately snap-frozen and stored in liquid nitrogen tanks. For the use of these clinical
materials for research purposes, prior patient’ consents and approval from the Institutional Research
Ethics Committee were obtained. The clinicopathological features of the patients are summarized in
Additional �le 3- Table S3. The median of miR-154-5p expression in PCa tissues was used to stratify high
and low expression of miR-154-5p.

Mirna Immunoprecipitation
Cells were co-transfected with HA-Ago2, followed by HA-Ago2 immunoprecipitation using anti-HA-
antibody. Real-time PCR analysis of the IP material was performed to test the association of the mRNA of
EGFR, FGFR1, IGF1R and MET with the RISC complex. The speci�c processes were performed as
previously described [39].

Western Blot
Western blot was performed according to a standard method, as previously described [40]. Antibodies
against EGFR, FGFR1, IGF1R, p-AKT (S473), p-AKT (T308) and AKT were purchased from Cell Signaling
Technology. As a loading control, membranes were stripped and reprobed with an anti-α-tubulin antibody
(Sigma-Aldrich, USA).

Luciferase Reporter Assay
Cells (4 ×104) were seeded in triplicate in 24-well plates and cultured for 24 h and performed as
previously described [41]. Luciferase and Renilla signals were measured 36 h after transfection using a
Dual Luciferase Reporter Assay Kit (Promega).

Akt Activity Assay
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To measure Akt kinase activities of in cells or tumor tissues, Akt activity assay was performed as
previous described [42]. The immune complexes were then incubated with a biotinylated peptide
substrate that became phosphorylated in the presence of activated Akt. The phosphorylated substrates,
which re�ected the activity of Akt kinase in the extract, was then quanti�ed with the K-LISA Akt Activity Kit
(Calbiochem, Darmstadt, Germany) that comprises a primary antibody recognizing the phosphorylated
substrate peptides.

Animal Study
All mouse experiments were approved by the Institutional Animal Care and Use Committee of Guangdong
Medical University, and the approval-No. was GDY2102160. For the bone metastasis study, BALB/c-nu
mice ((5–6 weeks old, 18–20 g)) were anaesthetized and inoculated into the left cardiac ventricle with 1 ×
105 PC-3 cells in 100 µl of PBS. After two days of cell injection, animals were injected with 100 µl agomir
scramble or agomir-154-5p through the lateral tail vein every three days for 4 weeks. Bone metastases
were monitored by bioluminescent imaging (BLI) as previously described [43]. Osteolytic lesions were
identi�ed on radiographs as radiolucent lesions in the bone. The area of the osteolytic lesions was
measured using the Metamorph image analysis system and software (Universal Imaging Corporation),
and the total extent of bone destruction per animal was expressed in square millimeters. Each bone
metastasis was scored based on the following criteria: 0, no metastasis; 1, bone lesion covering < 1/4 of
the bone width; 2, bone lesion involving 1/4 ~ 1/2 of the bone width; 3, bone lesion across 1/2 ~ 3/4 of
the bone width; and 4, bone lesion > 3/4 of the bone width. The bone metastasis score for each mouse
was the sum of the scores of all bone lesions from four limbs. For survival studies, mice were monitored
daily for signs of discomfort, and were either euthanized all at one time or individually when presenting
signs of distress, such as a 10% loss of body weight, paralysis, or head tilting.

In Situ Hybridization
In situ hybridization (ISH) was performed on PDAC tumors using locked nucleic acid (LNA) probes for
miR-154-5p (Exiqon, Vedbaek, Denmark). Brie�y, Para�n-embedded tumors were depara�nized, treated
with proteinase K, and �xed in paraformaldehyde. The digoxigeninlabeled LNA probe was hybridized
overnight. Slides were rinsed and incubated with anti-digoxigenin, a horseradish peroxidase (HRP)-linked
antibody (Zsbio, China), for 2 hr. The detection reaction was performed using the DAB Ready-to-Use Kit
(ZLI-9018, Zsbio, China). For each sample, the whole �elds of each slide were analyzed by optical
microscope. The ISH scores given by the two independent investigators were averaged for further
comparative evaluation of the miR-154-5p expression. Tumor cell proportion was scored as follows: 0 (no
positive tumor cells), 1 (< 10% positive tumor cells), 2 (10–35% positive tumor cells), 3 (35–70% positive
tumor cells), and 4 (> 70% positive tumor cells). The staining intensity was graded according to the
following criteria: 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellow brown), and
3 (strong staining, brown). The ISH score was calculated as the product of staining intensity score and
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the proportion of positive tumor cells. Using this method of assessment, we evaluated miR-154-5p
expression in pancreatic cancer samples by determining the staining intensity (SI), with scores of 0, 1, 2,
3, 4, 6, 8, 9, or 12. ISH score 4 was the median of all sample tissue SI scores. High and low expression of
miR-154-5p were strati�ed by the follow criteria. An ISH score of 4 was used to de�ne tumors with high
expression of miR-154-5p and SI < 4 as tumors with low expression of iR-154-5p.

Invasion And Migration Assays
The invasion and migration assays were performed using Transwell chamber consisting of 8µm
membrane �lter inserts (Corning) with or without coated Matrigel (BD Biosciences) respectively, and was
carried out as previously described [44]. Brie�y, the cells were trypsinized and suspended in serum-free
medium. Then, 1.5x105 cells were added to the upper chamber, and lower chamber was �lled with the
culture medium supplemented with 10% FBS. After incubation for 24–48 h, cells passed through the
coated membrane to the lower surface, where cells were �xed with 4% paraformaldehyde and stained
with haematoxylin. The cell count was performed under a microscope (×100).

Mtt Assay
Cells were seeded into 96-well plates in triplicate at the initial density of 0.2 × 104 cells/well. At various
time points, groups of cells were incubated with 100 µl of 0.5 mg/ml sterile MTT [3-(4, 5-dimethyl-2-
thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide; Sigma] for 4 h at 37ºC. The culture medium was then
removed, and 150 µl of DMSO (Sigma) was added. The absorbance values were measured at 570 nm
using 655 nm as the reference wavelength.

Colony Formation Assay
Cells (0.2 × 103) were plated into six well plates and cultured for 10 days. Colonies were then �xed for 15
min with 10% formaldehyde and stained for 30s

with 1.0% crystal violet. Plating e�ciency = number of colonies (≥ 50 cells per colony) per input cells x
100%. Different colony morphologies were captured under a light microscope (Olympus).

Statistical analysis
All values are presented as the mean ± standard deviation (SD). Signi�cant differences were determined
using the GraphPad 5.0 software (USA). One-way ANOVA was used to determine statistical differences
between multiple testing and the post hoc test after ANOVA is Tukey. Unpaired or paired t-test was used to
determine statistical differences between two groups. The chi-square test was used to analyze the
relationship between miR-154-5p expression and clinicopathological characteristics. Survival curves were
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plotted using the Kaplan Meier method and compared by log-rank test. P < 0.05 was considered statistical
signi�cant. All experiments were repeated three times.

Results

miR-154-5p is downregulated in PCa tissues with bone
metastasis
To determine the clinical and prognostic signi�cance of miR-154-5p in PCa, especially in bone metastatic
PCa, we �rst examined miR-154-5p expression levels in 46 benign prostate hyperplasia tissues (BPH) and
285 PCa tissues with different TNM stages, International Society of Urological Pathology (ISUP) grades
and bone metastatic status using in situ hybridization (ISH) (Fig. 1A). As shown in Fig. 1B, miR-154-5p
was mainly detected in the cytoplasma of cells, and the case number of BPH and PCa tissues with
different staining index (SI) was shown in Additional �le 5-Figure S1A. First, differential SI of miR-154-5p
between BPH and PCa tissues was not observed (Fig. 1C). Consistently, there was no signi�cant
difference of miR-154-5p expression level between in primary PCa tissues and in the adjacent normal
tissues (ANT) by analyzing the miRNA sequencing dataset of PCa from The Cancer Genome Atlas
(TCGA) (Additional �le 5-Figure S1B and C). Further investigation showed that the SI of miR-154-5p was
remarkably reduced in PCa tissues with bone metastasis (PCa/BM) compared with that in PCa tissues
without bone metastasis (PCa/nBM) (Fig. 1D), which was further supported by TCGA dataset (Additional
�le 5-Figure S1D). Moreover, the percentage of low miR-154-5p expression in BM was obviously higher
than that in nBM (Additional �le 5-Figure S1E and F), but there was no statistical difference between BPH
and tumor (Additional �le 5-Figure S1G). We further examined the expression levels of miR-154-5p in 6
PCa cells and one normal prostate epithelial cells RWPE-1, and found that miR-154-5p expression were
differentially downregulated compared with that in RWPE-1, particularly in bone metastatic PCa cell lines
PC-3 (Additional �le 5-Figure S1H). Collectively, these results suggest that low expression of miR-154-5p
may be involved in the bone metastasis of PCa.

Low levels of miR-154-5p predicts poor bone metastasis-free survival in PCa patients

The clinical correlation of miR-154-5p expression levels with clinicopathological characteristics in PCa
patients from TCGA was �rst analyzed. As shown in Additional �le 6-Figure S2A-D, miR-154-5p
expression had no signi�cant correlation with T classi�cation, N classi�cation, M classi�cation and ISUP
grade in PCa patients. The results of statistical analysis revealed that low expression of miR-154-5p
positively correlated with M classi�cation and bone metastasis status in PCa patients (Additional �le 4-
Table S4). The difference of clinical correlation of miR-154-5p expression level with M classi�cation
between the dataset from our samples and TCGA may be explained that our PCa samples included more
metastatic PCa tissues when analyzed, particularly bone metastatic PCa tissues. Kaplan-Meier survival
analysis based on ISH staining index indicated that PCa patients with low miR-154-5p expression
correlated with shorter bone metastasis-free and progression-free survival compared with those with high
miR-154-5p expression (Fig. 1E and F), but had no effect on overall survival in PCa patients from our and
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TCGA datasets (Additional �le 7-Figure S3A and B). Interestingly, TCGA analysis showed no statistical
signi�cance of miR-154-5p expression with progression-free survival in PCa patients (Additional �le 7-
Figure S3C), which we speculated that compared with direct clinical detection technique through ISH,
miR-154-5p levels examined by microarrays based on RNA extraction from sample tissues in TCGA
dataset may be more likely to be in�uenced by technical factors. Taken together, these �ndings indicate
that low levels of miR-154-5p strongly and positively correlates with poor bone metastasis-free survival in
PCa patients.

miR-154-3p and miR-154-5p play opposite roles in regulating invasion and migration abilities of PCa cells

To determine the effect of miR-154-5p on the bone metastasis of PCa, we �rst constructed miR-154-
stably overexpressing three bone metastatic PCa cell lines, including PC-3, VCaP and C4-2B, and
endogenously downregulated miR-154 in C4-2B cells. Real-time PCR results showed that miR-154-3p and
miR-154-5p were simultaneously upregulated in miR-154-transfecting PCa cells, and reduced in miR-154-
silenced C4-2B cells (Additional �le 8-Figure S4A and B). Then, the effects of miR-154 overexpression or
downregulation on invasion and migration abilities of PCa cells were further investigated. Surprisingly,
neither upregulating nor silencing miR-154 had no signi�cant effect on invasion and migration abilities of
PCa cells (Additional �le 8-Figure S4C and D), even though overexpressing miR-154-5p has been reported
to inhibit invasion and migration abilities of PCa cells in several independent studies [35, 45, 46].
Therefore, we posed a hypothesis that miR-154-3p may play an opposite role in regulating invasion and
migration abilities of PCa cells, which gave rise to the net results of miR-154 overexpression showing no
signi�cant difference on invasion and migration abilities of PCa cells compared with the control groups,
because miR-154-3p and miR-154-5p were simultaneously upregulated in miR-154-transfecting PCa cells.
To con�rm this hypothesis, agomir-154-3p or agomir-154-5p at the concentrations (1 µM) was
administered respectively. As shown in Fig. 2A and B, we found that agomir-154-5p reduced, while
antagomir-154-5p enhanced invasion and migration abilities of PCa, which were consistent with the
aforementioned studies [35, 45, 46]. Conversely, agomir-154-3p expectedly increased invasion and
migration abilities of PCa cells; whereas antagomir-154-3p inhibited invasion and migration abilities of
PCa cells (Additional �le 8-Figure S4E and F). In fact, miR-154-3p has been previously demonstrated to
play an oncogenic role in bone metastasis of PCa [34]. Therefore, our results in combination with other
study indicate that both strands from a single miR-154 play opposite roles in regulating invasion and
migration abilities of PCa cells.

Upregulating Mir-154-5p Represses Proliferation In Pca
Cells
To further explore the biological functions of miR-154-5p in bone metastasis of PCa, Gene Set Enrichment
Analysis (GSEA) based on miR-154-5p expression data from TCGA was performed. As shown in
Additional �le 9-Figure S5A-H and Additional �le 10-Figure S6A and B, we found that low expression of
miR-154-5p correlated with metastatic propensity and proliferation in multiple cancer types. Hence, MTT
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assay was further performed to investigate the effects of miR-154-5p on proliferation ability of PCa cells.
As shown in Fig. 2C, agomir-154-5p decreased, while antagomir-154-5p increased the proliferation ability
of PCa cells. Colony formation assays revealed that agomir-154-5p attenuated, while antagomir-154-5p
enhanced the colony forming ability of PCa cells (Fig. 2D). Therefore, our results demonstrate that
upregulating miR-154-5p abrogates invasion, migration and proliferation abilities of PCa cells.

agomir154-5p inhibits bone metastasis of PCain vivo

To determine the effect of miR-154-5p on the bone metastasis of PCa in vivo, a mouse model of bone
metastasis was used, where PC-3 cells were inoculated into the left cardiac ventricle of male nude mic.
After two days of inoculation of PC-3 cells, the scramble or agomir-154-5p was injected through tail vein
with three days interval for 4 weeks. As shown in Fig. 3A, agomir-154-5p decreased bone metastasis
ability compared with the scramble group by X-rays. In addition, agomir-154-5p dramatically reduced the
tumor burden in bone by H&E staining (Fig. 3B). Importantly, agomir-154-5p not only decreased bone
metastatic score and osteolytic area of metastatic tumors (Fig. 3C and D), but also prolonged bone
metastasis-free survival (Fig. 3E). Collectively, our results demonstrate that upregulating miR-154-5p
represses the bone metastasis of PCa in vivo.

Mir-154-5p Inhibits Pi3k/akt Signaling Pathway
The results of GSEA analysis revealed that miR-154-5p expression signi�cantly correlated with activity of
PI3K/AKT signaling pathway that has been demonstrated to play an important role in bone metastasis of
PCa [9, 47] (Additional �le 11-Figure S7A and B). Thus, we further investigated whether miR-154-5p has
an in�uence on activity of PI3K/Akt signaling in PCa cells. AKT activity was �rst examined in PCa cells by
luciferase reporter assays, and the results revealed that AKT activity was decreased in agomir-154-5p-
treated cells and increased in antagomir-154-5p-treated cells (Fig. 4A).Western blotting analysis showed
that agomir-154-5p decreased the phosphorylation levels of AKT at S473 and T308, whereas antagomir-
154-5p increased their expression (Fig. 4B). Therefore, these results indicate that miR-154-5p inhibits AKT
signaling activity in bone metastatic PCa cells.

AKT signaling is essential for the tumor-promoting role of antagomir-154-5p in PCa

We further explored the functional signi�cance of AKT signaling in the pro-metastasis role of miR-154-5p
downregulation in PCa cells using an allosteric AKT inhibitor MK-2206. As shown in Additional �le 12-
Figure S8A, MK-2206 showed gradient inhibition of the AKT activity in a dose-dependent manner in PCa
cells. Notably, the stimulatory effect of antagomir-154-5p on AKT activity was abrogated by MK-2206
(Additional �le 12-Figure S8B). In addition, inhibition of AKT activity by MK-2206 attenuated the invasion
and migration abilities in antagomir-154-5p-treated C4-2B cells (Fig. 4C and D). Consistently, inhibition of
AKT kinase activity decreased the proliferation and colony formation abilities stimulated by antagomir-
154-5p in C4-2B cells (Fig. 4E and F). These �ndings indicate that silencing miR-154-5p promotes the
invasion, migration and proliferation via activating the AKT signaling pathway in PCa cells.
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Mir-154-5p Targets Several Cytokine Receptors
By analyzing several available algorithms TargetScan, miRanda and miRWalk, we found that several
cytokine receptors, including EGFR, FGFR1, FGFR2, IGF1R, ERBB4 and INSR, may be potential target of
miR-154-5p (Fig. 5A and Additional �le 13-Figure S9A). Numerous literatures have reported that several
cytokine signaling, including EGF/EFGR [12], IGF-1/IFG1R [13], insulin/INSR [14] and FGF/FGFR [15], have
been reported to play important roles in activation of PI3K/Akt pathway. Real-time PCR analysis showed
that agomir-154-5p reduced, while antagomir-154-5p increased the mRNA expression levels of EGFR,
FGFR1 and IGF1R, but not of FGFR2, ERBB4 and INSR (Fig. 5B, and Additional �le 13-Figure S9B and C).
Western blot was further performed to examine the effect of miR-154-5p on protein expression levels of
EGFR, FGFR1 and IGF1R, and the results showed that agomir-154-5p reduced, while antagomir-154-5p
enhanced the protein expression levels of EGFR and FGFR1, but not for IGF1R in PCa cells (Fig. 5C). This
�nding indicated that miR-154-5p inhibits the expression of EGFR and FGFR1 via inducing mRNA
degradation, and IGF1R via translational inhibition in PCa cells. Luciferase assay revealed that agomir-
154-5p decreased, while antagomir-154-5p increased the reporter activity of the 3′UTRs of EGFR and
FGFR1 transcripts, but had no effect on mutant reporter activity (Fig. 5D, and Additional �le 13-Figure S9D
and E). RNA immunoprecipitation (IP) assay demonstrated a selective association of miR-154-5p with
EGFR and FGFR1 transcripts (Fig. 5E-G). These �ndings indicate that EGFR and FGFR1 are direct targets
of miR-154-5p in PCa cells.

miR-154-5p inhibits invasion, migration and proliferation of PCa cells by targeting EGFR and FGFR1

Subsequent rescue experiments showed that individual silencing EGFR or FGFR1 rescued the AKT activity
enhanced by antagomir-154-5p in PCa cells (Fig. 6A). Consistently, silencing EGFR or FGFR1 partially
reversed the stimulatory effect of antagomir-154-5p on invasion, migration and colony formation abilities
in PCa cells (Fig. 6B-D). ELISA assays showed that upregulation or downregulation of miR-154-5p had no
signi�cant effect on EGF, bFGF, IGF1 and IGF2 concentration in the supernantant of PCa cells (Additional
�le 14-Figure S10A-C). Collectively, these results indicate that miR-154-5p represses AKT signaling activity
via inhibiting cytokine receptors rather than cytokines expression, which further inhibits proliferation and
mobility of PCa cells.

Discussion
The critical �ndings of the current study present novel insights into the inhibitory role of miR-154-5p in the
activation of PI3K/AKT signaling, which further inhibits bone metastasis of PCa. Here, we reported that
miR-154-5p expression was dramatically decreased in bone metastatic PCa tissues, which positively
correlated with PSA levels and bone metastasis status in PCa patients, and more importantly predicted
poor bone metastasis-free survival in PCa patients. Our results further demonstrated that miR-154-5p
repressed PI3K/AKT signaling in PCa cells via directly targeting EGFR and FGFR1, �nally inhibiting the
development of bone metastasis in PCa. Therefore, our results uncover a novel mechanism by which
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miR-154-5p inhibits bone metastasis of PCa, further determining the tumor-suppressive role of miR-154-
5p in bone metastasis of PCa.

miR-154-5p has been extensively demonstrated to be downregulated in a variety of cancer types, and
function as an important tumor suppressor [33, 35, 48, 49]. Strikingly, several studies have reported that
miR-154-5p was upregulated in certain types of cancer, including squamous cell carcinoma of tongue
[50], glioblastoma [51] and medullary thyroid carcinoma [52]. These �ndings suggest that the pro- and
anti-cancer role of miR-154-5p is tumor type dependent. In PCa, several lines of evidence have showed
that miR-154-5p was downregulated in PCa tissues [45, 53]. Importantly, miR-154-5p expression has been
identi�ed to be dramatically downregulated in metastatic cell lines as compared with normal prostatic
epithelial cells (PrEC) through miRNAs microarray [35], suggesting that low level of miR-154-5p was
implicated in the metastatic phenotype of PCa. However, the clinical signi�cance of miR-154-5p in the
progression and bone metastasis of PCa, as well as the biological role of miR-154-5p and its molecular
mechanisms underlying bone metastasis of PCa have not been elucidated. In this study, our results
demonstrated that miR-154-5p was downregulated in bone metastatic PCa tissues, and low levels of miR-
154-5p positively correlated with poor bone metastasis-free survival in PCa patients. Furthermore, our
results revealed that miR-154-5p inhibited PI3K/AKT signaling by simultaneously targeting EGFR and
FGFR1, which further repressed bone metastasis of PCa. Therefore, our results indicate that miR-154-5p
plays a tumor-suppressive role in bone metastasis of PCa. Notably, Gururajan and colleagues have
reported that miR-154-3p was elevated in bone metastatic prostate cancer cell lines and tissues, and
silencing miR-154-3p led to decreased bone metastasis and increased survival [34]. Our results in
combination with this �nding elucidate that different spliced products of a pre-miRNAs may play
different, even opposite roles in the same biological process.

The PI3K/Akt signaling cascade can be initiated by several stimuli, including G-protein-coupled receptors,
receptor tyrosine kinases and cytokine receptors, [10, 11], where cytokine-induced regulatory mechanism
has been regarded as a primary way in the activation of PI3K/Akt signaling. In this scenario, activation of
PI3K/Akt signaling ignites with the binding of various types of cytokines to the corresponding receptor,
such as EGF [12], IGF-1 [13], insulin [14] and FGF [15]. Numerous studies have reported that upregulation
of the cytokine receptors, or aberrant secretion of cytokines in an autocrine or paracrine manner
contributes to the sustained activity of PI3K/Akt signaling [54–57]. However, how these cytokines and the
receptors are concomitantly disrupted in cancers, giving rise to the constitutive activation of PI3K/AKT
signaling, remains largely unknown. In the current study, we found that several cytokine receptors,
including EGFR, ERBB4, FGFR1, FGFR2, IGF1R and INSR, may be potential targets of miR-154-5p through
analyzing publicly available algorithms. Notably, only protein expression levels of EGFR and FGFR1 were
decreased in agomir-154-5p-treated PCa cells, and upregulated in antagomir-154-5p-treated PCa cells.
Importantly, autocrine levels of the corresponding cytokines were not affected by changed expression of
miR-154-5p in PCa cells. Therefore, our results indicate that miR-154-5p inhibits AKT signaling via directly
targeting EGFR and FGFR1 in PCa cells.
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In metastatic PCa tumor tissues, loss-of-function mutations or genomic alterations of the core
components of the PI3K/AKT signaling, such as phosphatase and tensin homolog (PTEN), contributes to
70% of aberrant activation of PI3K/AKT signaling in cancer [58, 59], elucidating the crucial roles of
PI3K/AKT signaling in metastatic phenotype of PCa. Moreover, epigenetic regulations has seized more
attention as important contributing factors for the unrestrained activation of AKT signaling [60],
particularly that dysregulation of miRNAs situates in a compelling component in epigenome. miR-508
has been reported to upregulated in oesophageal squamous cell carcinoma tissues, which further
sustained the activation of PI3K/Akt signaling via simultaneously targeted multiple phosphatases,
including INPP4A, INPP5J and PTEN, leading to the aggressive phenotype of oesophageal squamous cell
carcinoma [42]. In PCa, muitiple miRNAs, including miR-16, miR-106b, miR-148a, miR-4534 and miR-195,
have been reported to be implication in the activation of the PI3K/Akt signaling pathway [61–63]. In the
current study, our results demonstrated that miR-154-5p concomitantly targeted EGFR and FGFR1 in PCa
cells, and antagomir-154-5p dramatically augmented the activity of PI3K/Akt signaling in PCa cells.
Therefore, our results unravel a novel mechanism responsive for constitutive activation of PI3K/Akt
signaling pathway in the bone metastasis of PCa, supporting a functional and clinical signi�cance of
epigenetic events in bone metastasis of PCa.

It has been widely documented that miRNA could serve as a potential non-invasive biomarker for the
diagnosis and prognosis of cancer. Recently, the involvement of circulating miR-154-5p as a potential
biomarker for diagnosis and prognosis of cancer are becoming increasingly appreciated. In rectal
adenocarcinoma, serum miR-154-5p has been identi�ed as a non-invasive predictive biomarker of the
chemoradiotherapy responsiveness in patients with rectal adenocarcinoma [64]. Furthermore, low level of
serum miR-154-5p was signi�cantly associated with smoking-related lung cancer [65]. However, the
potential applicable values of circulating miR-154-5p in PCa as well as its bone metastatic phenotypes
remain scanty. In this study, our results demonstrated that low expression of miR-154-5p strongly
correlated with bone metastasis-free survival in PCa patients, suggesting that miR-154-5p may serve as a
potential bone metastasis diagnostic marker in PCa patients. However, whether serum levels of miR-154-
5p in PCa patients can serve as a potential non-invasive marker to predict bone metastasis of PCa will be
further con�rmed in the following work.

Conclusion
In summary, our results demonstrate that miR-154-5p inhibits PI3K/AKT signaling by targeting EGFR and
FGFR1, which further represses the bone metastasis of PCa. Thus, in-depth of understanding the
functional role of miR-154-5p in the pathogenesis of PCa bone metastasis will facilitates the
development of novel anti-bone metastatic therapeutic methods against PCa.
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Figures

Figure 1

miR-154-5pexpression is downregulatedin bone metastatic PCa tissues.(A)Representative images of low-
power (100×, top) and high-power (400×, bottom) �elds of H&E staining inbenign prostate hyperplasia
tissues (BPH),T3N0M0 PCa tissues with ISUP grade I, T3N0M0PCa tissues with ISUP grade III,
T3N0M0PCa tissues with ISUPgrade V, T3N1M0PCa tissues with ISUP grade IV without bone metastasis
and T3N1M1PCa tissues with ISUP grade IV with bone metastasis. (B) Representative images of low-
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power (100×, top) and high-power (400×, bottom) �elds of miR-154-5p expression by in situ hybridization
(ISH) in the aforementioned BPH and PCa tissues. Scale bars, 200 mm for 100× magni�cation and 50
mm for 400× magni�cation.(C) Staining index of miR-154-5p by ISHin 46 BPH and 285PCa tissues.n.s,
means no signi�cance.(D) Staining index of miR-154-5p by ISH in 203 PCa tissues without bone
metastasis (nBM) and 82 PCa tissues with bone metastasis (BM).(E)Kaplan–Meier analysis of bone
metastasis-free survival curves of PCapatients with high miR-154-5p expression (n = 137) versus low
miR-154-5p expression (n = 62).(F)Kaplan–Meier analysis of progression-free survival curves of
PCapatients with high miR-154-5p expression (n = 171) versus low miR-154-5p expression (n = 114).
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Figure 2

agomir-154-5pinhibits invasion, migrationand proliferation abilities ofPCa cellsin vitro.(A)The effect of
agomir-154-5p or antagomir-154-5p on invasionand migration abilities in PC-3 and VCaP cells. Error bars
represent the mean ± S.D. of three independent experiments. *P < 0.05.(B)The effect of agomir-154-5p or
antagomir-154-5p on invasionand migration abilityin C4-2B cells. Error bars represent the mean ± S.D. of
three independent experiments. *P < 0.05.(C) The effect of agomir-154-5p or antagomir-154-5p on the
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proliferation of PCa cells assessed by MTT assay.*P< 0.05. (D)The effect of agomir-154-5p or antagomir-
154-5p on thecolony number in PCa cells according to the colony formation assay.Error bars represent
the mean ± S.D. of three independent experiments. *P < 0.05.

Figure 3

agomir-154-5prepresses bone metastasis of PC-3 cells in vivo. (A) Representative radiographic images of
bone metastases in the indicated mice (yellow arrows indicate osteolytic lesions). (B) Representative
H&E-stained sections of tibias from the indicated mouse. (C)The sum of bone metastasis scores for each
mouse in scramble(n = 6) or agomir-154-5p (n = 6) group of mice. (D)Histomorphometric analysis of
bone osteolytic areas in the tibia of the indicated groups.Mean ± SEM; *, P < 0.05. (E) Kaplan-Meyer
analysis of mouse bone metastasis-free survivalin the scramble or agomir-154-5p group.
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Figure 4

miR-154-5prepresses activity of AKT signalingin PCa cells. (A) Luciferase reporter analysis of AKT
signaling activityin the indicated cells. *P < 0.05. (B)Western blotting of p-AKT expressionat S473 and
T308 in the indicated cells. α-Tubulin served as the loading control.(C and D) AKT inhibitors MK2206(1
μM) attenuated invasion (C) and migration(D)abilities in antagomir-154-5p-treatedC4-2B cells.*P < 0.05.
(E)AKT inhibitors MK2206(1 μM) attenuated proliferation ability in antagomir-154-5p-treatedC4-2B
cells.*P < 0.05.(F)AKT inhibitors MK2206(1 μM) attenuated colony formation ability in antagomir-154-5p-
treatedC4-2B cells.*P < 0.05.
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Figure 5

miR-154-5p targets EGFR and FGFR1.(A)Predicted target of miR-154-5p in TargetScan, miRwalk and
miRanda. (B) Real-time PCR analysis of EGFR,FGFR1, FGFR2,IGF1R, ERBB4 and INSR expression in the
indicated PC-3cells. Transcript levels were normalized by GAPDH expression. Error bars represent the
mean ± s.d. of three independent experiments. *P < 0.05.(C) Western blotting of EGFR, IGF1R and
FGFR1expressionin the indicated PCacells. α-Tubulin served as the loading control.(D)Luciferase assay
of cells transfected with pmirGLO-3′UTRreporter of EGFR, IGF1R and FGFR1in the indicated PC-3 cells,
respectively. *P < 0.05.(E-G)MiRNP IP assay showing the association between miR-154-5p and EGFR and
FGFR1transcripts in PCa cells. Pulldown of IgGantibody served as the negative control.*P < 0.05.
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Figure 6

miR-154-5p inhibits invasion, migration and proliferation of PCa cells by targeting EGFR and FGFR1.(A)
Individual downregulation of EGFR or FGFR1reversed the activity of AKT signaling increased by
antagomir-154-5pin PCa cells.*P< 0.05 and **P< 0.01. (B and C) Individual downregulation of EGFR or
FGFR1reversed the invasion (B) and migration(C)abilities enhanced by antagomir-154-5pin PCa cells.*P<
0.05 and **P< 0.01.(D) Individual downregulation of EGFR or FGFR1reversed the colony formation ability
increased by antagomir-154-5pin PCa cells.*P< 0.05 and **P< 0.01.
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