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knockdown at the mRNA and protein levels (Fig. 6A) for further
experiments. Our results showed that siRNA inhibition of Src
increased Go-G; cell-cycle population (16%-21%), whereas
there was a decrease of 11% to 12% in S-phase cell population
(Fig. 6B and C). Approximately 15% to 18% of the cells were in
the apoptotic fraction in Src siRNA-transfected cells com-
pared with 4% in nonspecific control (Fig. 6D and E). These
results suggest that inhibition of Src (that in turn depletes the
downstream Akt axis) by miR-23b overexpression is partly
responsible for the observed phenotype in prostate cancer
cells, and siRNA depletion of Src mimics the effect of miR-23b
Overexpression. We further carried out experiments with

antimiR-23b and anti-miR-Neg-control to determine whether
the protein expressions of the all the downregulated genes (by
miR-23b) are rescued. For this experiment, we chose DU145
cell line as it expresses higher levels of miR-23b than PC3.
Indeed the protein expression of all genes was rescued by anti-
miR-23b (Fig. 6F).

Intratumoral delivery of miR-23b suppresses
tumorigenicity in vivo

We also conducted in vivo growth suppression experiments
to determine the tumor-suppressive effect of miR-23b after
local administration in established tumors. Tumor growth was

Figure 5. miR-23b directly targets Src kinase and regulates downstream pathway genes and EMT. A, Src is a center stage molecule involved in various
pathways. B, Src kinase protein expression is high in prostate cancer cell lines than in nonmalignant RWPE1 cells. C, luciferase assays showing
decreased reporter activity after cotransfection of either wild-type Src-3'UTR or its mutated 3'UTR with miR-23b in PC3 and DU145 cells. Mut Src3'UTR,
mutated 3'UTR sequence. D, Western blot analysis showing miR-23b represses Src kinase translationally. E, Western blot analysis showing decreased
expression of Src kinase downstream genes. F and G, Western blotting and immunofluorescence showing miR-23b downregulates EMT markers.
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significantly suppressed by miR-23b over the course of exper-
iment compared with the cont-miR. Average tumor volume in
cont-miR was 850 mm® compared with the average tumor
volume of 38 mm® in mice that received miR-23b (Fig.7A) at the
termination of the experiment. We also checked the expression
of miR-23b or Src kinase in harvested tumors. Our results
showed that miR-23b expression was significantly high with a
corresponding significant decrease in the target Src kinase
gene expression in miR-23b-treated tumors compared with
controls (Fig. 7B and C). These results confirm the tumor
suppressor effect of miR-23b in a prostate xenograft model.

Discussion

In this study, we found miR-23b to be significantly silenced/
downregulated in human prostate tumor samples when com-

pared with adjacent normal samples. The downregulation of
miR-23b expression was also observed in prostate cancer cell
lines when compared with a nonmalignant cell line. This is
consistent with a previous miRNA profiling analysis of 9
prostate carcinoma samples and various cell lines that showed
downregulation of miR-23b (24). The suppression of miR-23b
expression in tumors and cancer cell lines suggests a tumor
suppressor role in prostate cancer. However, neither the
functional role nor the diagnostic or prognostic implications
of miR-23b in prostate cancer have been previously defined.
DNA methylation-mediated downregulation of miRNAs by
proximal CpG islands has been described by a number of
groups (15, 25), and identification of other targets for meth-
ylation may clarify the specific molecular events involved
in prostate cancer progression, enabling the prevention,
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diagnosis, and treatment of prostate cancer to be approached
at a molecular level. Here, we show that miR-23b is frequently
silenced through tumor-specific DNA methylation in prostate
cancer tissues and cell lines and the methylation can be used as
a diagnostic marker to distinguish malignant from normal
cases. miRNAs possess several features that make them attrac-
tive candidates as new prognostic biomarkers and powerful
tools for the early diagnosis of cancer (26). In this study, we
found that miR-23b was predictive of OS and RFS. Multiple
regression analysis also showed that miR-23b is an indepen-
dent predictor of biochemical recurrence. miR-23b expression
also distinguished malignant from normal tissues, indicating
the diagnostic significance of miR-23b in prostate cancer.
An obstacle to understanding miRNA function has been the
relative lack of experimentally validated targets. We validated
Src kinase to be a direct target of miR-23b in prostate cancer.
Src kinase requires phosphorylation within a segment of the
kinase domain termed the activation loop for full catalytic
activity and this auto-phosphorylation site is tyrosine416 (27).
Src kinase has been reported to be activated in prostate cancer
(28, 29, 30). We showed that miR-23b inhibits Src kinase at
protein levels by directly binding to its 3'UTR complimentary
sequences. Src is involved in multiple signaling pathways
including Ras/Raf/ERK1/2, PI3K/AKT, B-catenin/c-Myc/
cyclin D1, and FAK/p130CAS/MMP-9, and increased Src activ-
ity correlates with more aggressive phenotypes (28, 29, 31, 32).
We observed that inhibition of Src by miR-23b overexpression
reduced signaling via the MEK/ERK pathway. A previous study
by Chang and colleagues (28) has shown that Src inhibition by
small-molecule inhibitors induced apoptosis and cell-cycle
arrest at the Go—G; phase of the cell cycle in prostate cancer
cell lines. Our results revealed that inhibition of Src by miR-23b
overexpression induced apoptosis and Go—G; arrest in prostate
cancer cells. This effect on the cell cycle and apoptosis

prompted us to study the effect on Src downstream target
genes AKT, BAD, and STATS3, a Src target and key transcrip-
tional factor for c-Myc and cyclin D1 (33) that are involved in
the Go-G; phase of cell cycle. We found that all these genes
were downregulated at the protein level. Inhibition of Src has
been found to decrease the invasion and migration of prostate
cancer cells (29) through selective inhibition of Src substrates,
such as FAK. Our results indicate that miR-23b inhibited
prostate cell migration and invasion and also downregulated
c-Jun and FAK. Overexpression of miR-23b caused a decline in
the mesenchymal markers Vimentin and Snail, whereas there
was an increase in the expression of E-cadherin, an epithelial
marker. These results suggest that miR-23b suppresses migra-
tion and invasion independent of cell proliferation and that it
has an anti-metastatic effect on prostate cancer cells. To
determine whether Src inhibition is, at least partly, responsible
for the changes observed after miR-23b overexpression, we
carried out phenocopy experiments after inhibiting Src by
siRNA. Our results showed that inhibition of Src was respon-
sible for Gy—G; cell-cycle arrest, whereas there was a decrease
in S-phase cell population. Induction of apoptosis was also
observed in Src siRNA-transfected cells compared with non-
specific control. These results were similar to that of miR-23b
overexpression assays. We further determined that the protein
expressions of the genes that were downregulated by miR-23b
were rescued by antimiR-23b. These results strongly indicate
that the tumor-suppressive effect of miR-23b is, at least partly,
mediated by Src-Akt axis inhibition in prostate cancer.

The antiproliferative effects of miR-23b observed in this
study were confirmed in prostate tumor xenograft models. In
conclusion, our study shows that miR-23b has an important
tumor suppressor role both in vitro and in vivo.

Accumulating evidence indicates that modulation of miRNA
also represents an attractive strategy for therapeutic gene
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silencing. miRNAs potentially influence cellular behavior
through the regulation of extensive gene expression networks.
Therapeutic modulation of a single miRNA may therefore
affect many pathways simultaneously to achieve clinical ben-
efit. Our study is the first report showing that miR-23b has
diagnostic/prognostic significance and inhibits the Src-Akt
axis genes, a center stage pathway that regulates proliferation,
survival, and migration/invasion in cancer. It also highlights
the therapeutic potential of miR-23b in the treatment of
prostate cancer.
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