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Recent reports have linked the expression of specific 
microRNAs (miRNAs) with tumorigenesis and metasta-
sis. Here, we show that microRNA (miR)-16, which is 
expressed at lower levels in prostate cancer cells, affects 
the proliferation of human prostate cancer cell lines both 
in vitro and in vivo. Transient transfection with synthetic 
miR-16 significantly reduced cell proliferation of 22Rv1, 
Du145, PPC-1, and PC-3M-luc cells. A prostate cancer 
xenograft model revealed that atelocollagen could effi-
ciently deliver synthetic miR-16 to tumor cells on bone 
tissues in mice when injected into tail veins. In the thera-
peutic bone metastasis model, injection of miR-16 with 
atelocollagen via tail vein significantly inhibited the 
growth of prostate tumors in bone. Cell model studies 
indicate that miR-16 likely suppresses prostate tumor 
growth by regulating the expression of genes such as 
CDK1 and CDK2 associated with cell-cycle control and 
cellular proliferation. There is a trend toward lower 
miR-16 expression in human prostate tumors versus nor-
mal prostate tissues. Thus, this study indicates the thera-
peutic potential of miRNA in an animal model of cancer 
metastasis with systemic miRNA injection and suggest 
that systemic delivery of miR-16 could be used to treat 
patients with advanced prostate cancer.
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8 September 2009. doi:10.1038/mt.2009.207

Introduction
Advanced prostate cancer is frequently difficult to treat and causes 
substantial symptoms, including severe pain from metastasis to 
bone or other sites. Numerous experimental therapeutics are being 
pursued in clinical trials and offer some hope of improved treat-
ments, but most have so far demonstrated only modest results.

Mounting evidence suggests that the altered expression 
of specific microRNA’s (miRNA’s) accuracy contributes to the 
development of a variety of cancers. Cancer types including 

prostate cancers can be classified based on their distinct miRNA 
expression profiles.1–5

MiRNAs have been implicated in prostate cancer. Volinia et al. 
identified >40 miRNAs with expression levels that were signifi-
cantly different in prostate tumors versus normal prostate tissue.5 
Furthermore, the need for additional therapies in metastasis due 
to hormone-refractory prostate cancer is considerable. Mattie 
et al. found that miRNA expression in human prostate cancer cell 
lines could distinguish androgen hormone–insensitive PC3 from 
hormone-sensitive LNCaP cells.6 LNCaP cells showed upregula-
tion of microRNA (miR)-200c, miR-195, and several let-7 fam-
ily members, whereas miR-10a, miR-27b, miR-221, miR-222, and 
mir-210 were lower than in PC3. The serum prostate-specific anti-
gen is the most useful tumor marker for diagnosis and monitoring 
of prostate cancer. However, its low specificity in distinguishing 
prostate carcinoma from benign prostatic hyperplasia limits its 
use as an early detection biomarker. Investigators used custom 
designed arrays to compare the expression profiles of 319 miRNAs 
in prostate tumors, cancer cell lines, xenografts, and benign pros-
tatic hyperplasia.7 MiRNAs could be used to cluster the androgen 
receptor status of cell lines and xenografts. Among a small set of 
benign prostatic hyperplasia, hormone refractory, and untreated 
prostate carcinomas they found 51 differentially expressed miR-
NAs, 37 of which were downregulated. MiRNAs in this set accu-
rately clustered the benign prostatic hyperplasia, untreated and 
hormone-refractory prostate carcinomas providing evidence that 
miRNA expression profiles are altered by changes in disease sta-
tus. More recently, Bonci et al. showed that miR-15a and miR-
16-1 cluster inhibit the tumor cell proliferation and invasion via 
targets CCND1 (cyclinD1), WNT3A, and BCL2 in prostate cancer 
cell line and clinical samples.8 These miR-15a and miR‑16-1 were 
coded on chromosome 9 13q14. In this region, loss of hetero
geneity was detected in chronic lymphocytic leukemia9 and pros-
tate cancer patients.10 These results suggest that miR-15a and/or 
miR-16 could be a novel target for prostate cancer therapy.

To supplement the expression studies that have been pub-
lished for prostate cancer, we used a library of synthetic miRNAs 
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to identify the small RNAs that alter the proliferation of prostate 
cancer cells. Among the miRNAs that were identified in a func-
tional screen featuring 22Rv1 prostate cancer cells was miR-16, 
an miRNA that has been implicated in chronic lymphocytic 
leukemia1,11,12 and prostate cancer.8,10 Our studies of miR-16 
revealed that it has the capacity to affect the proliferation of a vari-
ety of human-derived prostate cancer cells. For the evaluation of 
miRNA therapy for bone metastasis of prostate cancer, the mouse 
model of bone-metastatic prostate cancer using bioluminescence-
based in vivo imaging analysis was selected. We have already 
established small-interfering RNA (siRNA) molecules that can be 
delivered to tumor cells in a bone metastatic site using an atelocol-
lagen delivery method.13 The properties of synthetic miRNA mol-
ecules are similar to synthetic siRNA; therefore, it is speculated 
that synthetic miRNA can also be used for systemic treatment 
mediated by atelocollagen. In this article, the systemic delivery of 
synthetic miR-16 using atelocollagen inhibited bone-metastatic 
human prostate tumor growth in a mouse bone site. We further 
analyzed the altered expression of cancer-related genes in miR-
16-transfected prostate cancer cells and verified that genes associ-
ated with cell-cycle progression were mostly affected by miR-16. 
These results suggest a therapeutic potency of miR-16 in bone-
metastatic prostate cancer.

Results
Effect of miR-16 on proliferation of human  
prostate cancer cell lines
22Rv1 prostate cancer cells were transiently transfected in trip-
licate with individual synthetic mimics for ~200 miRNAs. Three 
days after transfection, the cells were monitored for proliferation 
and apoptotic activity. Among the most active miRNAs identified 
in the functional screen was miR-16, which reduced the prolifera-
tion of the prostate cancer cells by 25% and increased apoptosis by 
40% (data not shown). Follow-up studies for measuring the prolif-
eration; using the alamar blue assay with another prostate cancer 
cell line, PC-3M-luc, revealed that miR-16 reduces proliferation 
by 60% (Figure 1a) relative to the cells transfected with a nega-
tive control (NC) miRNA. Further studies of the antiproliferative 
effect of miR-16 on prostate cancer cells revealed that synthetic 
miRNA can significantly affect the expansion of cultured 22Rv1, 
PPC-1, and Du145 cells (Figure 1a). The only prostate cancer cell 
line that proved to be unaffected by the transfection of miR-16 
was LNCaP (Figure 1a). The amount of miR-16 in the PC-3M-luc 
cells transfected with synthetic miR-16 was >500-fold higher than 
that in the control cells (Figure 1b). This result suggests that the 
induced increase of intracellular miR-16 concentrations is capable 
of suppressing the proliferation of the prostate cancer cells.

miR-16 expression levels in prostate cancer cell lines
Although four of the five prostate cancer cell lines exhibit signifi-
cant reductions in proliferation following transfection with syn-
thetic miR-16, it is interesting that there is a variation in the level 
of the effect. To address whether this might be due to variation in 
the levels of endogenous miR-16 in the various cell lines, we used 
quantitative reverse transcription (qRT)-PCR to measure the rela-
tive abundance of mature miRNA. As shown in Figure 1c, most 
of the cell lines expressed miR-16 at reduced levels. The extent 

of downregulation correlated with the phenotypic response in 
these cell lines: e.g., PPC-1 and PC-3M-luc cells, which showed 
the strongest response to miR-16, had the lowest levels of endog-
enous miR-16 (Figure  1a). The DNA copy numbers on chro-
mosome 13q14, a genomic region that is frequently deleted 
in chronic lymphocytic leukemia and prostate cancer14 in the 
PC-3M-luc cells were reduced to half that of normal prostate cells 
(Figure 1d). However, because the DNA sequence data did not 
show any mutations on chromosomes coding miR-16 of other 
copy in the PC-3M-luc cells (data not shown), the remarkable 
reduction of miR-16 expression might be invoked by a combi-
nation of DNA copy number alteration and other factors to 
affect the expression. LNCaP cells, which showed no response to 
the miR-16 mimic, were the only cells that tend to have higher 
miR-16 expression levels than the normal prostate (Figure 1c). 
Additionally, the transfection of miRNAs, which are not down-
regulated in PC-3M-luc cells, such as miR-10a and miR-188, did 
not inhibit the growth of PC-3M-luc cells (data not shown). The 
expression and function data suggest that reduced expression 
of miR-16 is critical for sustained proliferation in some prostate 
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Figure 1 T he expression and function of miR-16 in human prostate 
cancer cell lines. (a) Effect of miR-16 on proliferation of human prostate 
cancer cell lines. Percent (%) proliferation values were normalized to 
values from cells treated with negative control (NC) microRNA (miRNA). 
Data represent the mean (n = 4) ± SD *P < 0.05, **P < 0.01 versus NC 
miRNA. (b) The amount of miR-16 in PC-3M-luc cells transfected with 
synthetic miR-16. The cellular level of miR-16 was detected by quantita-
tive PCR. The data represent the mean (n = 3) ± SD **P < 0.01 versus 
NC miRNA. (c) Expression level of miR-16 in human prostate cancer 
cell lines. The relative expression of miR-16 for each of the cell lines was 
calculated by comparing the level in normal prostate tissue samples. The 
data represent the mean (n = 3) ± SD **P < 0.01 versus normal human 
prostate tissue. (d) The copy number change of the miR-16 loci on chro-
mosome 13q14 in PC-3M-luc cells. The copy number of miR-16 genes 
were quantified by real-time PCR with genomic DNA. Cultured normal 
human prostate epithelial cells (PrEC) was used as the control for this 
experiment for comparison to the PC-3M-luc cells. The data represent 
the mean (n = 3) ± SD *P < 0.05 versus PrEC.
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cancer cell lines and that reintroduction of miR-16 can interfere 
with that phenotype.

Evaluation of miRNA delivery to bone-metastatic 
tumors in mice
In order to assess the capacity of the synthetic miR-16 to affect pros-
tate tumor growth in mice, we chose to use a mouse model featuring 
PC-3M-luc cells that have the capacity to form prostate tumors in 
the bones of mice.13,15,16 To evaluate that atelocollagen can efficiently 
deliver synthetic miRNA molecules to metastatic prostate tumors 
in bone, we generated a PC-3M-luc metastatic prostate cancer cell 
line stably expressing the renilla luciferase gene fused to the 3′UTR 
of Bcl2, a validated miR-16 target (Supplementary Figure S1a).17 

Thus, this newly engineered cell line PC-3M-Fluc/Rluc-Bcl2 
3′UTR expresses both firefly and renilla luciferase, the later of 
which is under control of miR-16 (Supplementary Figure S1b). As 
expected, transfection of cultured PC-3M-Fluc/Rluc-Bcl2 3′UTR 
cells with 30 nmol/l of miR-16 deceased the luminescence derived 
from renilla luciferase (Supplementary Figure S1c). To monitor 
atelocollagen-mediated delivery of miR-16 in the animal, PC-3M-
luc/Rluc-Bcl2 3′UTR cells were intracardiac injected into mice and 
allowed the tumor cells to deposit in the bone. Nine weeks after 
implantation, the mice were tail-vein injected with 50 μg of miR-16 
mimic that was complexed with atelocollagen. Mice injected 
with the miR-16/atelocollagen complex produced <50% renilla 
luciferase from tumors in the bone than they produced before 
treatment (Figure 2a,b). The signal from the firefly luciferase that 
represents tumor growth was unaffected by the synthetic miR-16, 
indicating that the inhibition observed for renilla luciferase was 
due to the binding of injected synthetic miR-16 to the 3′UTR of 
Bcl2. Synthetic miR-16 was detected in tumor tissue at >20 pg/mg 
tissue when injected systemically and it was observed to persist in 
tumors for 3 days after injection (data not shown). Thus, our dual-
luciferase prostate cancer xenograft model clearly showed that 
atelocollagen can efficiently deliver active miRNAs into metastatic 
tumors in mice.

Inhibition of tumor growth in bone tissues in mice 
with systemic miR-16 treatment
To assess the therapeutic potential of the miR-16/atelcollagen 
complexes, prostate tumors were initiated in the bones of mice 
by intracardiac injection of PC-3M-luc cells. A 50 μg of miR-16 
mimic complexed with atelocollagen was administered intrave-
nously into mice at 4, 7, and 10 days after prostate tumor initiation 
(Supplementary Figure S2). The development of tumor in the 
bone was monitored in vivo by bioluminescent imaging. At the end 
of the experiment on day 28, mice treated with the NC miRNA/
atelocollagen complex showed the presence of tumor in the tho-
rax, jaws, and/or legs of mice frequently (Figure 3a). In contrast, 
the mice injected with miR-16/atelocollagen complex exhibited 
no increase in luminescence during the same observation period. 
There are significant differences between NC and miR-16 treat-
ment groups on day 28 (P < 0.05) (Figure 3b). Histopathological 
analysis also revealed that growth of PC-3M-luc cells in the bone 
tissues of mice was significantly inhibited by the miR-16 treat-
ment (Figure 3c). These data suggest that atelocollagen-mediated 
systemic delivery of miR-16 could be a novel strategy for inhibi-
tion of prostate tumor growth in the bone tissues.

miR-16 expression in human prostate tissues
We used qRT-PCR to quantify miR-16 levels in the tumors and 
normal adjacent tissues of seven prostate cancer patients as well 
as four additional prostate tumors. The relative expression level 
of miR-16 in each of the samples was calculated by comparing to 
the average normalized miR-16 levels in prostate samples from 
three normal donors. The average relative expression of miR-16 
in the seven prostate normal adjacent samples was 95% with a 
standard deviation of 16% and the eleven prostate tumors was 
73% with a standard deviation of 28% (Figure 4). There is a trend 
toward lower miR-16 expression in prostate tumors versus normal 

Renilla
luciferase

Firefly
luciferase

Pretreatment Two days
post-treatment

2

4

6

8

10

0.5

1.0

(×10
5 photon/second)

(×10
6 photon/second)

1.5

2.0

2.5a

0
NC

Renilla luciferase

miR-16

**

0.5

1

1.5

B
io

lu
m

in
es

ce
nc

e
fo

ld
-c

ha
ng

e 
va

lu
es

2b

0

1

2

3

4

5

NC

NS

Firefly luciferase

miR-16

B
io

lu
m

in
es

ce
nc

e
fo

ld
-c

ha
ng

e 
va

lu
es

c

Figure 2 E valuation of delivery for synthetic microRNA (miRNA) 
molecules to tumors in bone. A dual-luciferase expressing PC-3M cells 
that have 3’-UTR of Bcl2 under the renilla luciferase gene, PC-3M-luc/
Rluc-Bcl2 3’UTR cells, were generated. These cells were used for dual 
assay system, for monitoring of tumor growth by firefly luciferase, for 
monitoring of delivery efficacy of synthetic miR-16 by renilla luciferase. 
(a) Representative images of bone metastasis in the femur of mice. To 
examine the efficacy of synthetic miR-16 in tumor cells, PC-3M-luc/
Rluc-Bcl2 3’UTR cells were injected into the heart of nude mice. Nine 
weeks after tumor injection, bioluminescence from renilla luciferase 
was detected. Intravenous injection of miR-16 complexed with atelo-
collagen suppressed the expression of renilla luciferase (top). In con-
trast, bioluminescence from firefly luciferase was not affected (bottom). 
(b) Normalized fold change (2 days post/pre-miR-16 administration) of 
bioluminescence emitted from whole body of mice. This figure is graphi-
cally shown of the results of Figure 2a by fold change of photon counts. 
Data represent the mean (n = 3) ± SD *P < 0.01 versus NC miRNA. 
NS, not significant. NC, negative control.
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prostate tissues, but this trend did not reach statistical significance 
(Figure 4).

mRNA array analysis following transfection 
of synthetic miR-16
To get insight into the antioncogenic mechanism of miR-16, we 
transfected PC-3M-luc cells with the miR-16 mimic and analyzed 
the expressions of mRNA using mRNA array analysis. Exogenously, 
miR-16 might directly affect the mRNA levels of the target genes 
and indirectly affect the expression of genes that are downstream 
of these direct targets.18 To identify the pathways that could be 
affected both directly and indirectly by miR-16, total RNA was iso-
lated from the cells 72 hours after miR-16 transfection. The mRNA 
array data for the miR-16-transfected samples were compared to 
the NC miRNA–transfected samples (Supplementary Table S1). 
Fold-differential and P value calculations were used to select 285 
mRNAs whose expression levels were significantly altered in the 
miR-16-transfected samples. A selection of genes suppressed 
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Figure 3  Inhibition of metastatic tumor growth in bone tissues by the atelocollagen-mediated miRNA treatment. Mice were injected with 
2 × 106 PC-3M-luc-C6 cells into the left heart ventricle on day zero. The miR-16 and NC miRNA (50 μg) with 0.05% atelocollagen (Atelo) or Atelo 
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metastasis was evaluated by IVIS imaging and confirmed by subsequent necropsy. (a) All mice used in this experiment on day 28 were shown. There 
was an increase in luminescence in mice treated with atelocollagen alone and NC miRNA whereas the miR-16/atelocollagen-treated groups had 
no or low increase in luminescence during the same observation period. (b) Quantitation of bioluminescence emitted from whole body of mice on 
day 28. Data represent the mean (n = 6) ± SD *P<0.05 versus other groups. (c) Histopathological analysis confirmed micrometastasis in the tibia 
of nontreated mice (upper). Metastatic lesions are indicated by asterisk mark. In the miR-16-treated mice, any micrometastasis was not observed 
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Figure 4 C linical association of miR-16 expression with prostate 
cancer. The qRT-PCR analysis to quantify miR-16 levels in the tumors 
and normal adjacent tissues of seven prostate cancer patients and four 
additional prostate tumors was performed. The P value calculated by 
Student’s t-test for the two sample sets was 0.08.
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by miR-16 is listed in Table  1. Pathway analysis combining the 
Kyoto Encyclopedia of Genes and Genomes19–21 and Database for 
Annotation, Visualization, and Integrated Discovery22 was used 
to analyze the list of genes with altered expression to determine 
if there was a significant enrichment of genes associated with any 
known cellular pathways (Table 2). Overall, the statistical enrich-
ment of pathways was moderately low, suggesting that no single 
pathway or network was specifically and vigorously responsive to 
the treatment. However, for those pathways that were considered 
enriched, a few strong underlying themes emerged. The gene lists 
were enriched for functions related to cell division and control of 
the cell cycle (Table 2). The functions associated with cell-cycle 
control were most enriched in miR-16-affected genes and these 12 
genes that cover G1, S, G2, and M phase of cell cycle are mapped 
into the Kyoto Encyclopedia of Genes and Genomes Pathway Cell 
Cycle Map (Supplementary Figure S3). Thus, these data suggest 
that strong inhibition of prostate tumor growth in bone tissues of 
our animal model was due to downregulation of a key component 
of cell-cycle genes.

Discussion
The likely involvement of miR-16 in the development of prostate 
cancer is apparent on multiple levels. The loss of the genomic 
locus at 13q14 that encompasses the miR-16-1 gene has been 
reported to be highly associated with human prostate cancer pro-
gression.14 Dong et al. suggested loss of heterogeneity at 13q14 is 
associated with clinically significant high-grade and high-stage 
prostate cancers10 with ties to both metastasis and tumor initia-
tion.23 Consistent with its genomic location, our qRT-PCR results 
showed that the miR-16 is significantly reduced in most prostate 

tumors and cultured prostate cancer cells relative to normal 
prostate tissues.

Based on our studies with cultured prostate cancer cells, the 
reduced expression of miR-16 is likely necessary to maintain high 
rates of proliferation. The relationship between miR-16 and apopto-
sis likely stems from the miRNA’s apparent role in regulating BCL2 
expression.17 Our previous data also showed that the transfection 
of miR-16 into 22Rv1 prostate cancer cells induced apoptosis 
(F. Takeshita et al., unpublished results). Although increased apop-
tosis is likely to be at least partially responsible for the reduced pro-
liferation rates that we observed in miR-16-transfected PC-3M-luc 
cells, it appears that the small RNA also affects cell-cycle progres-
sion by regulating the expression of multiple cell-cycle genes. The 
transfection of prostate cancer cells with synthetic miR-16 reduced 
the expression of genes like Cyclin D3, CDK1, CDK2, Cks1, TAAC1, 
and TAAC3 that play roles in regulating cell-cycle progression. The 
apparent capacity of miR-16 to simultaneously regulate cell cycle 
and apoptosis points to the likely importance of the small RNA in 
maintaining normal cell function and underscores the influence that 
the altered expression of the miRNA likely has on tumorigenesis.

The importance of miRNAs like miR-16 as tumor suppressors 
is becoming increasingly clear. Myriad array and qRT-PCR stud-
ies have revealed that the expression levels of specific miRNAs 
are reduced in the tumors of patients with a variety of cancers.4,5 
When transfected into cancer cells, many of these miRNAs affect 
proliferation, viability, cell cycle, or apoptosis24,25 and affect the 
expression of multiple known oncogenes.17,18,26–28 Although the 
growth inhibition of LNCaP cells was not induced by transfection 
of miR-16 in our study, Bonci et al. showed that such inhibition 
of LNCaP cells was induced by transduction of the miR-15a-miR-
16-1 cluster by lentiviral vector.8 This discrepancy indicated that 
the growth inhibition of LNCaP might be induced mainly by 
induction of miR-15a, further careful studies are needed, consid-
ering any clinical application of miR-16.

The clinical application of these naturally occurring tumor sup-
pressors represents a major opportunity for the future treatment 

Table 1  Genes suppressed by miR-16

Gene title
Fold-change  

(miR-16 versus NC)a P valuea Cellular processb

Aurora kinase B 0.61 2.83 × 10−5 Chromosomal stability

BUB1 0.58 4.34 × 10−8 Chromosomal stability

BUBR1 0.61 5.73 × 10−6 Chromosomal stability

Cyclin D3 0.71 1.30 × 10−6 Cell cycle

CDK1 0.58 4.99 × 10−7 Cell cycle

CDK2 0.65 2.35 × 10−5 Cell cycle

Double parked, 
DUP

0.76 4.07 × 10−5 Chromosomal stability

Cks1 0.63 4.71 × 10−6 Cell cycle

Forkhead box 
M1

0.61 8.19 × 10−6 Transcription

Polo-like 
kinase 1

0.72 1.42 × 10−3 Chromosomal stability

TACC1 0.76 1.56 × 10−4 Cell cycle

TACC3 0.64 1.51 × 10−5 Cell cycle

Thymidylate 
synthetase

0.56 2.50 × 10−8 Nucleotide synthesis

Abbreviations: miRNA, microRNA; NC, negative control.
aFold change and P value were determined by calculating the ratio of global 
normalized signals from miR-16 transfected cells to NC miRNA–transfected cells 
in expression array analysis. bGenes are clustered by cellular process, according 
to their gene ontology classification.

Table 2 C lasses of genes affected by miR-16

Functional class Counta %b P valuec

M phase of mitotic cell cycle 20 12.7 9.60 × 10−18

DNA metabolism 21 13.3 4.00 × 10−7

Cytoskeleton organization and biogenesis 16 10.1 8.00 × 10−7

Cytoskeleton-dependent intracellular 
transport

9 5.7 6.90 × 10−6

Regulation of progression through 
cell cycle

15 9.5 2.50 × 10−5

Mitotic sister chromatid segregation 4 2.5 6.10 × 10−4

Establishment of cellular localization 13 8.2 4.10 × 10−3

Mitotic spindle organization 
and biogenesis

3 1.9 5.50 × 10−3

Regulation of progression through  
mitotic cell cycle

3 1.9 8.10 × 10−3

aThe number of genes affected in functional pathway. bThe percentage calculated 
from the number of genes affected in functional pathway divided by the number 
of genes included on the arrays. cThe significance of the appearance of the 
functional class in affected genes was calculated as P value using DAVID 2.0 
software.
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of cancer patients. As with other oligonucleotide-based therapies, 
realizing the potential of therapeutic miRNAs will require an 
effective delivery technology. In a previous study, we showed that 
intravenous injections of EZH2 and p110α siRNA complexed 
with atelocollagen inhibited the tumor growth in bone tissues of 
the mouse model.13 These results showed that an atelocollagen-
mediated systemic delivery of siRNA could reach tumor cells at 
metastatic sites and inhibit tumor growth in vivo. As demon-
strated here, atelocollagen facilitates the accumulation of enough 
synthetic miRNA in the cancers cells of an existing prostate tumor 
to affect the expression of a target gene. Furthermore, the combi-
nation of synthetic miR-16 and atelocollagen strongly inhibited 
the development of human prostate tumors in the bones of mice. 
Interestingly, the effect of miR-16 appeared to be restricted to 
the prostate cancer cells, as the miR-16 treated mice showed no 
notable side effects. Follow-up studies featuring the treatment of 
larger tumors and more extensive toxicity studies will be required 
to demonstrate the therapeutic potential of atelocollagen-miR-16; 
however, these early results are extremely encouraging.

Materials and Methods
Cell culture. The human prostate cell line 22Rv1, LNCaP, DU145, and 
PPC-1 cells were obtained from American Type Culture Collection 
(Manassas, VA) and maintained in RPMI 1640 medium containing 10% 
fetal bovine serum. The PC-3M-luc cells continuously expressing fire-
fly luciferase (Xenogen, Alameda, CA) were maintained in RPMI 1640 
medium supplemented with 10% fetal bovine serum and 0.2 mg/ml 
zeocin (Invitrogen, Carlsbad, CA). For construction of 3′-UTR–renilla 
luciferase plasmid and reporter assays, the segment of 3′-UTR of Bcl2 gene 
was amplified by PCR using genomic DNA from normal human pros-
tate epithelial cells (CT-2555; Lonza Walkersville, Walkersville, MD) as 
reported.17 The PCR product was inserted into the pGL4.75[HRuc/CMV] 
vector (Promega, Madison, WI), using XbaI site immediately downstream 
from the stop codon of renilla luciferase (pGL4.75[HRuc/CMV]-Bcl2 
3′UTR). For reporter assays, PC-3M-luc-C6 cells were transfected with 
2 μg of pGL4.75[HRuc/CMV]-Bcl2 3′UTR using LipofectAMINE 2000 
(Invitrogen). Stable transfectants were selected in hygromycine (0.2 mg/ml; 
Invitrogen) and bioluminescence was used to screen transfected clones for 
renilla and firefly luciferase gene expression using dual-luciferase assay 
system (Promega), intensity of renilla luciferase was normalized by firefly 
luciferase. Clones expressing the both luciferase gene were named PC-3M-
luc/Rluc-Bcl2 3′UTR. The cells were maintained in vitro at 37 °C in a 
humidified atmosphere of 5% CO2.

Transfection with synthetic miR-16 and assay of cellular proliferation. 
Synthetic hsa-miR-16 (Pre-miR-hsa-miR-16; Ambion, Austin, TX) or NC 
miRNA (Pre-miR microRNA Precursor Molecule-Negative Control #2, 
cat. no. AM17111; Ambion) was delivered via lipid-based reverse transfec-
tion with 30 nmol/l final concentration of miRNA as described previous-
ly.29 As a control for inhibition of cellular proliferation, siRNA against the 
motor protein kinesin 11, also known as Eg5, was used. Eg5 is essential for 
cellular survival of most eukaryotic cells and a lack thereof leads to reduced 
cell proliferation and cell death.30 siEg5 was used in lipid-based transfec-
tion following the same experimental parameters that apply to miRNA. 
We observed 50–70% growth inhibition in all cell lines used in this study. 
Percent (%) proliferation values from the alamar blue assay (Invitrogen) 
were normalized to values from cells treated with NC miRNA.

Quantitative RT-PCR of miR-16. Human cultured cell line RNA was iso-
lated using the ISOGEN (Wako Chemical, Tokyo, Japan). MiRNA-specific 
complementary DNA was generated using the TaqMan MicroRNA RT Kit 

(Applied Biosystems, Foster City, CA) and the miRNA-specific RT primer 
from the TaqMan Micro RNA Assay (Applied Biosystems). The expression 
of the U6 small nuclear RNA was used as an internal normalization con-
trol. miRNA levels were also measured by using the miRNA-specific probe 
included with TaqMan Micro RNA Assay on a Real-Time PCR System 
7300 and SDS software (Applied Biosystems).

Quantitative PCR of miR-16 loci on chromosome 13q14. Genomic 
DNAs were extracted from PC-3M-luc and prostate epithelial cells using 
DNAeasy (Qiagen, Valencia, CA). Quantitative PCR for the miR-16 loci 
on chromosome 13q14 was performed using Platinum SYBR Green qPCR 
SuperMix-UDG (Invitrogen) and primer sequences were 5′-GCA GCA 
CAG TTA ATA CTG GA-3′ and 5′-ATA GCT CTT ATG ATA GCA AT-3′. 
The house keeping gene, RNase P was also quantified as a control reference 
gene using Platinum Quantitative PCR SuperMix-UDG (Invitrogen) and 
TaqMan RNase P Detection Reagents Kit (Applied Biosystems). The reac-
tions were incubated at 50 °C for 2 minutes, then heated to 95 °C for 2 min-
utes followed by 45 cycles of 15 seconds at 95 °C, and 30 seconds at 60 °C.

Evaluation of miRNA delivery to bone-metastatic tumors in mice. Animal 
experiments in this study were performed in compliance with the guide-
lines of the Institute for Laboratory Animal Research, National Cancer 
Center Research Institute. Seven- to ten-week-old male Balb/c athymic 
nude mice (CLEA Japan, Shizuoka, Japan) were anesthetized by exposure 
to 3% isoflurane on day zero and subsequent days. On day zero of the 
experiments, to generate a bone-metastatic human prostate cancer model, 
the anesthetized animals were injected with 2 × 106 PC-3M-luc/Rluc-Bcl2 
3′UTR cells suspended in 100 μl sterile Dulbecco’s phosphate-buffered 
saline into the left heart ventricle.13,15,16 For in vivo imaging, the mice were 
injected with ViviRen (5 mg/kg; Promega) by intravenous tail vein injec-
tion and imaged immediately to count the photons from animal whole 
bodies using the IVIS imaging system (Xenogen). After the biolumines-
cence from renilla luciferase disappeared, photons from firefly luciferase 
were counted as described previously.13

Preparation of complex with miR-16 and atelocollagen. For prepar-
ing the complexes of miRNA and atelocollagen (Koken, Tokyo, Japan), 
an equal volume of atelocollagen (0.1 % in phosphate-buffered saline at 
pH 7.4) and miRNA solution were combined and mixed by rotating for 
1 hour at 4 °C. The final concentration of atelocollagen was 0.05%. Nine 
weeks after tumor injection, individual mice (from cohorts containing 
three animals) were injected with 200 μl of atelocollagen containing 50 μg 
of miR-16 complexed with atelocollagen, or NC miRNA/atelocollagen by 
intravenous tail-vein injection.

Analysis of miR-16/atelocollagen treatment for bone-metastatic prostate 
cancer. Mice were inoculated with PC-3M-luc cells into the left cardiac 
ventricle on day zero as described previously.13 The miR-16 and NC miRNA 
(50 μg) with 0.05% atelocollagen in a 200 μl volume were injected into the 
mouse tail vein on days 4, 7, and 10 postinoculation. Each experimental 
condition included six animals per group. At the end of the experiment 
on day 28, to confirm the presence of neoplastic cells, selected tissues were 
excised from the mice at necropsy. Tissues were fixed in 4% formaldehyde-
phosphate-buffered saline(−), embedded in paraffin, cut into 5-μm sec-
tions, and stained with hematoxylin and eosin.

Clinical samples. Human prostate tissue samples derived from resected 
prostates from treatment-naive men with an average age of 65 (range of 
52–76) diagnosed with nonmetastatic T2 or T3 prostate adenocarcinoma 
who gave informed consent. Gleason scores for all patients were 8 or 9. The 
tissues from patients were formalin-fixed, paraffin-embedded, sectioned, 
hematoxylin and eosin stained, and subjected to microscopic analysis. 
Three adjacent sections comprising 60–90% (74% average) cancerous 
tissue were selected as cancer samples from each patient. Three adjacent 
sections lacking evidence of cancer cells were selected as normal adjacent 



Molecular Therapy  vol. 18 no. 1 jan. 2010� 187

© The American Society of Gene & Cell Therapy
MicroRNA Therapeutics Against Prostate Cancer

samples. RNA from the tissues were prepared using the RecoverAll Total 
RNA Isolation Kit (Ambion). The isolated RNA was subjected to qRT-PCR 
for miR-16 as described above.

MiR-16 functional pathway analysis. For preparation of RNA samples, 
PC-3M-luc cells were reverse transfected in quadruplicate by complex-
ing miR-16 and NC miRNA and NeoFX transfection reagent (Ambion). 
The final concentration of miRNA was 30 nmol/l. Cells were harvested 
at 72 hours post-transfection. One microgram of total RNA per sample 
was used to prepare biotin-labeled cRNA using a MessageAmp II-based 
protocol (Ambion) and one round of amplification. Labeled cRNA 
was hybridized, washed, and scanned using Illumina’s recommended 
protocols. Illumina BeadScan software was used to produce .idat, 
.xml, and .tif files for each array on a slide. Raw data were extracted 
using Illumina BeadStudio software, v 3.0 (Illumina, San Diego, CA). 
Following quality assessment, data from the replicate beads on each array 
were summarized into average intensity values and variances. The back-
ground subtracted data were used to compare the relative expression of 
mRNAs in cells transfected with miR-16, NC miRNA, and transfection 
agent only. analysis of variance was used to judge the significance of the 
variation observed between the various treatment groups. In total, 285 
mRNAs exceeded the thresholds used to identify differentially expressed 
genes (log ratio greater than 0.5 or less than −0.5 for the average signal 
between miR-16 and NC miRNA or transfection agent only treatments 
and P values <0.001 for the 72 hour time-point).

Statistical analysis. The results are given as mean ± SD Statistical analysis 
was conducted using the analysis of variance with the Bonferroni correc-
tion for multiple comparisons. A P value of ≤0.05 was considered to indi-
cate a significant difference.

Supplementary Material
Figure S1.  The scheme of dual luciferase assay for monitoring of 
systemic miR-16 delivery.
Figure S2.  Overview of experimental protocol for inhibition of 
metastatic tumor growth in bone tissues by the atelocollagen-mediated 
miRNA treatment.
Figure S3.  KEGG cell cycle diagram.
Table S1.  Data of the mRNA array for comparison of miR-16 and NC 
miR transfected PC-3M-luc cells.
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