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Loss of Androgen-Regulated MicroRNA 1 Activates SRC and
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Bone metastasis is the hallmark of progressive and castration-resistant prostate cancers. MicroRNA 1 (miR-1) levels are de-
creased in clinical samples of primary prostate cancer and further reduced in metastases. SRC has been implicated as a critical
factor in bone metastasis, and here we show that SRC is a direct target of miR-1. In prostate cancer patient samples, miR-1 levels
are inversely correlated with SRC expression and a SRC-dependent gene signature. Ectopic miR-1 expression inhibited extracel-
lular signal-regulated kinase (ERK) signaling and bone metastasis in a xenograft model. In contrast, SRC overexpression was
sufficient to reconstitute bone metastasis and ERK signaling in cells expressing high levels of miR-1. Androgen receptor (AR)
activity, defined by an AR output signature, is low in a portion of castration-resistant prostate cancer. We show that AR binds to
the miR-1-2 regulatory region and regulates miR-1 transcription. Patients with low miR-1 levels displayed correlated low canon-
ical AR gene signatures. Our data support the existence of an AR—-miR-1-SRC regulatory network. We propose that loss of miR-1
is one mechanistic link between low canonical AR output and SRC-promoted metastatic phenotypes.

Bone metastasis is one of the most clinically important features
of prostate cancer (PC), and understanding the signaling net-
works that promote bone metastasis is central to improving out-
comes for patients (1, 2). Metastatic PC is treated with androgen
deprivation therapy, which initially reduces symptoms and tumor
cell growth, although castration-resistant prostate cancer (CRPC)
almost always recurs. Reconstitution of androgen receptor (AR)-
mediated signaling is a central mechanism leading to CRPC (3, 4).
While AR signaling is almost always observed in prostate cancer,
substantial intertumoral heterogeneity exists in the level of AR
output, measured by expression of AR target gene signatures, es-
pecially for CRPC (5-8). MicroRNAs (miRs) are pleiotropic reg-
ulators of gene expression. The altered expression of miRs in can-
cer leading to loss of tumor suppressor or gain of oncogenic
activities has been well documented. Given the central role of AR
in prostate cancer biology and treatment, the targets of androgen-
regulated miRs are of interest (9).

After the development of castration resistance, a reduction in
the level of an AR gene signature commonly expressed in prostate
cancer suggests either a change in AR-dependent transcriptional
specificity or decreased AR transcriptional activity (6, 8). It is ex-
pected that tumors with low rather than high canonical AR activ-
ity are dependent upon a distinct signaling milieu for survival and
growth. Interestingly, an analysis of PC clinical samples for AR
output in combination with various signaling pathways deter-
mined that decreasing predicted AR activity correlated with in-
creasing predicted SRC activity (5). It has not been established
whether an AR-dependent transcriptional mechanism influences
SRC activity. A functional link between AR and SRC activities is
potentially clinically significant for predictive purposes in select-
ing and monitoring responses to therapies (10).

SRC is a nonreceptor tyrosine kinase that is thought to inte-
grate numerous signaling pathways, including AR (11, 12). SRC is
activated downstream of various receptor families, notably recep-
tor tyrosine kinases (13). Several lines of evidence support a role
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for SRC in prostate cancer, particularly CRPC. SRC is not a mu-
tational target in prostate cancer, but rather, levels of expression
and kinase activation are thought to determine functionality. Im-
portantly, histopathological analyses of clinical samples have
shown that markers of SRC family kinase activity are increased
relative to primary PC in a proportion of CRPCs, with associated
poor prognosis and reduced overall survival (14). In experimental
models, inhibition of SRC signaling decreased proliferation, inva-
sion, and migration of prostate cancer cells (15).

The mechanisms whereby SRC may contribute to CRPC sur-
vival and growth are of obvious interest. Experimental models
have shown that SRC interacts with and phosphorylates AR, re-
sultingin enhanced AR activity (11, 16). In addition, SRC is down-
stream of receptors, such as epidermal growth factor receptor
(EGFR) and fibroblast growth factor receptor (FGFR), and up-
stream of signaling molecules, such as AKT and extracellular sig-
nal-regulated kinase (ERK), that have been implicated in PC sur-
vival in the absence of sufficient AR signaling (13, 17-19). Thus,
SRC appears to be able to amplify low levels of AR activity and
possibly replace AR-dependent survival signals.

We previously described the role of miR-1 in the progression of
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TABLE 1 Primer sequences of 3'-UTR reporter and has-mir-1-2 promoter reporter constructs

Construct and primer

Sequence

3'-UTR reporter

hETS1/psi-2 3'UTR(Xhol)F
hETS1/psi-2 3'UTR(Pmel)R
hKif2a/psi-2 3'UTR(Xhol)F
hKif2a/psi-2 3"UTR(Xhol)R
hSRC/psi-2 3"UTR(Xhol)F
hSRC/psi-2 3'UTR(Pmel)R
hEGFR/psi-2 3'UTR(Xhol)F
hEGFR/psi-2 3'UTR(Pmel)R
hSNAI2/psi-2 3" UTR(Xhol)F
hSNAI2/psi-2 3'UTR(Pmel)R

hsa-miR-1-2 promoter reporter
hsa-miR-1-2 P1
hsa-miR-1-2 P2
hsa-miR-1-2 P3
hsa-miR-1-2 P4

CTCGAGGGAAACCCTGCTGAGACCTT
GTTTAAACTCTCCAGCAAAATGATGTGC
CTCGAGACCGGCATTTGCTGCTAAAG
GTTTAAACCAGAATTTCATTCGTTTTTATTAT
CTCGAGCTTCTCGGCTTGGATCCTG
GTTTAAACATGTCGTGGCCAGAGTTGAC
CTCGAGCGGAGGATAGTATGAGCCCTAA
GTTTAAACACAATGCTGTAGGGGCTCTG
CTCGAGGTGACGCATCAATGTTTACTCG
GTTTAAACTTTTCTTGTTAACAAAGAATTC

TGATGTCTCTCCACCACCAA
AGCAATGGTAAATCATTTGCAG
GAGGCAGCAGAGACCGTTATGTCTCTCCACCACCAA
CGAACAGAGAGAGACCGAGCAATGGTAAATCATTTGCAG

the aggressive Pten- and TP53-null prostate cancer mouse model,
where we determined that loss of miR-1 contributes to mesenchy-
mal commitment, invasiveness, and tumorigenesis (20). Investi-
gations into the composition of miRs in clinical samples of pros-
tate cancers have shown that miR-1 is significantly decreased in
primary tumors compared to normal tissue and that low miR-1
expression is prognostic for progression (21-23).

To investigate the mechanistic role of miR-1 in prostate cancer
progression, we have used a xenograft model of human prostate
cancer bone metastasis (24, 25). We previously showed that RAS-
dependent RAL effector pathway activation in DU145 cells leads
to the acquisition of bone metastasis (24). Although RAS muta-
tions are rare in prostate cancer (26, 27), RAS pathway activation
correlates with prostate cancer progression, as demonstrated by
analyses of patient samples for Ras transcriptomic signatures (28,
29). Consistent with this, downstream pathway biomarkers of the
RAS pathway activation, phospho-ERK and phosphoinositol
3-kinase (PI3K)/phospho-AKT signaling, increase during pro-
gression (18). Also, in genetically engineered mouse models of
prostate cancer, the addition of activated RAS signaling in the
context of local disease gives rise to metastasis (28, 30).

We show here that miR-1 expression suppresses experimental
bone metastasis and that miR-1 transcription is directly and pos-
itively modulated by AR. We determined that SRCis a direct target
of miR-1 and, importantly, that ectopic SRC expression is suffi-
cient to overcome miR-1 tumor suppression, implying a domi-
nant biological function for SRC in the miR-1 target network.
These data define one regulatory mechanism whereby low AR
output tumors increase SRC expression as a result of decreased
miR-1 levels, and provide a rationale for SRC activity as a bio-
marker in patients undergoing androgen deprivation therapy.

MATERIALS AND METHODS

Cell lines and plasmids and reagents. The cell line DU145Ras
(Ras®?”) (24) and a bone metastasis-derived subline, DU145/RasB1
(RasB1) (25), were derived and maintained as described previously. Cells
expressing miR-1 or control miR were generated as described previously
(20). The anti-miR inhibitor was from GeneCopoeia (MD), and its se-
quence is AUACAUACUUCUUUACAUUCCA. Red fluorescent protein
(RFP) reporter vectors were constructed using the Clone-it enzyme-free
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lentivector kit (System Biosciences, CA). Human ETS1, KIF2A, SRC,
EGFR, and SNAI2 full-length 3" untranslated region (3'-UTR) reporters
were constructed using the psiHECK-2 vector (Promega, WI). The posi-
tions of AR binding sites located upstream of human primary hsa-miR-
1-2 are as follows: ARE1, 18:19417275, and ARE2, 18:19417513. SRC and
AR were separately subcloned into the pFUGW lentiviral vector with a
TRE3G promoter and with an IRES-mCherry reporter and a puromycin-
selectable marker, respectively. To achieve controlled expression of target
genes, DU145 or RasB1 cells stably expressing a Tet-On 3G transactivator
(Tet-on TA) were established, and the Tet-on TA cells were further in-
fected with TRE3G-driven constructs. Stable SRC-expressing cell lines
were established by fluorescence-activated cell sorting (FACS) of
mCherry-positive cells following doxycycline induction. All primers used
for these constructs are listed in Table 1. All constructs were verified by
DNA sequence analysis. Transient transfections were carried out using
Lipofectamine RNAIMAX (Invitrogen, CA).

Invasion assay and in vitro growth curves. Invasion assays were per-
formed as described previously (20). Cells were added to the upper cham-
ber of Matrigel-coated Transwells (cell culture insert 8-micron pore;
Corning). After 6 and 24 h incubation at 37°C, membranes were fixed and
stained in Diff-Quick (Thermo Fisher Scientific, MA), and the invaded
cells on the underside of the membrane were quantified. Five medium-
power fields were counted for each replicate. The in vitro growth rate was
measured as described previously using a starting density of 2 X 10° cells
per well (25).

Promoter analysis and microRNA assay. Promoter function was an-
alyzed using FACS, and relative median fluorescent intensity (MFI) values
were measured as described previously (31). MFI was determined from
the first peak of fluorescence. Cells were treated with or without dihy-
drotestosterone (DHT) (10 nM; Sigma) and MDV3100 (10 pwM; Selleck)
for 48 h. The MFI value for REP was measured by FACS using FACSDiva
software and normalized to the value of the vehicle. For miR target re-
porter assays, cells were transfected with 1 pg of the appropriate 3'-UTR
reporter and 1 pg precursor miR or 50 nM anti-miR. Cell extracts were
prepared 48 h after transfection, and luciferase activities were measured
using the dual-luciferase reporter assay system (Promega, WI). Three in-
dependent experiments were done with triplicate samples. MicroRNA
binding sites were identified using the Computational Biology Center,
Memorial Sloan Kettering Cancer Center, website (microRNA.org).

Western blot analysis and real-time RT-PCR. For Western blot anal-
ysis, cells were lysed with radioimmunoprecipitation assay (RIPA) buffer
containing complete protease inhibitors (Thermoscientific) and phos-
phatase inhibitors (Boston Bioproducts). Primary antibodies were incu-
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TABLE 2 Antibodies used for Western blot analysis®

TABLE 4 ChIP assay antibodies and primer sequences

Primary-antibody target Source Dilution  Antibody or primer Source or sequence

p-ERK1/2 Cell Signaling (4376) 1/2,000 Primary antibodies

ERK2 Cell Signaling (9102) 1/1,000 AR Epitomics (3184-1)

SRC Cell Signaling (2109) 1/2,000 FOXA1 Abcam (ab23738)

ZEB1 Novus (NBP1-05987) 1/500 OCT1 Novus (NB100-91899)

ETS1 Epitomics (T3123-1) 1/2,000 GAPDH Novus (NB300-221)

GAPDH Novus (NB300-221) 1/4,000 Rabbit IgG Santa Cruz (sc-2027)

p-Erk2 Cell Signaling (4370) 1/1,000 pRNApol2 Abcam (ab5408)

Erk2 Santa Cruz (1647) 1/1,000

a-Tubulin Sigma (T8203) 1:2,000 Primers

“ Horseradish peroxidase-linked anti-mouse IgG (NXA931; 1:2,000) or anti-rabbit 1-2AREL T GCTTACAGGTAACAGAGCACCA

(NA934; 1:2,000) IgG (GE Health Care) was used for protein detection. 1-2ARE1 R TTGAATTGTGAAATTAGGCTATGG
1-2ARE2 F TGTTTGCTCGTTTGTTTTTCA
1-2ARE2 R GCAGCCATCTCATCTTGATTG

. . o . non-ARE F GCATCAAAGTGCAAACTTCAGG

bated overnight at 4°C using the dilutions listed in Table 2. For real-time non-ARE R AAACCAGGATGAGTGTGGGT

RT-PCR analysis, total RNA was isolated using a mirVana Paris RNA FKBP5 ARE6/7 F CCCCCCTATTTTAATCGGAGTAC

isolation system (Ambion). Reverse transcription of cDNA and PCR was FKBP5 ARE6/7 R TTTTGAAGAGCACAGAACACCCT

performed as described previously (32). All reactions were normalized to
human GAPDH and run in triplicate using primers listed in Table 3.
MicroRNA reverse transcription and PCRs were performed using a Taq-
Man microRNA assay kit (Applied Biosystems). All values were normal-
ized to the value for a human SNORD48 endogenous control, and all
reactions were run in triplicate.

Chromatin immunoprecipitation (ChIP). Cells were treated with
DHT for 2 h, and ChIP assays were performed using the EZ magna ChIP
A kit (Millipore) with a modified protocol (32). ChIP antibodies and PCR
primers are listed in Table 4. Predictions for transcription factor binding
sites within promoter regions were adopted from the AliBaba 2.1 program
(http://www.gene-regulation.com/pub/programs.html).

Animal studies. All animal studies were performed in accordance with
a protocol approved by the NIH Animal Care and Use Committee. To
analyze tumorigenesis, 5-week-old male nude mice (NCI, Frederick, MD)
were injected with 1 X 10° tumor cells in 50% Matrigel (Falcon, NJ)
subcutaneously. Tumor size was measured weekly with calipers, and tu-
mor volume was calculated using the following formula: tumor volume =
(4/3m) X (L/2) X (W/2)?, where L is length and W is width. Results are
means = standard errors (SE) for each experimental group. To inves-
tigate metastasis, 1 X 10° cells were inoculated via an intracardiac
route, and metastases were monitored by bioluminescent imaging
(BLI) (25). Bone metastases were evaluated on magnified (3X) radio-
graphs taken with a Faxitron MX-20 radiography system. Each bone
metastasis was scored based on the following criteria: 0, no metastasis;
1, bone lesion covers less than 1/4 of the bone width; 2, bone lesion
involves 1/4 to 1/2 of bone width; 3, bone lesion across 1/2 to 3/4 of
bone width; 4, bone lesion is more than 3/4 of bone width. The bone
metastasis score for each mouse represents the sum of scores of all
bone lesions from four limbs. Doxycycline-containing chow (Bio-
Serv) was used to induce SRC expression. Bones and subcutaneous
tumors were processed for histological analyses as described previ-
ously (24). SRC immunohistochemistry was performed on tissue fol-

TABLE 3 qRT-PCR primer sequences

Primer Sequence

hGapdh F GGACTCATGACCACAGTCCA
hGapdh R CCAGTAGAGGCAGGGATGAT
hSRCF CCAGGCTGAGGAGTGGTATT
hSRCR TTCGTGGTCTCAGTTTCTCG

hARF TCTTGTCGTCTTCGGAAATG

hARR TCTGGGTTGTCTCCTCAGTG

hFkbp5 F TAGAAATCCACCTGGAAGGC
hFkbp5 R CCAGAGCTTTGTCAATTCCA
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“ All antibodies were used at a 1/50 dilution.

lowing antigen retrieval at pH 6.0 with polyclonal rabbit antibody
(Cell Signaling) used at a 1:200 dilution and overnight incubation
conditions. Mice were euthanized when one of the following situations
applied: 10% loss of body weight, paralysis, or head tilting.

Clinical outcome and correlation analyses using human data sets.
We used mRNA expression data from a public human prostate cancer
data set (29). The study was conducted under Memorial Sloan-Kettering
Cancer Center (MSKCC) Institutional Review Board approval on 28 nor-
mal, 151 primary, and 19 metastatic samples. The expression data (and
resulting Z scores) were log, normalized. Additionally, microRNA ex-
pression was determined for 113 tumors and 28 matched normal samples
with Agilent microRNA V2 arrays. Androgen-responsive (33) and SRC-
dependent (34) gene signatures were used to determine correlations with
miR-1 levels. Gene sets were scored by summing the expression Z score
per tumor within the cohort. Tumors were mean stratified by miR-1 ex-
pression, and the mean Z scores were determined in each group.

Statistical analysis. All data are presented as means and standard er-
rors of the means (SEM). Statistical calculations were performed with
GraphPad Prism analysis tools. Differences between individual groups
were analyzed by one way or two-way analysis of variance (ANOVA).
Bonferroni’s posttest was used for comparisons among 3 or more groups.
P values less than 0.05 were considered statistically significant.

RESULTS

To investigate the contribution of miR-1 and its potential targets
to human prostate cancer metastasis, we analyzed miR-1 expres-
sion levels and correlative mRNAs in a publicly available data set
of 28 normal prostate, 98 primary tumor, and 13 distant metasta-
sis samples collected and analyzed at MSKCC. As shown in Fig. 1A
and elsewhere (22), miR-1 expression levels relative to those in
normal prostate were reduced in primary tumors and further dra-
matically decreased in metastases. In a smaller study of primary
prostate cancer only, decreased miR-1 levels were correlated with
non-organ-confined disease (35).

To determine the potential role of miR-1 in metastases, we
analyzed the phenotypic consequences of ectopic miR-1 precursor
expression in a xenograft model of prostate cancer metastasis.
DU145 cells expressing the activated RAS'?“*7 effector mutant
gain bone metastatic capability (24), and DU145/RasB1 (RasB1)
cells are a line expanded from a bone metastasis (25). As shown in
Fig. 1B, increased miR-1 levels in RasB1 cells inhibited their inva-
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FIG 1 miR-1 expression decreases in clinical metastatic PC samples and inhibits metastasis in an experimental model. (A) Relative expression levels of miR-1 in
normal epithelium (n = 28), primary PC (n = 98), and metastatic PC (n = 13), analyzed in the MSKCC PC data set. **, P < 0.01, and ****, P < 0.0001, versus
normal epithelium. (B) Invasion of RasB1 cells expressing either a control pre-miR or pre-miR-1 through Matrigel-coated Transwells at two time points. Data
are means and SEM (n = 5). **, P < 0.01, and ***, P < 0.001, versus control miR. (C) Representative histology of brain metastases (top) and bone metastases
(bottom) in tumor-bearing mice inoculated with the indicated cell lines. Tumor cells are marked by arrow heads. (D) Survival rate for mice bearing DU145/
RasB1 tumors expressing either a control pre-miR (n = 10) or pre-miR-1 (n = 10). ****, P < 0.0001 for comparison of the two groups. (E) In vitro growth rate
of DU145/RasB1 and DU145/RasB1/miR-1 cells. n = 6 per group. OD, optical density. (F) Tumorigenesis of DU145/RasB1 and DU145/RasB1/miR-1 cells after

subcutaneous injection. *, P < 0.05, and ***, P < 0.001, versus controls.

sion in vitro, consistent with our results in an independent model
and with the results of others (20, 22). Importantly, miR-1 expres-
sion inhibited the experimental brain and bone metastases that are
observed in this model following intracardiac inoculation (Table
5). Metastases that did develop were delayed in the time to detec-
tion, from 3 weeks to 10 weeks, diminished in size, and mainly
found in brain (Fig. 1C). This is reflected in a doubling of the time
to morbidity in mice receiving RasB1 expressing miR-1 compared
to RasB1 expressing a control miR (Fig. 1D). miR-1 expression
partially inhibited the in vitro and subcutaneous growth rates of
prostate cancer cells (Fig. 1E and F) (20, 22), suggesting that the
inhibition of metastasis involves targets that regulate both inva-
sion and proliferation.

To gain a better understanding of the phenotypic conse-
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TABLE 5 Metastasis formation is inhibited by ectopic miR-1
expression”

No. of mice with metastasis/total no.

Week 3 Week 10
Cell line Brain Bone Brain Bone
DU145/RasB1 9/10 10/10 NA NA
DU145/RasB1/miR-1 0/10 0/10 8/10 2/10

“ The presence of metastasis was assessed every 2 weeks using BLI in mice inoculated
with the indicated cell lines by intracardiac injection. Mice demonstrating persistent
BLI signals were counted. Metastases were verified by X-ray (bone) and pathological
analysis (bone and brain). NA, not applicable.
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FIG 2 miR-1 and SRC levels are anticorrelated. (A) Western blot (top) and analysis (bottom) of various proteins in whole-cell lysates, including DU145 cells
infected with a control retrovirus (EV) and with Ras" 297 retrovirus (Ras“*”). DU145/RasB1 (RasB1) cells were derived from a Ras“*” bone metastasis and later
modified to express pre-miR-1 (RasB1/miR-1) (n = 3). **, P < 0.01, and ***, P < 0.001, versus EV; ###, P < 0.001, versus RasB1. (B) Correlation analysis
(Pearson) of miR-1 and SRC levels in individual PC clinical samples (n = 111) taken from the MSKCC PC data set. r = —0.2305; P < 0.05 (two-tailed). (C) SRC
upregulated signature genes expressed as a summed Z score for samples separated on the basis of miR-1 expression above the median (miR-1 High) or below the
median (miR-1 Low) in the MSKCC data set. ****, P < 0.0001. (D) Western blot of the displayed proteins in whole-cell lysates from RasB1 cells treated with
PD98059 at various concentrations for 24 h. (E) Relative miR-1 expression in RasB1 cells treated with various concentrations of PD98095 for 24 h.

quences of miR-1 expression, we assayed signaling pathways an-
ticipated to be of functional relevance in DU145/RasB1 cells. We
observed an increase in mesenchymal markers such as ZEB1 and
ETS1 in DU145 expressing RASY'2%*’, both in the polyclonal pop-
ulation (Ras“*” in Fig. 2A) and in the derivative in vivo passaged
RasB1 line. Ectopic miR-1 inhibited the expression of these EMT
markers, consistent with our previous results showing that miR-1
inhibits SNAI2 expression and the EMT phenotype (20) and con-
sistent with decreased invasion (Fig. 1B). In addition, we observed
slightly elevated pERK levels associated with Ras¥ 2% expression
and noticeably decreased pERK levels correlated with elevated
miR-1 expression (Fig. 2A).
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We analyzed the relationship of potential miR-1 target mRNAs
and miR-1 levels in the MSKCC prostate cancer data set (29). We
identified SRC as a promising candidate based upon the presence
of a miR-1 homology site, anticorrelated miR-1 and SRC mRNA
levels (Fig. 2B), and a proposed role for SRC in prostate cancer
bone metastasis (14, 36). Consistent with a correlation between
low miR-1 expression and elevated SRC, patient tumors with
miR-1 levels below the median demonstrated enrichment for a
SRC-dependent gene signature, while tumors with miR-1 levels
above the median did not (Fig. 2C). Interestingly, SRC protein
levels increased in the metastatic derivatives of DU145 (Ras®®’
and RasB1) and, as would be expected for a miR-1 target, de-
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FIG 3 miR-1 directly regulates SRC levels in DU145/RasB1 cells. (A) Normalized reporter activity of the wt SRC 3'-UTR (2,671 bp) or a mutant containing a
modified miR-1 binding site after transient transfection of control or miR-1 precursor miRs (left) and control or miR-1 anti-miRs (right). Data are means and
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creased in pre-miR-1 expressing RasB1 (Fig. 2A). Finally, because
SRC and pERK expression correlated, we analyzed the effect of
treating RasB1 cells with the MEK inhibitor PD98059 and ob-
served no apparent effect on SRC levels (Fig. 2D), suggesting that
PERK is not upstream but is either downstream of or in a pathway
parallel to SRC. Consistent with this, MEK inhibition did not af-
fect miR-1 levels (Fig. 2E).

To address whether SRC levels can be directly regulated by
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miR-1, a full-length SRC 3’-UTR reporter containing either the
wild-type or a miR-1 mutated homology site were assayed in
DU145/RasB1 cells (Fig. 3A). As anticipated for direct targeting of
SRC by miR-1, coexpression of a miR-1 precursor led to reduced
reporter activity, while coexpression of a miR-1-antagonistic miR
(anti-miR) led to increased reporter activity. miR-1-dependent
reporter activity was not observed if the miR-1 homology site was
mutated, demonstrating a direct and specific effect. The direct
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in LNCaP cells treated with vehicle or DHT (10 nM). (D) Western blot analysis of various proteins in extracts from LNCap cells treated with DHT (left) and
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vehicle, DHT, or MDV3100. (F) Normalized reporter activity for the SRC 3'-UTR following transfection into LNCaP cells and treatment with vehicle or DHT.
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(n=13).% P<0.05,**%, P<0.01,and ***, P < 0.001, versus vehicle.

regulation of various other known and predicted miR-1 target lation was observed for RNA and protein levels in pre-miR-1 and
reporters was analyzed (Fig. 3B) and showed the expected speci- anti-miR-1 expressing DU145/RasB1 cells (Fig. 3D and E).

ficity (Fig. 3C), demonstrating the fidelity of the model. For en- An important phenotypic property of individual prostate can-
dogenous SRC, the anticipated pattern of miR-1 dependent regu-  cers is the AR-dependent output, which is measurable by a tran-
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(D) Schematic model summarizing the experimental data shown in Fig. 3 and 4 and this figure combined with the finding of others that canonical AR activity is
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scription-based signature (5, 33). Heterogeneity of AR output ex-
ists in different patient samples, especially in conjunction with the
development of castration-resistant prostate cancer (5-7). Fol-
lowing the development of castration resistance, a decrease in the
level of an AR gene signature commonly expressed in prostate
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cancer indicates either reduced AR transcriptional activity or a
shift in AR-dependent transcriptional specificity (6, 8). We asked
whether miR-1 expression levels were related to AR output in the
data set from the MSKCC clinical samples. As shown in Fig. 4A,
tumors expressing levels of miR-1 greater than the median dem-
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onstrate significantly greater AR activity (shown as a summed Z
score) than those expressing less than median miR-1 levels. Of
particular interest, previous studies have reported that decreasing
predicted canonical AR activity correlates with increasing pre-
dicted SRClevels (5), although a mechanism relating the two phe-
notypes has not been described. The positive correlation of AR
activity and miR-1 levels may represent coexisting nonrelated
phenotypes or may suggest a causal relationship. Because miR-1 is
widely expressed in most tissues, there clearly exists AR indepen-
dent transcriptional regulation of miR-1. However, we sought to
determine whether AR signaling modulates miR-1 and SRC levels
in prostate epithelial cells.

We used three human cell models to address AR-initiated reg-
ulation of miR-1: inducible AR expression in the AR-negative
DU145 cells, endogenously AR-positive LNCaP, and highly AR-
expressing LNCaP-AR (37). As shown in Fig. 4B, doxycycline in-
duction of AR in DU145 led to significantly increased miR-1 levels
associated with ligand-activated AR, as demonstrated by DHT-
mediated increases, which were reversed with the AR antagonist
MDV3100. SRCRNA levels decreased as would be predicted. Sim-
ilarly, DHT treatment and activation of endogenous AR in LNCaP
cells or overexpressed AR in LNCaP-AR cells resulted in 2- to
3-fold-increased miR-1 and >50%-decreased SRC levels (Fig. 4C
and D). In addition, inhibition of AR with MDV3100 in LN-
CaP-AR cells decreased expression of the AR target FKBP5 and
also reduced miR-1 expression (Fig. 4E). Changes in SRC RNA
levels initiated by modulating AR activity correlated with changes
in SRC protein amounts (Fig. 4E). miR-1-dependent transcrip-
tion modulated by AR was investigated by assaying the activity of
a SRC 3'-UTR reporter, which decreased following DHT treat-
ment of LNCaP (Fig. 4F), demonstrating posttranscriptional reg-
ulation of SRC consistent with miR-1 regulation. Additional 3’-
UTR reporters for other predicted miR-1 targets tested in LNCaP
cells under various conditions of AR activity were regulated par-
allel to SRC, further validating a miR-1-dependent effect of AR
activities (Fig. 4G).

To address whether AR directly binds to and regulates the pri-
mary miR (pri-miR) encoding human miR-1-2 on chromosome
18, putative AR binding sites (AREs) were mapped and are shown
in context with FOXA1 binding sites (Fig. 5A). Chromatin immu-
noprecipitation assays were performed in LNCaP cells with anti-
bodies directed against AR. As shown in Fig. 5B, AR activated by
DHT increased binding within 2 h to ARE1 and ARE2, in complex
with the known AR cofactors FOXA1 and OCT1. The increased
binding of POL2 further suggested a direct transcriptional effect
of ligand-bound AR. To determine whether the ARE elements in
the pri-miR-1-2 upstream region are functional, the region be-
tween —3075 and the transcription start site was cloned into an
RFP reporter construct and assayed with and without AR activa-
tion. As shown in Fig. 5C, DHT induced a 4-fold increase in re-
porter activity, which was partially inhibited by mutation of either
ARE1 or ARE2 and fully inhibited by mutation of both AR-bind-
ing elements. The data suggest that pri-miR-1-2 is positively tran-
scriptionally regulated by AR binding at both identified AREs in
prostate cancer cells and support a causal relationship for AR-
mediated miR-1 regulation and anticorrelated SRClevels, as sche-
matically depicted in Fig. 5D.

SRC, amiR-1 target, has been implicated in the development of
prostate cancer bone metastasis. On the other hand, miR-1 has
been shown to target several different gene transcripts (Fig. 3B and
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FIG 6 Characterization of SRC reconstitution in miR-1-expressing DU145/
RasB1 cells. (A) Western blot analysis of extracts from DU145/RasB1/miR-1
cells expressing TRE3G-regulated SRC with and without doxycycline induc-
tion. (B) miR-1 levels in the parental and SRC-rescued DU145/RasB1/miR-1
cells used for panel A. ****, P < 0.0001 versus control miR. (C) Representative
THC images of SRC expression in brain metastases from DU145/RasB1-bear-
ing mice and doxycycline-fed mice bearing DU145/RasB1/miR-1/Src.

C) (22, 38, 39). Having demonstrated that ectopic pre-miR-1 ex-
pression decreased SRC expression and the development of bone
metastasis, we asked whether reconstitution of SRC levels in
miR-1 cells would be sufficient to restore bone metastatic activity.
We infected DU145/RasB1/miR-1 with lentivirus encoding doxy-
cycline-inducible SRC (Fig. 6A). As expected, in the absence of
doxycycline, SRC protein expression was low due to ectopic
miR-1 expression. Interestingly, induced SRC expression in-
creased pERK signaling even in the presence of high miR-1 expres-
sion, implying that that SRC is downstream of miR-1 and up-
stream of pERK, consistent with Fig. 2A and D. We confirmed that
miR-1 expression remained elevated in SRC-induced DU145/
RasB1/miR-1/SRC cells (Fig. 6B). Immunohistochemical staining
results for SRC in doxycycline-induced DU145/RasB1/miR-1/
SRC and DUI145/RasB1 tumors were approximately similar (Fig.
6C). As shown in Fig. 7A and B, SRC induction significantly recon-
stituted bone metastases in pre-miR-1-expressing cells. Histological
analyses of reconstituted metastases revealed aggressive tumor
growth in the bone accompanied predominantly by osteolysis but
with a clear presence of osteoblastic elements as well (Fig. 7B). Finally,
doxycycline-inducible SRC expression in inoculated mice was asso-
ciated with decreased survival, as anticipated for reconstituted metas-
tasis induction (Fig. 7C). Taken together, these data suggest that SRC
is a physiologically important miR-1 target that functions in the de-
velopment of bone metastases. Compared with DU145/RasB1, SRC
overexpression only partially rescued bone metastases (Fig. 7C and
D), suggesting the existence of multiple miR-1 targets. However, the
fact that robust SRC expression alone was sufficient to reverse the
inhibitory effects of high levels of miR-1 on bone metastasis implies
that SRC is a dominant miR-1 target for determining the bone-met-
astatic phenotype.
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DU145/RasB1.

DISCUSSION

miR-1 is a prostate cancer tumor suppressor, and increased SRC
activity has been implicated in PC progression (14, 36). In the
current study, we provide evidence for a molecular mechanism
linking the two phenotypes. We show that SRC is a direct miR-1
target and that SRC RNA and protein levels are modulated by
miR-1 in various prostate cancer model systems. SRC expression
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reverses ectopic-miR-1-mediated inhibition of bone metastasis,
implying that SRC levels are dominant in determining miR-1 tu-
mor suppressor activity. Importantly, in clinical samples, in-
creased SRC levels as well as a SRC-dependent transcription sig-
nature correlate with decreased miR-1 levels. Prior transcriptomic
analyses have shown an inverse relationship between canonical
AR output and SRC-dependent transcription as well as predicted
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responsiveness to the SRC inhibitor dasatanib (5, 16). We show
here that in experimental models, AR directly and positively con-
tributes to the regulation of miR-1 transcription. The current
study suggests one molecular mechanism whereby low canonical
AR output contributes to reduced miR-1 and increased SRC
levels.

Various independent analyses of clinical samples have deter-
mined that miR-1 is present at decreased abundance in prostate
cancer compared to benign prostate tissue. Of note, the data set
reported by Taylor et al. (29) and the study by Martens-Uzunova
et al. (23) showed that miR-1 levels decrease further relative to
primary tumors with metastatic progression. miR-1 contributes
to a predictive signature for progressive prostate cancer (23), and
consistent with this, primary tumors in the data set of Taylor et al.
with lower-than-median miR-1 levels recurred earlier than those
with miR-1 levels above the median (22). Of additional interest,
using a rank-based method comparing matched normal and tu-
mor tissue, miR-1 was found to be one of the 10 most attenuated
miRs in a variety of cancers, suggesting that the miR-1 regulatory
network may influence fundamental processes in transformation
(40).

The underlying cancer and tissue-specific mechanisms regulat-
ing miR-1 expression are not fully known. Although there is evi-
dence for CpG island methylation within the miR-1-1 promoter
in hepatocellular, colon, and prostate cancer cell lines (22, 38), the
methylation pattern in primary tumors is more limited and het-
erogeneous. Thus, methylation may be a contributing factor in
miR-1 expression levels in some tumors. We present here an ad-
ditional mechanism, AR-dependent regulation of miR-1-2, of
specific significance for prostate cancer progression, which is
characterized by heterogeneity of canonical AR-driven gene sig-
natures (5, 7).

The data presented here emphasize the dominance of SRC as a
miR-1 target and determinant of bone metastatic activity, even
though a variety of other miR-1 targets have been described (22,
38, 39). Additionally, miR-23b was recently described as targeting
SRC and AKT in prostate cancer, and it is reasonable to anticipate
that miR-1 and miR-23b both contribute to regulating SRC levels
(41). SRC is of particular interest with respect to bone metastasis,
the predominant site for metastatic prostate cancer. Recent inves-
tigations in triple-negative breast cancer suggest a rationale for the
correlation between SRC activity and the bone-metastatic pheno-
type (42). It was shown that SRC enhances PI3K-AKT pathway
activity initiated by insulin-like growth factor 1 (IGF1) and
CXCL12, survival and growth factors that are expressed in limit-
ing amounts in primary tumor stroma and in the bone microen-
vironment.

Importantly, SRC family inhibition has been advanced as a
strategy for the treatment of metastatic CRPC (43, 44). In addition
to an implied role for SRC in CRPC, SRC signaling is involved in
bone turnover, which is thought to be a determinant of metastatic
bone colonization (36, 45). Thus, dasatinib, a potent oral inhibitor
of SRC family and other kinases (45), has been used in the treat-
ment of metastatic prostate cancer. Unfortunately, the READY
trial, a randomized, double-blind phase 3 trial, did not demon-
strate a survival benefit upon the addition of dasatinib to docetaxel
in chemotherapy-naive CRPC patients (46). One concern is that
the heterogeneity of CRPC may require the preselection of specific
categories of patients likely to benefit from SRC family kinase
inhibition. A more complete mechanistic understanding of the
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role of SRC family kinases in the context of other growth and
survival signaling pathways may be needed. The data presented
here provide one molecular rationale linking reduced AR activity
in CRPC with increased SRC signaling.
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