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Inactivation of AR and Notch-1 signaling by miR-34a
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Abstract: Prostate cancer (PCa) is the second leading cause of cancer related death in men in the United States, sug-
gesting that novel molecular targets as well as the development of agents that could deregulate such targets would
become newer therapeutic approach for the treatment of castrate resistant prostate cancer (CRPC) especially the
metastatic CRPC (mCRPC). In search for novel targets, microRNAs (miRNAs) are becoming an emerging area because
miRNAs function as regulators of gene expression in human cancers including PCa. Previous studies from our labora-
tory have shown that the expression of miR-34a is significantly down-regulated in human PCa specimens consistent
with PCa cell lines with aggressive characteristics, and that the silencing of miR-34a expression was in part due to
hypermethylation of its promoter. There are several genes that are direct targets of miR-34a, and in the current study
we investigated the cellular consequence of miR-34a over-expression and under-expression in the regulation of an-
drogen receptor (AR) and Notch-1 in PCa cells. We found that over-expression of miR-34a led to reduced expression
of AR, PSA and Notch-1. We also found that over-expression of miR-34a significantly inhibited the growth of PCa cells.
Moreover, over-expression of miR-34a resulted in decreased self-renewal capacity of PCa cells, and conversely inacti-
vation of miR-34a led to increased self-renewal capacity, which is an indication of tumor cell aggressiveness. These
findings suggest that the loss of miR-34a is directly linked with up-regulation of AR and Notch-1 both of which are
highly expressed in PCa, and thus finding innovative approaches by which miR-34a expression could be up-regulated
will have a huge impact on the treatment of PCa especially for the treatment of mCRPC.
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Introduction expressed causing CRPC or mCRPC is due to
the epigenetic silencing of the miR-34a pro-
moter activity [3]. We have found that the ex-

pression of miR-34a is silenced in PCa due to

Prostate cancer (PCa) is the second leading
cause of cancer related death in men in the

United States [1], suggesting that innovative
treatment strategies are required. Prostate
gland and the PCa are sensitive to androgen,
mediated through the activation of androgen
receptor (AR) signaling. However, patients
treated with androgen ablation therapy (also
known as androgen deprivation therapy) eventu-
ally develops resistance known as castrate re-
sistant prostate cancer (CRPC), which subse-
quently lead to metastatic CRPC (mCRPC) for
which there is no curative therapy. However, AR
signaling is still known to be functional and ac-
tive in mCRPC although the androgen-AR target-
ing agents becomes ineffective [2]. One of the
reasons why AR may be deregulated and highly

promoter hyper-methylation, but this could be
easily reversed by treatment of PCa cells or PCa
patients with a novel agent called BR-DIM. This
agent resulted in the re-expression of miR-34a;
thereby it may inhibit cancer progression by
suppressing AR expression and activity [3]. Find-
ing ways to up-regulate miR-34a may lead to
new treatment for PCa patients and could possi-
bly prevent the transformation of PCa to CRPC
or mCRPC. In addition, recently it has been
shown that deregulated Notch-1 (a transmem-
brance receptor that plays a role in cell develop-
ment, differentiation, proliferation, and survival)
signaling plays important role in the develop-
ment of cancer and subsequent metastasis,
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which is in part due to the acquisition of epithe-
lial-to-mesenchymal transition (EMT) phenotype
[4, 5]. Studies have shown that the silencing or
inhibition of Notch-1 signaling leads to a signifi-
cant reduction in cell proliferation and invasive-
ness of tumor cells, and increased apoptotic
cell death [5]. Therefore, Notch-1 may also
serve as another promising target for the treat-
ment for PCa patients.

Emerging evidence suggests that the expression
of genes such as AR or Notch-1 among many
other genes could be regulated by microRNAs
(miRNAs). The miRNAs are small, 18-24 nucleo-
tide RNAs that showed to have a wide range of
post-transcriptional regulation of genes in in
many cellular processes such as cell prolifera-
tion, differentiation, migration, and apoptosis
[6]. The miRNAs down-regulates protein expres-
sion by means of binding to the 3’'UTR regjon in
their respective target mRNAs and preventing
translation or the degradation of the mRNAs [6].
Previous studies have shown that miR-34a
could regulate the expression of AR and p53,
and thereby leads to the inhibition of cell growth
and proliferation [7]. In this way, miR-34a acts
as a tumor suppressor gene. However, studies
have shown that the expression of miR-34a is
reduced or lost in many cancers such as ovar-
ian, leukemia, pancreatic and colon cancers
including PCa [8]. In prostate cancer, the ex-
pression of miR-34a appears to be epigeneti-
cally silenced due to hyper-methylation of miR-
34a promoter, although other factors such as
disruption of the p53 pathway may also be the
cause of marked reduction in miR-34a expres-
sion [3]. It has also been shown that CD44 (+)
prostate cancer cells which are enriched in
prostate cancer stem cells (CSCs), under-
express miR-34a. When miR-34a was over-
expressed, prostate CSCs were inhibited indicat-
ing the valuable role miR-34a in PCa [9].

Previous studies from our laboratory have
shown that the expression of miR-34a is signifi-
cantly down-regulated in human PCa specimens
consistent with PCa cell lines with aggressive
characteristics, and that the silencing of miR-
34a expression was in part due to hypermethy-
lation of its promoter [3]. In the current study,
we have deregulated the expression of miR-34a
by transfection in human PCa cell lines (C4-2B,
CWR22rv1, LNCaP, and VCaP cells) and as-
sessed the cellular consequence in the expres-
sion of AR, PSA, and Notch-1 as well as investi-
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gated the cellular morphology, cell growth, and
self-renewal capacity. We found that over-
expression of miR-34a led to reduced expres-
sion of AR, PSA and Notch-1. We also found that
over-expression of miR-34a significantly inhib-
ited the growth of PCa cells. Moreover, over-
expression of miR-34a resulted in decreased
self-renewal capacity of PCa cells, and con-
versely inactivation of miR-34a led to increased
self-renewal capacity. These findings suggest
that the loss of miR-34a is directly linked with
up-regulation of AR, PSA and Notch-1, and thus
finding therapeutic avenues by which miR-34a
expression could be restored would become a
newer therapy for the treatment of PCa in gen-
eral and mCRPC in particular for which novel
therapeutics are urgently needed.

Materials and methods
Cell culture and conditions

All four cell lines (LNCaP, VCaP, C4-2B, and
CWR22rvl) were maintained in a 5% CO»-
humidified atmosphere at 37°C. The media
used for cell culture consisted of RPMI 1640
(Invitrogen, Carlsbad, CA) along with 10% fetal
bovine serum (FBS). In addition, the media con-
tained 50 units/ml Penicillin and 50 pg/mi
Streptomycin. All four cell lines were maintained
using the same media conditions except LNCaP
cell media which included 10nM testosterone.
When seeding the cells in preparation for trans-
fection, the cells were maintained in antibiotic-
free RPMI 1640 media.

Transfection of miRNAs

Cells were seeded in 6 well culture plates. After
24 hours of incubation, the cells were trans-
fected with 30 nM pre-miR34a and/or a miR-
34a inhibitor (anti-miR-34a) along with their
respective controls (Ambion, Austin, TX) using
DharmaFECT3 transfection reagent
(DHARMACON, Lafayette, CO). The cells were re-
transfected after three days of transfection.
After six days of first transfection, the cells were
harvested. The total RNAs and proteins from the
cells were extracted for RT-PCR analysis and for
Western blot analysis.

Real-time RT-PCR

RT-PCR was performed in order to evaluate the
expression of miR-34a in respective cell lines in
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addition to looking at specific mRNA expres-
sions. First, total RNA extraction was done using
the miRNeasy Kit (Qiagen) along with removing
the DNA using RNase-free DNAase (Qiagen) ac-
cording to the manufacturer’s instruction. Then,
a miRNA assay was done using 1ng of total RNA
which was reverse transcribed into cDNA, fol-
lowed by real time PCR. Tagman and specific
miR-34a primers (Applied Biosystems) were
utilized in order to perform RT-PCR and to quan-
tify miR-34a expression. The amount of miR-
34a was normalized to the expression of
RNU48. When looking for mRNA expression,
one microgram of total RNA was reverse tran-
scribed to cDNA using SYBR Green PCR re-
agents and specific primers (AR, PSA, Notch-1,
and GAPDH-control), and subsequently used for
real time PCR according to manufacturer’s in-
structions. The relative amount of mRNA was
normalized to the expression of GAPDH expres-
sion.

Western blot analysis

Protein extraction was first done by lysing the
cells in RIPA buffer followed by the BCA protein
assay in order to determine protein concentra-
tion. Western blotting was performed as previ-
ously described [10], with the only change being
the antibodies used. The proteins were tested
with the following primary antibodies: AR, PSA,
Notch-1, and GAPDH, all of which were pur-
chased from Santa Cruz (Santa Cruz, CA). After
washing the membrane, the respective secon-
dary antibodies were applied, and the signal
was detected as described earlier [10].

Cell proliferation assay by MTT

PCa cells were seeded in 96 well culture plates.
After 24 hours of incubation, the cells were
transfected with 30 nM pre-miR34a and/or a
miR-34a inhibitor (anti-miR-34a) along with their
respective controls as described earlier. After
six days of first transfection, the cells were sub-
jected to MTT assay as described previously
[11]. The growth inhibition of PCa cells after
miRNA transfection was calculated using Graph-
Pad Prism software (GraphPad Software Inc).

Cell renewal capacity assay
C4-2B and CWR22rv1 cells were seeded in 6

well culture plates. After 24 hours of incubation,
the cells were transfected with 30 nM pre-
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miR34a or 30 nM miR-34a inhibitor along with
their respective controls and re-transfected af-
ter 3 days as described earlier. After six days of
first transfection, the effects of miR-34a on
sphere-forming ability of the transfected cells
were detected by self renewal capacity assay.
Single cell suspensions of transfected cells
were plated in the wells of a 6-well ultra-low
adherent plate at 2000 cells/well in DMEM/F12
supplemented with B27 and N2 (Invitrogen).
Fresh medium was added after 3 days of seed-
ing. After 6 days of seeding, the numbers of
prostaspheres were counted. Prostaspheres
were also photographed under a phase contrast
microscope and the size of the prostaspheres
diameter was measured.

Statistical methods

RT-PCR data for both miR-34a expression and
for mRNA expression were quantified through
means of the comparative Ct method. We com-
pared the relative amount of the target genes to
GAPDH which served as reference control. The
results in the graphs shown are as relative val-
ues compared to GAPDH.

Results

The miR-34a down-regulates AR expression in
PCa cells

Prostate cancer (PCa) cells and their stem cells
have been shown to have a marked reduction in
the expression of miR-34a, which is in part re-
sponsible for the up-regulation of AR expression
[3, 12]. In the current study, we chose to over-
express miR-34a and under-express it by trans-
fection in order to investigate the subsequent
effects on AR expression in four different PCa
cell lines such as C4-2B, CWR22rv1, LNCaP and
VCaP. Figure 1 shows the relative amount of
miR-34a in each cell line after six days of trans-
fection. As shown in Figure 1, the transfection
was effective in increasing the levels of miR-
34a, and further experiments in the down-
regulation of miR-34a expression showed de-
creasing the expression of miR-34a after trans-
fecting the cells with miR-34a inhibitor (anti-miR
-34a). After a 6-day transfection with miR-34a
mimetic, the C4-2B and CWR22rv1 cell lines
showed a reduction in mRNA and protein ex-
pression of AR (Figures 2A, 2D 3A, and 3C) con-
sistent with increased expression of miR-34a.
This reduction in the expression of AR was also
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Figure 1. Comparative levels of miR-34a after 6-days of transfection of pre-miR-34a in C4-2B (A), CWR22rv1 (B),

LNCaP (C), and VCaP (D) cell lines.

consistent with the down-regulation of AR down-
stream gene, prostate specific antigen (PSA) in
C4-2B cell line (Figure 2C). VCAP cell line also
showed similar reduction in the amount of AR
and PSA transcripts after only a 3-day transfec-
tion of miR-34a (Figure 4A and 4B). This finding
confirms that AR is a direct target of miR-34a.
However, transfection with a miR-34a inhibitor
in order to under-express miR-34a had no sig-
nificant effects on AR in all four cell lines, which
could indeed be due to low basal level expres-
sion of miR-34a in PCa cells.
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Notch-1 was down-regulated by miR-34a

Studies have shown that high level of Notch-1
expression is prevalent in PCa. After transfect-
ing all four cell lines with miR-34a, the expres-
sion of Notch-1 showed a marked reduction in
its expression. This finding indicates that miR-
34a down-regulates Notch-1 expression at the
mRNA levels. RT-PCR for mRNA expression
analysis of Notch-1 shows a decrease in Notch-
1 mRNA compared to the negative control in the
C4-2B and CWR22rv1 cell lines (Figures 2B and

Am J Transl Res 2012;4(4):432-442
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Figure 2. Effects of over-expression of miR-34a in the C4-2B PCa cell line. A) miR-34a led to a decrease in the expres-
sion of AR mRNA compared to the respective negative control; however, inhibition of miR-34a seemed to have no
effects on AR expression. B) Over-expression of miR-34a significantly decreased the expression of Notch-1 mRNA
compared to the control. C) PSA levels were also decreased after transfection with pre-miR-34a. D) Western blot
analysis showed a relative decrease in the protein expression of AR, PSA, and Notch-1 compared to respective con-

trols in C4-2B cells with over-expression of miR-34a.

3B). This data was correlated with western blot
analysis showing decreased expression of
Notch-1 protein (Figures 2D and 3B). However,
transfection with the miR-34a inhibitor showed
no effects on Notch-1 expression when com-
pared to the respective negative control.

Re-expression of miR-34a decreased cell prolif-
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eration and altered cellular morphology

The MTT Assay was performed uisng CWR22rv1
cell line after a 6-day transfection with miR-34a
in order to assess whether miR-34a could have
any effect on cell growth and viability. The data
showed that miR-34a caused reduced cell
growth and also showed reduced number of

Am J Transl Res 2012;4(4):432-442
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Figure 3. RT-PCR and Western blot analysis after over-expression of miR-34a in the CWR22rv1 cell line. A) Data from
RT-PCR showing down-regulation of AR in cells transfected with pre-miR-34a, and showed an increase in the expres-
sion of AR when miR-34a was under-expressed with miR-34a inhibitor (anti-miR-34a) transfection. B) RT-PCR data
also showing a decrease in the level of the Notch-1 transcripts in cells over-expressing miR-34a compared to the
respective negative control. C) Western blot analysis showing a marked reduction in the protein expression of AR and
Notch-1 when compared to their respective controls. D) MTT Assay showing decreased cell growth after transfection
with pre-miR-34a, and an increase in cell growth after inhibiting miR-34a expression.

cells whereas the miR-34a inhibitor caused an
increase in the number of cells (Figure 3D). Not
only did miR-34a showed reduced cell viability
and growth, but it also led to a marked altera-
tions in the cellular morphology. The cells after
a 3-day transfection appeared to be undergoing
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apoptosis as evident by the changes in the cell
shape. C4-2B cells normally show fibroblast-
type morphology but after transfection with miR-
34a, the cells showed more rounded pheno-
type. In addition, we observed lots of cell death
when compared to control cells (Figure 5A).

Am J Transl Res 2012;4(4):432-442
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VCAP cells were also affected similarly after
transfection of miR-34a (Figure 5B).

Re-expression of miR-34a inhibited self-renewal
capacity of PCa cells

The self-renewal capacity assay was conducted
on pre-miR-34a and negative control miRNA
transfected C4-2B and CWR22rv1 cells to inves-
tigate whether miR-34a could have any changes
in the tumor cell aggressiveness as assessed by
sphere-forming capacity (Prostaspheres) of PCa
cells. The data showed that miR-34a signifi-
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VCaP PSA levels

Compartive levels of PSA

Figure 4. Effects of miR-34a in the VCaP
cell line after only a 3 day transfection. A)
After a 3-day transfection of pre-miR-34a,
RT-PCR showed a significant decrease in
the level of the AR transcript with respect
to the negative control. B) miR-34a trans-
fected VCaP cells also showed a slight de-
crease in the production of PSA, whereas
the miR-34a inhibitor caused a little in-
crease in the PSA levels. C) RT-PCR data
also showed a decrease in the level of the
Notch-1 transcripts in cells over-expressing
miR-34a compared to the respective nega-
tive control.

cantly reduced the number of prostaspheres
compared to control in C4-2B cells (Figure 6A)
and CWR22rv1 cells (Figure 6B). Moreover, the
size of prostaspheres formed in miR-34a trans-
fected PCa cells was much smaller than that in
the control miRNA transfected PCa cells (Figure
6C and 6D). Furthermore, miR-34a inhibitor
transfected PCa cells showed increased number
and size of prostaspheres compared to control
cells (Figure 6), suggesting that re-expression of
miR-34a could inhibit self-renewal capacity of
PCa cells, and thus reduced tumor cell aggres-
siveness.

Am J Transl Res 2012;4(4):432-442
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Figure 5. The images of C4-2B (A) and VCAP (B) cells after only a 3-day transfection with pre-miR-34a. A) C4-2B cells
showed distinct changes in their morphology with pre-miR-34a transfection compared to its respective control. There
was a reduction in cell number as well. B) VCAP cells also showed a change in morphology to a smaller size and
rounded shape. Inhibiting miR-34a (anti-miR34a) caused an increase in cell number as evident compared to the

negative inhibitor control.

Discussion

Prostate cancer (PCa) is one of the more diffi-
cult cancers to treat especially when it becomes
hormone resistant such as CRPC and subse-
quent mCRPC, and thus finding novel targets
that could be exploited for development of novel
agents would become important for the treat-
ment of mMCRPC. Previous studies from our labo-
ratory and others [3, 6-9] have shown the im-
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portance of miR-34a in the regulation of many
cellular processes, and that the loss of miR-34a
expression is associated with PCa aggressive-
ness [3]. Therefore, further investigation on the
role of miR-34a expression in PCa became our
objective for the present study. A recent study
has shown that miR-34a is almost always under
-expressed in PCa causing the up-regulation of
AR [12]. It is well known that the activation of
AR signaling contributes to the development

Am J Transl Res 2012;4(4):432-442
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assay showed that miR-34a significantly reduced the number of prostaspheres in C4-2B (A) and CWR22rv1 (B) cells.
The size of prostaspheres formed in pre-miR-34a transfected PCa cells was much smaller compared to control (C and
D) while miR-34a inhibitor transfected PCa cells showed increased number and size of prostaspheres (A, B, C, and D;

Bar: 100uM).

and progression of PCa [13]. Therefore, in this
study, we chose to over-express and under-
express miR-34a in different PCa cell lines in
order to evaluate its effects on cell growth, ex-
pression of miR-34a downstream target (AR and
Notch-1) and cellular aggressiveness as as-
sessed by sphere-forming ability of PCa cells.

We found that over-expression of miR-34a led
to reduced expression of AR, PSA and Notch-1.
We also found that over-expression of miR-34a
significantly inhibited the growth of PCa cells
(C4-2B, CWR22rv1, LNCaP, and VCAP), suggest-
ing that AR and Notch-1 are direct target of miR-
34a. Moreover, over-expression of miR-34a re-
sulted in decreased self-renewal capacity of PCa
cells, and conversely inactivation of miR-34a led
to increased self-renewal capacity, which is an
indication of tumor cell aggressiveness. These
findings suggest that the loss of miR-34a is di-
rectly linked with up-regulation of AR and Notch-
1 both of which are highly expressed in PCa,
and thus finding innovative approaches by
which miR-34a expression could be up-
regulated will have a huge impact on the treat-
ment of PCa especially for mCRPC. These re-
sults are consistent with previous reports from
our laboratory and others showing that the loss
of miR-34a expression is associated with PCa
aggressiveness [3, 6-9].

Notch signaling is an important signaling path-
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way which is activated in PCa [14]. In this study,
we investigated whether there is a direct corre-
lation between miR-34a and Notch-1. Notch-1
signaling has also been shown to be involved
with “stemness” (consistent with cancer stem
cell characteristics), which is also linked with
the acquisition of EMT phenotype that are criti-
cally involved with PCa metastasis, and thus
inactivation of Notch-1 signaling is an important
consideration for the treatment of PCa espe-
cially mCRPC [4, 15]. Our findings showed that
miR-34a causes the down-regulation of Notch-1,
which is very significant because now we have
found a novel way to target Notch-1 and,
thereby, we could inhibit the development and
progression of PCa. Our findings also demon-
strate that Notch-1 is another direct target of
miR-34a.

Importantly, we found that re-expression of miR-
34a significantly inhibited cell growth of PCa
cells. The inhibition of PCa cell growth by miR-
34a transfection was mediated by the down-
regulation of AR and Notch-1 signaling, suggest-
ing the importance of miR-34a as a tumor sup-
pressor in PCa. Both AR and Notch signaling are
cell survival signaling and they are involved in
the development and progression of PCa [16-
19]. Therefore, direct targeting of AR and Notch-
1 by miR-34a re-expression would effectively
inhibit PCa cell growth and survival. More impor-
tantly, we found that miR-34a also significantly

Am J Transl Res 2012;4(4):432-442



miR-34a targets AR and Notch-1

inhibited the self-renewal capacity of PCa cells.
This inhibition could be mediated by the down-
regulation of Notch signaling by miR-34a be-
cause Notch signaling has been known to regu-
late cancer stemness and promote stem cell
self-renewal [20, 21]. By direct targeting Notch-
1, miR-34a could inactivate Notch signaling
and, thus, eliminate PCa stem cells, leading to
the inhibition of PCa recurrence and progres-
sion; however, one must find a newer agent that
could re-express miR-34a instead of transfec-
tion of pre-miR-34a, and such strategy would
become a novel therapeutic strategy for the
treatment of PCa in general and mCRPC in par-
ticular for which newer treatment is urgently
needed.
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