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Introduction

Prostate cancer remains the most prevalent form of non-skin 
cancer in males within the United States and is the second lead-
ing cause of cancer deaths in men despite the widespread use 
of prostate specific antigen (PSA) as a diagnostic test for pros-
tate cancer.1 Population-based PSA screening can result in the 
overdiagnosis and overtreatment of prostate cancer as well as 
failure to identify men with aggressive forms of the disease.1-3 
Indeed, after ~18 y of routine PSA screening, the United States 
Preventive Services Task Force has recommended that routine 
PSA testing in men be discontinued.4 More accurate biomarkers 
are required that can discriminate between indolent and lethal 
forms of prostate cancer and allow men with the highest risk 
to seek aggressive treatment earlier during the course of their 
disease. MicroRNAs (miRNAs) have recently emerged as prom-
ising diagnostic biomarkers and therapeutic targets for prostate 
cancer.5 These ~22 nucleotide non-coding RNAs do not encode 
for proteins and yet play essential roles in controlling growth 

and differentiation in human cells. There are over 2500 mature 
miRNAs identified in the human genome to date (miRBase, 
ver. 20 6), and many of these small RNAs are misexpressed in 
a wide range of human cancers and contribute to tumor forma-
tion and metastasis.7,8 miRNAs generally act to negatively reg-
ulate gene expression by binding to complementary sequences 
within their target messenger RNAs (mRNAs), resulting in a 
block in protein translation and/or mRNA degradation of the 
target.9,10 Growing functional evidence supports a role for miR-
NAs as tumor suppressor genes and oncogenes in various organ 
systems.7,8

Little is known regarding how miRNAs contribute to cancer 
progression and metastasis, specifically in the prostate. Studies 
analyzing the deregulation of miRNA expression in prostate 
tumors and immortalized prostate cancer cell lines indicate 
unique “miRNA signatures” that can differentiate between dis-
eased and non-cancer patients and potentially serve as biomark-
ers for prostate cancer.5,11,12 miRNAs have also been detected in 
body fluids, including serum, plasma, urine, and saliva, and are 
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microRNAs (miRNAs) are a growing class of small non-coding RNAs that exhibit widespread dysregulation in prostate 
cancer. We profiled miRNA expression in syngeneic human prostate cancer cell lines that differed in their metastatic 
potential in order to determine their role in aggressive prostate cancer. miR-888 was the most differentially expressed 
miRNA observed in human metastatic pC3-ML cells relative to non-invasive pC3-N cells, and its levels were higher in 
primary prostate tumors from cancer patients, particularly those with seminal vesicle invasion. We also examined a novel 
miRNA-based biomarker source called expressed prostatic secretions in urine (epS urine) for miR-888 expression and 
found that its levels were preferentially elevated in prostate cancer patients with high-grade disease. these expression 
studies indicated a correlation for miR-888 in disease progression. We next tested how miR-888 regulated cancer-related 
pathways in vitro using human prostate cancer cell lines. overexpression of miR-888 increased proliferation and migra-
tion, and conversely inhibition of miR-888 activity blocked these processes. miR-888 also increased colony formation 
in pC3-N and LNCap cells, supporting an oncogenic role for this miRNA in the prostate. our data indicates that miR-888 
functions to promote prostate cancer progression and can suppress protein levels of the tumor suppressor genes RBL1 
and SMAD4. this miRNA holds promise as a diagnostic tool using an innovative prostatic fluid source as well as a thera-
peutic target for aggressive prostate cancer.



228 Cell Cycle Volume 13 Issue 2

being explored as diagnostics in these non-invasive sources for 
this disease.13-18 Profiling studies using microarrays, quantitative 
real-time PCR (qRT-PCR), and next-generation deep sequenc-
ing have identified prostate cancer-associated miRNAs that 
potentially contribute to the underlying etiology of the disease, 
e.g., the tumor suppressor miRNAs; let-7, miR-200 family, miR-
15a/miR-16-1, miR-101, miR-449, and miR-99 family and the 
oncogenic miRNAs; miR-21, miR-221/222, and miR-32.13,19-29 
There is less known about miRNAs’ influence on prostate cancer 
metastasis—a clinical condition currently incurable and lethal 
for patients. miRNAs such as miR-200, miR-203, miR-205, 
miR-34a, and miR-29b are reported to suppress prostate metas-
tasis. However, there remains a poor understanding of how miR-
NAs promote advanced disease and metastatic processes in this 
tissue.29-34

In the present study, we identified miRNAs that correlated 
with aggressive forms of prostate cancer by profiling global 
miRNA expression using TaqMan-based microfluidic arrays 
for 2 syngeneic human prostate cancer PC3 sublines, the meta-
static PC3-ML and non-invasive PC3-N cells.35 These miRNA 
expression studies led us to characterize miR-888, a novel pros-
tate cancer-associated miRNA that was enriched in aggressive 
PC3-ML cells and elevated in primary prostate tumors from 
prostate cancer patients. We tested miRNA expression in a 
newly developed fluid biomarker source called expressed pros-
tatic secretions in post-DRE urine (EPS urine), and noted that 
miR-888 levels were differentially elevated in EPS urine from 
prostate cancer patients with high-grade disease. Furthermore, 
miR-888 played a functional role in the prostate, and we found 
that miR-888 induced proliferation, migration, and colony for-
mation of human prostate cancer cells. Our results also showed 
that miR-888 repressed protein levels of the tumor suppressor 
genes RBL1 and SMAD4. This work indicates that miR-888 
functions to promote prostate cancer progression and is a novel 
clinical target for aggressive disease.

Results

Identification of miRNAs associated with aggressive pros-
tate cancer

A screen to identify miRNAs that correlated with aggressive 
prostate cancer was performed by comparing expression profiles 
in 2 syngeneic human prostate cancer cell lines that differed in 
their metastatic potential. We focused on PC3-ML, an aggres-
sive, hormone-refractory PC3-derived cell line that consistently 
metastasizes to the lumbar vertebrae when injected into immu-
nocompromised mice, as well as PC3-N, a non-invasive PC-3 
derived cell line with low metastatic potential (gift from Dr M 
Stearns).35 The expression of 377 human miRNAs in PC3-ML 
and PC3-N cells were measured using microfluidic miRNA 
TaqMan qRT-PCR Low-Density Arrays (Human Array A Card; 
Applied Biosystems). Forty-seven miRNAs exhibited signifi-
cantly higher (≥3-fold) expression in the PC3-ML cells vs. the 
PC3-N cells, the most notable being miR-888 (hsa-miR-888-5p) 
(Table 1, top 12 miRNAs shown based on 2 independent tri-
als for each cell line; Tables S1 and S2 list complete data sets.) 
Conversely, 12 miRNAs showed significant enrichment in the 
non-invasive PC3-N cells relative to metastatic PC3-ML cells 
(Table 1). We hypothesized that the differentially expressed 
miRNAs represented unique signatures that distinguished for 
aggressive characteristics of human prostate cancer cells. A subset 
of prostate cancer-associated miRNAs upregulated in the meta-
static PC3-ML cells, e.g., miR-148a,36 miR-27a,37 miR-221,38 
miR-34a,32 and miR-330,39 were previously found to be associated 
with aggressive prostate disease and/or androgen responsiveness. 
Additional uncharacterized miRNAs identified in our profiling 
study, such as miR-888, could also play a functional role in the 
progression of prostate cancer cells to metastatic, lethal disease.

miR-888 showed elevated expression in human prostate can-
cer cell lines and primary prostate tumors from cancer patients

Individual qRT-PCR assays were used to re-verify the megaplex 
TaqMan microfluidic array results for 
select miRNAs and test the reliabil-
ity of this high-throughput screening 
platform. We confirmed that miR-888 
was significantly higher in metastatic 
PC3-ML cells relative to the non-inva-
sive PC3-N subline (Fig. 1B), impli-
cating a novel role for miR-888 in 
prostate cancer progression. miR-888 
is a conserved member of the miR-743 
family with no characterized function. 
This miRNA resides within a genomic 
cluster consisting of 7 miRNAs on 
human chromosome Xq27.3 that 
were initially classified as epididymis-
specific genes40-42 (Fig. 1A). We noted 
that an additional member of the miR-
888 cluster, miR-891a, was similarly 
expressed at higher levels in PC3-ML 
relative to PC3-N cells in both the 
TaqMan Low Density Arrays (Table 1) 

Table 1. MicroRNAs differentially expressed in pC3 sublines using taqMan low-density arrays

PC3-ML vs. PC3-N PC3-N vs. PC3-ML

miRNA Fold change miRNA Fold change

hsa-miR-888 841.5 hsa-miR-375 61.8

hsa-miR-495 433.6 hsa-miR-551b 17.2

hsa-miR-485–3p 316.6 hsa-miR-330–5p 14.7

hsa-miR-891a 283.8 hsa-miR-190 14.3

hsa-miR-517c 113.6 hsa-miR-142–3p 8.2

hsa-miR-505 78.7 hsa-miR-22 5.7

hsa-miR-34a 64.5 hsa-miR-627 5.5

hsa-miR-509–5p 16.7 hsa-miR-519a 5.4

hsa-miR-296–5p 14.4 hsa-miR-582–5p 4.6

hsa-miR-503 12.0 hsa-miR-570 3.7

hsa-miR-486–5p 9.4 hsa-miR-215 3.6

hsa-miR-423–5p 6.7 hsa-miR-219–1-3p 3.5

Note: miRNAs showed enriched expression for both experimental trials and possessed a standard devia-
tion lower than the fold-change. *For a complete listing of results see Tables S1 and 2.



www.landesbioscience.com Cell Cycle 229

and singleplex TaqMan qRT-PCR (Fig. 1B). We therefore focused 
our analysis on these 2 clustered miRNAs in the human prostate.

We went on to compare the expression of miR-888 and clus-
ter member miR-891a in immortalized prostate cell lines that 
differed in their hormone sensitivity. This is clinically relevant, 
because prostate tumor cells, which rely on androgens for growth 
and survival, eventually become resistant to castration or hor-
monal deprivation therapies and are incurable. We investigated if 
miR-888 and miR-891a were preferentially elevated in hormone 
refractory prostate cancer cell lines compared with androgen-sen-
sitive cell lines. miR-888 and miR-891a expression in these stud-
ies were measured relative to RWPE-1, a transformed prostate 
epithelial cell line that lacks the ability to form tumors.43 
Both miR-888 and miR-891a were present at low levels 
(relative to RWPE-1) in the androgen-responsive pros-
tate cancer cell lines LNCaP and PacMetUT144 (Fig. 1C; 
Fig. S1A). In contrast, these miRNAs showed signifi-
cantly elevated expression in the castration-resistant PC3 
parental line and its derivatives, PC3-ML and PC3-N.35 
We also noted differential expression within the PC3 
derivatives. miR-888 and miR-891a expression levels 
were elevated in the PC3 parental line and considerably 
higher in the more aggressive PC3-ML subline.

We investigated if miR-888 and miR-891a were 
abnormally modulated in primary prostate tissues taken 
from cancer patients compared with non-cancer patients. 
Primary prostate tumor specimens used in this analy-
sis represented a spectrum of the disease ranging from 
indolent to lethal prostate cancer: insignificant disease 
(tumor size ≤0.5 cc, pathological stage ≤T2, Gleason 
≤6), significant organ-confined disease (tumor size  
≥0.5 cc, pathological stage T2, any Gleason, 5 y follow-
up with no metastasis or biochemical recurrence), and 
metastatic disease (confirmed distant metastasis). miR-
888 expression (but not miR-891a) tended to be higher 
in primary prostate tumors relative to normal prostate 
tissue by TaqMan-based qRT-PCR (Fig. 1D; Fig. S1B). 

Within the metastatic group, we noted that patients who pre-
sented with seminal vesicles invasion following prostatectomy 
showed higher relative miR-888 expression in their primary 
tumors then those without seminal vesicle invasion. This find-
ing could be clinically significant, since prostate cancer associ-
ated with seminal vesicle infiltration is considered a pathological 
marker for poor patient outcome and higher risk of metastatic 
disease post-prostatectomy.45-48

miR-888 expression in EPS urine correlated with high-grade 
disease in prostate cancer patients

EPS urine is a novel miRNA-based biomarker source. It is 
collected non-invasively via urine capture following gentle 

Figure 1. miR-888 is expressed in human prostate cancer cell 
lines and primary prostate tumors. (A) miR-888 resides within 
a cluster of 7 miRNAs on the minus strand of human chromo-
some Xq27.3 that spans a length of about 34 kilobases (k).  
(B) Individual taqMan-based qRt-pCR reactions verified 
enrichment of miR-888 and miR-891a in aggressive pC3-ML 
cells vs. non-invasive pC3-N prostate cancer cell lines. (C) 
miR-888 expression levels were higher in hormone refractory 
pC3-derived prostate cancer cell lines (pC3, pC3-N, pC3-ML) 
compared with androgen-sensitive cell lines (LNCap and 
pacMetUt1). Results were normalized to RNU48 and expres-
sion was relative to non-malignant prostate epithelial RWpe-1 
cells. (D) De-identified human prostate tumor formalin-
fixed, paraffin-embedded (FFpe) tissues from distinct clini-
cal groups—insignificant disease, significant organ-confined 
prostate cancer, and metastatic disease (separated by patients 
diagnosed with [SVI+] or without [SVI−] seminal vesicle inva-
sion following prostatectomy)—showed modulated miR-888 
expression relative to non-cancerous prostate tissue by qRt-
pCR. Baseline at point 0 is the average of 3 non-prostate can-
cer patients. In (B–D), qRt-pCR was performed in triplicate and 
error bars represent mean + standard deviation (SD).
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massage of the prostate gland during a routine digital rectal 
exam (DRE). Massage stimulates the release of prostatic fluids 
and detached epithelial cells directly into the urethra.49,50 EPS 
urine-derived biomarkers could be used to identify patients at 
high risk for aggressive, lethal forms of prostate cancer in the 
early diagnostic period. We therefore analyzed the expression of 
cancer-associated miRNAs in EPS urine, particularly miR-888, 
which we found were modulated in human prostate cell lines dif-
fering in their metastatic potential. In this study, we separated 
EPS urine specimens into supernatant and pellet fractions by 
low speed centrifugation and measured miRNA expression using 
TaqMan-based qRT-PCR. miRNA expression in the superna-
tant fraction of EPS urine specimens had not been previously 
studied. We thus needed to optimize RNA isolation procedures 
for the EPS urine supernatants and normalized these samples by 

spiking-in C. elegans miRNA miR-39 (sharing no homology to 
human miRNAs) prior to RNA isolation. We tested our profil-
ing methods on EPS urine by measuring the expression of miR-
NAs known to be widely expressed and to play a functional role 
in cancer progression, i.e., let-7, miR-16, miR-17, miR-21, and 
miR-125b.8,51-53 We detected these miRNAs within EPS urine 
supernatant by qRT-PCR using a minimum sample volume of 
500 µL (Fig. S3A, miR-125b shown). This volume also allowed 
for reliable measurement of miRNA expression (Fig. S3B). In 
addition, we found that these miRNAs were stable in EPS urine, 
and their expression levels changed little for up to 48 h in tem-
peratures up to 37 °C (Fig. 2A, miR-17 shown; Fig. S3C).

We investigated the expression of miR-888 as well as addi-
tional prostate cancer-associated miRNAs in EPS urine pools 
grouped based on clinical grade: non-cancer (24 patients), cancer 

(Gleason 6–7, 25 patients, Gleason 
8, 1 patient), and high-grade cancer 
(Gleason 9–10, 6 patients) (Fig. S4). 
miRNAs significantly up- or down-
regulated in EPS urine supernatant 
from patients with high-grade relative 
to lower-grade prostate cancer were 
determined using 1-way ANOVA 
with Tukey Multiple Comparison 
Test (Fig. S5). For example, we found 
that let-7c and miR-200b levels were 
significantly decreased in EPS urine 
supernatant pools from high-grade 
cancer compared with lower-grade 
cancer patients (measured rela-
tive to EPS urine supernatant from 
non-cancer patients) (Fig. 2B). Our 
results correlated with previous pro-
filing studies using prostate tissues 
and cell lines, which showed that 
decreased expression of let-7c and 
miR-200b closely associated with 
more aggressive prostate cancer phe-
notypes.11,22,54 We also analyzed our 
2 novel prostate cancer-associated 
miRNAs, miR-888, and miR-891a, 
in the EPS urine supernatant frac-
tions to determine if their expression 
correlated with disease status. miR-
888 levels, but not miR-891a, were 
higher in EPS urine obtained from 
high-grade cancer vs. lower-grade 
cancer pools (Fig. 2C). We then 
tested miR-888, let-7c, and miR-
200b expression in the pellet frac-
tion of EPS urine specimens, which 
was normalized to the small nucleo-
lar RNAs (snoRNAs), RNU44 and 
RNU48. Unlike our results profiling 
the EPS urine supernatants, miRNA 
expression levels in the EPS urine 

Figure 2. miR-888 expression in epS urine correlated with high-grade prostate cancer. (A) miRNAs such 
as miR-17 were stable in epS urine supernatant incubated at various temperatures for up to 48 h using 
optimized methods to analyze small RNAs by qRt-pCR in this novel fluid source. (Complete data for 
miR-17, miR-16, and miR-125b using epS urine from cancer and non-cancer patients is shown in Fig. S3) 
(B) Cancer-associated miRNAs were analyzed in epS urine supernatant pools from high-grade cancer 
(Gleason 9–10) and lower-grade cancer patients relative to non-cancer patients by qRt-pCR. let-7c and 
miR-200b were significantly reduced in epS urine supernatant from patients with high-grade disease. 
(Complete data set summarized in Fig.  S4) (C) miR-888, but not miR-891a, was significantly elevated 
in epS urine supernatant pools from patients with high-grade relative to lower-grade prostate cancer 
patients. epS urine supernatant samples in (A–C) were normalized by spiking-in 50 fM C. elegans miR-39. 
(D) 13/20 patients with prostate cancer showed increased expression of miR-888 in epS urine pellets rela-
tive to levels found in non-cancer patients. pellet specimens were normalized to the mean of RNU44 and 
RNU48 expression and delta Ct values shown.
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pellets failed to correlate with clinical grade or show significant 
differences between cancer and non-cancer patients (Fig. 2D; 
Fig. S6). It was noted, however, that miR-888 levels were 
increased in 13/20 (65%) patients with prostate cancer relative to 
non-cancer patients (Fig. 2D). Taken together, EPS urine super-
natant is a promising biomarker source for non-coding RNAs, 

such as miR-888 (as well as let-7c and miR-200b), that could be 
used to discriminate for advanced prostate cancer.

In vitro assays indicate an oncogenic role for miR-888 in 
the prostate

Elevated miR-888 expression in human prostate cell lines, pri-
mary tumors, and EPS urine correlated with prostate cancer and 

Figure 3. miR-888 promotes migration and proliferation of human prostate cancer cells. (A) Scratch assays show pC3-N cells (left panel) treated with 
miR-888 mimic migrated faster 24 h after the scratch was made than cells transfected with a scrambled mimic or mock-treated controls. Reciprocal 
effects were obtained when pC3-ML cells (right panel) were transfected with miR-888 inhibitor. Results are from 3 independent trials (n ≥ 7 for mimic, 
inhibitor, scrambled, and mock controls for each trial) and data depicted as column mean graphs with error bars showing confidence intervals. (B) 
pC3-N cells (left panel) transfected with miR-888 mimic showed increased proliferation compared with cells transfected with a scrambled mimic or 
mock-treated controls. Conversely, pC3-ML cells (middle panel) transfected with miR-888 inhibitor repressed proliferation rates compared with controls 
over a similar time-course. Moderately increased proliferation was observed in LNCap cells (right panel) transfected with miR-888 mimic compared with 
scrambled or mock-treated cells. Cells were incubated with WSt-1 and assayed 24, 48, and 72 h after transfection. each graph represents 2 independent 
trials performed in triplicate and error bars show SD and P values shown are comparisons for miR-888 mimic/inhibitor vs. scrambled control cells (not 
shown: P values for miR-888 mimic vs. mock-treated at 24 and 72 h was P < 0.01 and P < 0.001, respectively; and for miR-888 inhibitor vs. mock-treated 
at 48 and 72 h was P < 0.001 and P < 0.0001, respectively.) For (A and B), *P, 0.05, **P < 0.01, ***P < 0.001; P values obtained by 1-way ANoVA with a tukey 
post-test. (C) Boyden chamber transwell migration assays. LNCap cells treated with miR-888 mimics possessed significantly increased migration rates 24 
h post-transfection compared with cells treated with scrambled mimic controls. one of two independent trials (P = 0.0060 and P = 0.0177, respectively,  
t test) is shown and error bars represent SD. In (A–C), transfections of mimic, inhibitor, or scrambled controls were at a concentration of 50 nM.
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implicated a role for this miRNA in aggressive forms of prostate 
disease. We therefore investigated the function of miR-888 in the 
prostate and a potential connection between miR-888 misexpres-
sion and the molecular etiology of prostate cancer. Our biological 
studies initially focused on the castration-resistant PC3-derived 
cell lines that we noted expressed higher levels of miR-888 in the 
metastatic PC3-ML cells compared with the non-invasive PC3-N 
cells (Fig. 1B). We hypothesized that if miR-888 was involved in 
promoting cancer progression pathways in the prostate, then syn-
thetic overexpression of this miRNA would change the behav-
ior of PC3-N cells to a more aggressive phenotype. Conversely, 
repressing miR-888 activity in the metastatic PC3-ML subline 
would have the opposite functional effects. We overexpressed 
miR-888 in PC3-N cells by transfecting them with miR-888 
precursor mimics (50 nM, Ambion Pre-miRNA Precursor, Life 
Technologies) and assayed for cell migration. Scratch (wound-
healing) assays in Figure 3A (left panel) showed that PC3-N 
cells overexpressing miR-888 migrated faster than scrambled 
mimic or mock-treated control cells. Conversely, when meta-
static PC3-ML cells were transfected with miR-888 inhibitors 
(50 nM, Dharmacon miRIDIAN MicroRNA Hairpin Inhibitor, 
Thermo Scientific) to block endogenous miR-888 activity, these 
cells migrated slower than controls over the same time period 
(Fig. 3A, right panel). Furthermore, miR-888 overexpression 
had significant migration effects in androgen-sensitive LNCaP 
human prostate cancer cells, as measured by Boyden chamber 
transwell migration assays (Fig. 3C). We also tested a role for 

miR-888 in regulating prostate cell growth. Overexpression 
of miR-888 significantly increased proliferation rates (WST-1 
assays) in PC3-N cells and moderately in LNCaP cells (Fig. 3 
left and right panels). Conversely, miR-888 inhibitors transfected 
into PC3-ML cells repressed proliferation when compared with 
controls (Fig. 3, middle panel). The influence of miR-888 on 
cellular growth did not appear to involve the apoptosis pathway 
(Fig. S2). miR-888 overexpression failed to modulate the propor-
tion of cells undergoing programmed cell death by Annexin V 
analysis, as shown for PC3-N cells assayed 24 h post-transfection 
with miR-888 mimic (50 nM) compared with controls. We sub-
sequently tested the role of miR-888 on anchorage-independent 
growth of prostate cancer cells in soft agar. miR-888 significantly 
increased colony formation in these assays when overexpressed 
in both the PC3-N and LNCaP cell lines (Fig. 4). These results 
support the notion that miR-888 is an oncogenic factor that pro-
motes prostate cancer progression pathways.

We were interested in identifying factors that miR-888 nega-
tively modulates in the prostate to understand why misregulation 
of this miRNA was associated with prostate cancer. We identified 
predicted miR-888 targets possessing 3′ UTR miRNA binding 
sites in their mRNA transcripts using the bioinformatic algorithm 
TargetScan. This list of potential targets was narrowed further by 
focusing on candidates that were also reported in the literature 
to be downregulated in patients with advanced forms of prostate 
cancer and possessed tumor-suppressive or anti-metastatic roles 
in the prostate, i.e., KLF5,55 LMTK2,56 MYCBP,57 NUDT11,56 

PAGE4,58,59 PATE,60 PMEPA1,61 RBL1,62,63 
SMAD4,64 and SRD5A.58 We tested 2 of 
these tumor suppressor genes in the pros-
tate for possible modulation by miR-888 in 
vitro; retinoblastoma like 1 (RBL1/p107), a 
negative cell cycle-regulatory factor possess-
ing 1 miR-888 complementary binding site, 
and SMAD4, an intracellular TGF-β sig-
naling molecule with 2 predicted miR-888 
binding sites in its 3′UTR (Fig. 5A). Briefly, 
PC3-N cells were harvested 24 h following 
treatment with miR-888 mimic (40 nM), 
scrambled mimic, or mock-treated controls 
for western blot analysis. Blots were probed 
with antibodies against RBL1 and SMAD4, 
and their protein levels were measured rela-
tive to GAPDH. We found that forced over-
expression of miR-888 resulted in decreased 
protein levels for both RBL1 and SMAD4 in 
PC3-N prostate cancer cells compared with 
the controls (Fig. 5C).

Discussion

We have characterized miR-888 as a 
novel prostate cancer-associated miRNA 
that correlates with disease status and shares 
functional features of an oncogenic fac-
tor in the prostate. The extent of miRNA 

Figure  4. miR-888 increased colony formation in pC3-N and LNCap prostate cancer cells. 
Anchorage-independent growth in soft agar of pC3-N cells (top panel) and LNCap cells (bottom 
panel) was increased in cells treated with miR-888 mimic (50 nM) compared with cells treated 
with a scrambled mimic (50 nM) or mock-treated cells. Colonies were grown for 14 d, stained with 
0.005% crystal violet, and counted. each graph represents 2 independent trials performed at 
least in duplicate and error bars show SD *P, 0.05, **P < 0.01; P values obtained by 1-way ANoVA 
with a tukey post-test.
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misregulation in human prostate cancer has only recently been 
appreciated. Little is understood regarding how changes in 
miRNA expression functionally contribute to the progression 
of prostate cancer to aggressive and metastatic disease. This is 
significant, since metastatic prostate disease remains an incur-
able, lethal form of prostate cancer that would benefit from the 
development of small RNA diagnostics and therapeutic tools 
in the clinic. In this study, we screened for miRNAs that cor-
related with aggressive prostate cancer by comparing expression 
profiles in 2 established syngeneic prostate cancer PC3 sublines, 
PC3-ML and PC3-N, that differed in their metastatic potential. 

We noted that miR-888 and miR-891a, which reside in the same 
miRNA cluster on human chromosome X, were 2 of the most 
differentially expressed miRNAs enriched in aggressive PC3-ML 
compared with non-invasive PC3-N cells.

We focused on miR-888 in the prostate, since increased expres-
sion of this miRNA correlated with hormone insensitivity in can-
cer cell lines, malignancy in primary prostate tissues from prostate 
cancer patients, and high-grade forms of prostate disease when 
analyzing EPS urine specimens. Our in vitro work indicated a 
functional role for miR-888 in prostate cancer progression to pro-
mote proliferation, migration, and colony formation using both 

Figure 5. overexpression of miR-888 in human prostate cancer cells decreased RBL1 and SMAD4 protein levels. (A) top, human RBL1 possesses one pre-
dicted miRNA complementary binding site (MCS) for miR-888 in its 3′ UtR. Seed region for miR-888 shown in red, dashed line indicates predicted bulge 
in the RBL1 3′ UtR interaction. Bottom, human SMAD4 has 2 predicted binding sites in its 3′ UtR for miR-888 (B) Increased miR-888 levels measured 
using qRt-pCR in pC3-N cells treated with miR-888 mimic (40 nM) compared with scrambled mimic controls (40 nM) 24 h post-transfection. Levels shown 
are relative to mock-treated cells. (C) Western blot analysis for RBL1 (120 kDa), SMAD4 (61 kDa), and GApDH1 (37 kDa) expression in pC3-N cells 24 h after 
transfection with either miR-888 mimic (40 nM) or scrambled mimic controls (40 nM). GApDH was used as a loading control (note that the scrambled 
mimic lane was underloaded). Quantitation was done on the odyssey (Li-Cor). Bar graphs show results from 2 independent trials for RBL1 and SMAD4 
detection. error bars show standard deviation (SD).
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PC3 and LNCaP human prostate cancer cell lines that differed 
in their metastatic status and response to androgens. In the clinic, 
castration as well as androgen receptor antagonists are widely 
used to treat prostate cancer and curb tumor growth. However, 
as the cancer progresses, prostate tumor cells develop resistance to 
hormonal deprivation therapies. New drugs such as Alpharadin 
(radium-223 chloride) and Enzalutamide increase survival in 
patients with castration-resistant prostate cancer by 3–5 mo, 
not years, reflecting the need for better treatment options for 
metastatic disease. Our work in PC3-derived cells (representing 
advanced prostate cancer and sharing features with prostatic small 
cell neuroendocrine cells65) showed that inactivation of miR-888 
in PC3-ML cells via miRNA inhibitor treatment resulted in 
decreased cell growth and migration. These results underscore 
the potential of miR-888 as a powerful diagnostic tool to detect 
patients at higher risk earlier during the course of their disease as 
well as a novel and much-needed therapeutic target to treat andro-
gen-sensitive as well as castration-resistant prostate cancer.

Before this work, no functional role for miR-888 had been 
defined in the prostate or any other tissues. The miR-888 
miRNA belongs to a cluster of 7 miRNA genes (hsa-miR-892c, 
hsa-miR-890, hsa-miR-888, hsa-miR-892a, hsa-miR-892b, and 
hsa-miR-891b) residing within a ~34-kb region on the minus 
strand of chromosome X (Xq27.3) (Fig. 1A). Analysis of the 
miR-888 cluster indicates that the genomic organization of these 
7 miRNAs is highly conserved in primates (humans, chimpan-
zees, orangutans, and rhesus macaque) but no other mammals.41 
miR-888 and its related miR-890/892a/892b/892c members 
belong to the mammalian-conserved miR-743 miRNA fam-
ily and show little sequence homology to the primate-specific 
miR-891 family members miR-891a and miR-891b. The miR-
888 cluster was initially identified via small RNA sequenc-
ing in human epididymis tissue, an organ important for male 
fertility.40,42,66 miR-888 is expressed consistently throughout 
the human epididymis, unlike its clustered members miR-
890/892a/892b/891a/891b, which are expressed more robustly 
in the corpus and cauda regions of this organ.42 These findings 
imply a role for the miR-888 cluster in the development and/or 
physiology of the epididymis.

miR-888 misexpression has recently been reported in human 
cancers. miR-888 is dysregulated in a subset of renal cell carcino-
mas (RCC). miRNA signatures were used to differentiate histo-
logical subtypes of renal cell carcinoma and miR-888 was more 
highly expressed in chromophobe renal cell carcinomas (chRCC) 
compared with normal renal tissue or other RCC subtypes.67 
This work also found that 10–15% of papillary renal cell car-
cinomas showed abnormalities within a locus containing miR-
888 on chromosome X.67 miR-888 has loosely been linked to 
ovarian cancer, an infrequent somatic mutation mapping within 
the miR-888 hairpin was identified in a primary epithelial ovar-
ian tumor.68 Furthermore, miR-888 was isolated out of >600 
miRNAs profiled and was one of the most overexpressed small 
RNAs in endometrial cancers.69 miR-888 was observed to be 
particularly upregulated in malignant mixed mullerian tumors 
(Drs A Hovey and K Leslie, University of Iowa, Department of 
Obstetrics and Gynecology; personal communication), which is 

an extremely aggressive form of this disease with poor patient 
prognosis. Functional studies for miR-888 in endometrial can-
cers have not been performed. However, the progesterone recep-
tor (PR) is a predicted target for miR-888—the loss of which is 
commonly observed in endometrial tumors.69

The link between miR-888 and cancer, particularly aggressive 
endometrial cancer, is striking in light of our own work indicat-
ing that higher levels of miR-888 correlate with aggressive forms 
of prostate cancer. These results are consistent with the notion 
that miR-888 plays an oncogenic role. However, miR-888 activi-
ties are likely not limited to the urologic and reproductive organs. 
Wang et al. reported that upregulation of miR-888 was associ-
ated with differentiation of monocytes.70 Therefore, although 
this miRNA was first defined as an epididymis-specific factor, 
miR-888 likely plays a larger role in cellular development and 
differentiation processes in multiple organ systems.

We also identified candidate targets for miR-888 using the 
bioinformatic algorithm TargetScan that are associated with 
prostate cancer and tumor progression. Our in vitro studies 
indicated that protein levels for the tumor suppressors RBL1 
and SMAD4 are negatively modulated by miR-888 in prostate 
cancer cells. RBL1, belongs to the retinoblastoma (RB) fam-
ily and functions to block G

1
–S phase cell cycle progression by 

binding and inhibiting the E2F transcription factors. Decreased 
expression of RBL1 is associated with the progression of prostate 
cancers, which reciprocally correlates with our studies showing 
increased miR-888 in prostate cancer specimens.71 Interestingly, 
a negative correlation between miR-888 and RBL1 expression 
was also noted in differentiated monocytes.70 The second pre-
dicted miR-888 target, SMAD4, is a central intracellular signal-
ing protein that in association with receptor-regulated SMADs, 
acts as a transducer of the TGF-β/BMP ligands to regulate cel-
lular growth and differentiation. Unlike pancreatic and gastro-
enterological cancers, loss of SMAD4 in prostate cancer is not 
required for tumor initiation, but rather is considered a later 
event that relies on the combined loss of factors such as PTEN 
for the progression of cancer to more aggressive and metastatic 
disease.64,72 Our results indicated that elevated levels of miR-888 
correlated with prostate cancer progression and, thus, miR-888 
could potentially promote aggressive prostate disease by inhibit-
ing SMAD4 expression.

Lastly, our work highlights the utility of EPS urine as a dis-
criminating biomarker source for prostate cancer. EPS urine can 
be obtained non-invasively during a standard urological exam, 
an advantage in clinical practice, where selection for active sur-
veillance (AS) and monitoring for progression relies heavily on 
invasive repeat prostate biopsy and frequent PSA testing. These 
proximal fluids are currently being used to measure the non-
coding RNA PCA3 as well as the fusion transcript TMPRSS2-
ERG to predict prostate cancer risk. Our work is the first to show 
that miRNAs such as miR-888 can be reliably profiled in the 
supernatant component of EPS urine and discriminate for high-
grade prostate cancer. To our knowledge, only one study has 
reported miRNA expression in EPS urine, focusing on the pellet 
component, and the researchers failed to identify discriminat-
ing miRNA biomarkers within their clinical cancer subgroups.17 
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Our work for miR-888, as well as let-7c and miR-200b, showed 
that disease status more closely correlated with the supernatant 
rather than the pellet fraction of EPS urine. EPS urine superna-
tant is likely a better biomarker source because of the presence of 
exosomes in this fraction, which can be purified by high-speed 
ultra-centrifugation. Exosomes are 50–150-nm-membrane-
bound microvesicles actively secreted by many cell types, includ-
ing tumor cells shown to selectively concentrate and transport 
miRNAs intercellularly.73 Going forward, it will be important 
to validate the utility of measuring miRNA levels in the super-
natant (and/or exosomes) vs. pellet EPS urine fractions to dis-
criminate for aggressive prostate cancer on larger patient cohorts 
and in more defined clinical groups. EPS urine screening could 
aid clinicians in more accurately risk-stratifying patients, leading 
to better personalized treatment, i.e., directing those with high-
est risk of aggressive disease toward multimodal therapies and 
those with more indolent profiles could more confidently enroll 
in watchful waiting protocols.

In conclusion, we have identified miR-888 as a novel small 
RNA that is elevated in cell lines, tissues, and EPS urine from 
patients with prostate cancer and functions to promote prolifera-
tion, migration, and colony formation of prostate cells. It will be 
challenging to understand how miR-888 acts in a network with 
other oncogenic and tumor suppressor non-coding RNAs and 
protein-coding genes to impact the overall etiology of prostate 
cancer and contribute to the transformation of cancer cells into a 
more aggressive and metastatic state.

Materials and Methods

Cell culture
PC3 (American Type Culture Collection), PC3-ML and 

PC3-N (gift from Dr M Stearns) were grown in DMEM supple-
mented with 10% fetal bovine serum and 1% antibiotic-anti-
mycotic (Gibco). LNCaP (American Type Culture Collection) 
and PacMetUT1 (gift from Dr L deGraffenried) were grown 
in RPMI-1640 supplemented with 10% fetal bovine serum 
and 1% antibiotic-antimycotic. RWPE-1 cells were grown in 
Keratinocyte serum-free media (Gibco) supplemented with 1% 
antibiotic-antimycotic, 0.05 mg/mL bovine pituitary extract and 
5 ng/mL recombinant epidermal growth factor growth factor. All 
cells were grown at 37 °C with 5% CO

2
.

miRNA profiling of prostate cancer cell lines
TaqMan low-density arrays
The expression of 377 miRNAs was profiled for the PC3-

derived sublines, PC3-N and PC3-ML, using microfluidic 
miRNA TaqMan-based qRT-PCR low-density arrays (Human 
MicroRNA A Card v2.0, Applied Biosystems, Life Technologies). 
Five hundred nanograms of total RNA from each cell line 
was isolated (Ambion mirVana miRNA Isolation Kit, Life 
Technologies) and reverse transcribed using the stem-loop based 
Megaplex RT Primers, Human Pool A, and the resulting product 
was loaded together with TaqMan Universal PCR Master Mix, 
No AmpErase UNG onto a 384-well TaqMan MicroRNA Assay 
microfluidic plate. The qRT-PCR measurements were performed 
on an Applied BioSystems 7900HT thermocycler. These studies 

were performed in duplicate for each cell line and normalized 
to mammalian snoRNA U6 using Arabidopsis thaliana Ath-
miR-159a as a negative control. miRNA expression profiles were 
compared between the PC3-ML and PC3-N cell lines using the 
ΔΔCt method.

TaqMan miRNA assays
miRNA expression was verified using individual TaqMan-

based qRT-PCR assays (Applied Biosystems, Life Technologies) 
on total RNA obtained via the Ambion mirVana miRNA Isolation 
Kit (Life Technologies) from the prostate cell lines PC3-N and 
PC3-ML sublines, the PC3 (parental), LNCaP, PacMetUT1, 
and RWPE-1 cell lines (a complete summary of TaqMan Assays 
used for miRNA detection is found in Table S3). Briefly, reverse 
transcription reactions were performed in triplicate on 35 ng of 
total RNA with the TaqMan MicroRNA Reverse Transcription 
Kit and miRNA-specific stem-loop primers (Applied Biosystems, 
Life Technologies). Singleplex reactions were performed in  
15 μL and contained: 0.15 μL 100 mM dNTP, 1.00 μL multi-
scribe reverse transcriptase (50 U/μL), 0.19 μL RNase inhibi-
tor (20 units/μL), 1.50 μL 10× reverse transcription buffer,  
7 µL (5 ng/µL) total RNA, 2.16 µL nuclease-free water, and  
3.00 μL miRNA stem-loop primer. Multiplex reactions for 8 
different genes were performed in 60 μL and contained: 0.60 
μL 100 mM dNTP, 4.00 μL multiscribe reverse transcriptase  
(50 U/μL), 0.76 μL RNase inhibitor (20 U/μL), 6.00 μL 10× 
reverse transcription buffer, 17.64 μL nuclease-free water, 7 µL 
(5 ng/µL) total RNA, and 24 μL miRNA stem-loop primers 
(3.00 μL for each miRNA, 8 genes total). Reverse transcription 
reactions were performed using an Applied Biosystems Veriti 
96-well thermal cycler (Life Technologies) under the follow-
ing conditions: 16 °C for 30 min, 42 °C for 30 min, 85 °C for  
5 min. Twenty microliters of the qRT-PCR reactions were pre-
pared in triplicate, each reaction containing 1 μL TaqMan 
real-time miRNA assay, 4.5 μL reverse transcribed RNA,  
10 μL TaqMan 2× Universal PCR Master Mix, No AmpErase 
UNG, and 4.5 μL nuclease-free water. Real-time PCR reac-
tions were run under the following conditions: 95 °C for 10 min,  
40 cycles of 95 °C for 15 s and 60 °C for 1 min. miRNA expres-
sion was normalized to snoRNA RNU48. Relative fold-change 
in miRNA expression was calculated comparing each cancer cell 
line vs. RWPE-1 cells using the ΔΔCt method.

EPS urine profiling for miRNA expression
EPS urine specimens were collected by a clinician via urine 

capture following gentle massage of the prostate gland during 
a digital rectal exam (DRE) just prior to the original diagnostic 
biopsy. Massage of the prostate consisted of three strokes on each 
side of the median sulcus, stimulating the release and movement 
of prostate fluids and detached epithelial cells directly into the 
urethra. Specimens were required to have at least 20 µg/mL PSA 
values as a means to standardize the efficiency of the prostate 
massage to push proximal secretions into the urethra. Nine mil-
liliters of each specimen was centrifuged at 2500 rpm for 15 min 
to separate the EPS urine into supernatant and pellet fractions. 
The de-identified EPS urine specimens were obtained from the 
biorepository at the Leroy T. Canoles Jr. Cancer Research Center 
under protocols approved by the Eastern Virginia Medical 



236 Cell Cycle Volume 13 Issue 2

School (EVMS) Institutional Review Board (IRB) and in accor-
dance with NIH guidelines and HIPAA regulations. EPS urine 
specimens were grouped based on clinical grade: non-cancer 
(24 patients), cancer (Gleason 6-7, 25 patients; Gleason 8, one 
patient), and high-grade cancer (Gleason 9-10, 6 patients).

For EPS urine supernatant fractions
Total RNA was isolated from 500 μL of EPS urine super-

natant using a modified protocol for the miRNeasy Mini Kit 
(Qiagen). Since no standard normalization procedure exists for 
measuring miRNA expression in body fluids that possess low 
concentrations of RNA, C. elegans miRNA miR-39 (sharing no 
homology to human miRNAs) was spiked into the EPS urine 
supernatant fractions prior to RNA isolation, as similarly used for 
small RNA profiling in blood.13 (Optical density [OD] measure-
ments and normalization with cellular-derived RNA species such 
as RNU48 are inappropriate for this application.) Specifically, 
700 μL of QIAZol Lysis Reagent was added to the EPS sam-
ple and incubated for 5 min at room temperature. 5 μL of 50 
fMol C. elegans miRNA miR-39 was spiked into each sample. 
140 μL of chloroform was added and mixed briefly. The sample 
was then incubated at room temperature for 3 min and centri-
fuged for 15 min at 12 100 RPM at 4 °C. The upper aqueous 
layer was extracted and 1.5 volumes (1200 μL) of 100% etha-
nol was added and mixed. The sample was then loaded onto the 
miRNeasy mini column and the remaining protocol was fol-
lowed. Total RNA was eluted with 50 μL of nuclease free water. 
For qRT-PCR reactions using TaqMan-based miRNA assays,  
9.16 µL of eluted total RNA was used for each singleplex or mul-
tiplex reverse transcription reaction as described in the TaqMan 
Assay section. miRNA expression for the EPS urine supernatant 
was normalized to cel-miR-39 expression and average fold-dif-
ferences between cancer and non-cancer expression levels were 
obtained using the ΔΔCt method.

For EPS urine pellets
Total RNA was isolated using the Ambion mirVana miRNA 

Isolation Kit (Life Technologies) according to the manufacturer’s 
instructions. Fifty nanograms of total RNA was reverse tran-
scribed using the TaqMan MicroRNA Reverse Transcription 
Kit and TaqMan human miRNA assays (Applied Biosystems, 
Life Technologies). Singleplex and multiplex reactions were per-
formed as described. miRNA expression for the pellets was nor-
malized using the mean of two reference snoRNAs (RNU44 and 
RNU48). To determine relative miR-888 expression in individ-
ual EPS urine pellets from 20 prostate cancer patients, the aver-
age delta Ct for miR-888 expression in EPS urine pellets from 
11 non-cancer patients was calculated. Average fold-differences 
between cancer and non-cancer expression levels were obtained 
using the ΔΔCt method.

miRNA expression studies on clinical FFPE prostate 
specimens

miRNA expression profiles using de-identified FFPE 
(Formalin-Fixed, Paraffin-Embedded) primary prostate tissue 
specimens from a cohort of prostate cancer patients diagnosed 
with insignificant disease (tumor size ≤ 0.5 mL, stage ≤ T2, 
Gleason ≤ 6), significant disease (tumor confined to the pros-
tate, stage T2, any Gleason, 5 y follow-up with no metastasis 

or biochemical recurrence), and metastatic disease (confirmed 
distant metastasis) as well as non-prostate cancer patients. These 
specimens were obtained from the biorepository at the Leroy T. 
Canoles Jr. Cancer Research Center under protocols approved by 
the EVMS Institutional Review Board and in accordance with 
NIH guidelines and HIPAA regulations. For these experiments, 
total RNA was isolated from manual scrapings of FFPE prostate 
tumor or normal tissue sections (as identified by a pathologist) 
with roughly 20 microns thickness using the Ambion RecoverAll 
Total Nucleic Acid Isolation Kit (Life Technologies). Multiplex 
stem-loop reverse transcription reactions were performed using 
25 ng of total RNA and TaqMan qRT-PCR was done in trip-
licate as described previously. miRNA values were normalized 
through expression of snoRNA RNU48, and average fold-differ-
ences between cancerous and non-cancer expression levels were 
obtained using the ΔΔCt method.

miRNA transfections in cell culture
PC3-derived cell lines or LNCaP cells were reverse transfected 

in triplicate with Ambion siPORT NeoFX Transfection Agent 
(Life Technologies) and 40 nM or 50 nM hsa-miR-888 Ambion 
Pre-miR miRNA Precursor (AM17100 Product ID: PM12400, 
Life Technologies) or Pre-miR miRNA Precursor Negative 
Control (AM17110, Life Technologies). For miR-888 inhibition 
experiments, cells were transfected with Lipofectamine RNAi 
Max Reagent (Life Technologies) and 50 nM hsa-miR-888 
Dharmacon miRIDIAN MicroRNA Hairpin Inhibitor (IH-
301228-02, Thermo Scientific) or scrambled Dharmacon 
miRIDIAN MicroRNA Hairpin Inhibitor Negative Control #1 
(IN-001005-01-05, Thermo Scientific). Mock-transfected cells 
were only treated with the respective transfection reagents.

Cell proliferation WST-1 assay
Transfected cells were plated at a density of 2000 cells/100 μL 

(80 mL cells in DMEM + 20 mL siPORT + 50 nM miRNA 
mimic or 90 mL cells in DMEM + 10 mL Lipofectamine 
RNAimax + 50 nM miRNA inhibitor) in a flat-bottom 96-well 
plate and allowed to incubate overnight before adding fresh 
DMEM medium. Four hours prior to the 24-, 48-, and 72-h 
time points, 10 μL of WST-1 reagent (Roche Applied Science) 
was added to each well. Formazan conversion was then measured 
with a microplate reader (Biotek Synergy) at a test wavelength of 
450 nm and reference wavelength of 620 nm. Values from blank 
wells (DMEM + WST-1 reagent) were subtracted from all experi-
mental wells.

Cell migration scratch assay
Prostate cancer cells transfected with 50 nM of miR-888 

mimic or scrambled controls were plated at a density of 1 × 106 
cells/well in a 6-well plate. Scratches were made with a p200 
pipette tip 24 h post-transfection. Each well was then rinsed 
5 times with PBS to clear floating cells from scratches, and 3 
mL of 3% fetal bovine serum (FBS), 1% antibiotic-antimycotic 
DMEM was added to each well. Images were taken at time 0, 
immediately following the scratch and 24 h later with a Zeiss 
Axio Observer.A1 inverted microscope (10× objective) and an 
Axiocam MRm camera with a 0.63× adaptor. Results were quan-
tified by determining the percent scratch closed; (initial scratch 
width-final scratch width)/initial scratch width × 100%.
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Boyden chamber transwell migration assays
Prostate cancer cells transfected with 50 nM of miR-888 

mimic or scrambled controls were added to the top of a Boyden 
chamber insert (BD BioCoat Inserts, BDBiosciences) at a density 
of 6 × 105 cells/well in a 6-well plate. Twenty-four hours post-
transfection, cells that traversed across the polycarbonated insert 
toward the chemoattractant (10% FBS) were methanol-fixed and 
stained with 1% crystal violet. Wells were destained in 10% ace-
tic acid and 30% methanol. Results were quantified in triplicate 
for each well from 100 uL of destain solution using 96-well plates 
and measured in a spectrophotometer (Synergy HT, BioTek) at 
595-nm wavelength.

Apoptosis assay-flow cytometry
Transfected cells were plated at a density of 2.4 × 105 cells/

well in a 6-well plate and incubated for 24 h. Cell pellets were 
harvested from each well and stained with Annexin V and 7AAD 
according to the General Annexin V Staining Procedure from 
Becton Dickinson Sciences. Immediately following staining, 
cells were analyzed by flow cytometry using a Cytek DXP 8 color 
488/637/407 (Cytek Development Inc) upgraded FACSCalibur 
(Becton Dickinson) and FlowJo software version 7.6 (Treestar).

Western blot analysis
Protein extracts were prepared by lysing cells 24 h post-trans-

fection in RIPA buffer (50 mM Tris-Cl pH 8, 150 mM NaCl, 
5 mM MgCl

2
, 1% TritonX-100, 0.5% Na-deoxycholate, 0.1% 

SDS) with protease inhibitors and resolved on 4–15% Tris-HCL 
gels (Ready Gel, BioRad) for western blot analysis. Immobilon-FL 
membranes (Millipore) were blocked with Odyssey Blocking 
Buffer in 1× phosphate-buffered saline (1× PBS) for 1 h and 
probed overnight in Odyssey Blocking Buffer, 1× PBS, and 0.1% 
Tween-20 at 4 °C with primary antibodies against RBL1 (1:200, 
Santa Cruz sc-318), SMAD4 (1:500, Santa Cruz sc-7154), and 

GAPDH (1:2000, Abcam ab-8245). Blots were washed in PBST 
and then probed in Odyssey Blocking Buffer, 1× PBS, 0.1% 
Tween-20 and 0.01% SDS at room temperature with secondary 
goat anti-mouse (1:5000–1:10 000) or goat anti-rabbit (1:20 000) 
antibodies (Li-Cor). Protein expression was quantitated rela-
tive to GAPDH levels using an Odyssey scanner and software 
(Li-Cor).
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