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Integrative analyses reveal a long noncoding
RNA-mediated sponge regulatory network
In prostate cancer

Zhou Du'?*, Tong Sun3%>*, Ezgi Hacisuleyman®’:8, Teng Fei®*°, Xiaodong Wang>4, Myles Brown34?,

John L. Rinn’810 Mary Gwo-Shu Lee3?, Yiwen Chen'"*, Philip W. Kantoff3*12* & X. Shirley Liu®'3*

Mounting evidence suggests that long noncoding RNAs (IncRNAs) can function as microRNA
sponges and compete for microRNA binding to protein-coding transcripts. However, the
prevalence, functional significance and targets of IncRNA-mediated sponge regulation of
cancer are mostly unknown. Here we identify a IncRNA-mediated sponge regulatory network
that affects the expression of many protein-coding prostate cancer driver genes, by inte-
grating analysis of sequence features and gene expression profiles of both IncRNAs and
protein-coding genes in tumours. We confirm the tumour-suppressive function of two
IncRNAs (TUGT and CTB-89H12.4) and their regulation of PTEN expression in prostate
cancer. Surprisingly, one of the two IncRNAs, TUGT, was previously known for its function in
polycomb repressive complex 2 (PRC2)-mediated transcriptional regulation, suggesting its
sub-cellular localization-dependent function. Our findings not only suggest an important role
of IncRNA-mediated sponge regulation in cancer, but also underscore the critical influence
of cytoplasmic localization on the efficacy of a sponge IncRNA.
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pproximately 70% of the human genome is transcribed,

but less than 2% of the genome encodes protein. On the

basis of size, noncoding RNAs (ncRNAs) can be classified
as small (<200 base pairs) or long ncRNAs (IncRNA; >200 base
pairs). The human genome encodes around ten thousand IncRNA
genes!™ and, similar to protein-coding genes (PCGs), some
IncRNAs can mediate oncogenesis or tumour suppression and
are, therefore, a potential new class of cancer therapeutic targets®,
Despite this relevance to cancer, only a handful of IncRNAs have
been functionally characterized.

An important class of small ncRNAs are ~22 nucleotide
(in mammals) microRNAs (miRNAs) that are derived from
hairpin precursors’. These RNAs guide the RNA-induced
silencing complex (RISC) to miRNA response elements (MREs)
on target transcripts to post-transcriptionally regulate gene
expression via transcript degradation or translation inhibition®.
Each miRNA can target multiple target transcripts and those
RNAs that share the same MREs (that is, targeted by the same
miRNA or the same miRNA family) are reported to influence the
expression of each other by competing for miRNA binding®”’.
RNAs involved in this type of miRNA-deé)endent regulation
have been referred to as miRNA sponges®’, target mimics®
or competinég endogenous RNAs (if they are endogenous to
the genome)”.

In one study, a synthetic miRNA sponge carrying engineered
MREs was ectopically expressed to competitively inhibit
endogenous miRNA activity’. The first reported naturally
occurring noncoding miRNA sponge, IPS1 from Arabidopsis
thaliana, sequesters the phosphate (Pi) starvation-induced
miRNA miR-399 and modulates the shoot Pi content®. Since
this discovery, other naturally occurring noncoding miRNA
sponges have been identified as important for biological processes
including muscle differentiation!’, host-pathogen interaction!!
and cancer'.

PTENP1, a pseudogene of the tumour-suppressor PTEN
(phosphatase and tensin homologue), was among the first reported
noncoding miRNA sponges with a function in cancer!2, Compared
with PTEN, PTENP1 has a truncated (by ~1kb) but highly
similar 3’ region, which contains conserved target sites for the
PTEN-targeting miR-17, miR-21, miR-214, miR-19 and miR-26
families. Consistent with these sequence features, PTENP1
expression is regulated by PTEN-targeting miRNAs. As a
miRNA sponge, PTENPI1 positively regulates PTEN expression,
and the knockdown of endogenous PTENP1 promotes cancer cell
proliferation, indicating the tumour-suppressive function of
PTENP1 (ref. 12). Similarly, the pseudogenes of oncogenic
PCGs, such as kirsten rat sarcoma viral oncogene homolog
(KRAS), are also miRNA sponges'.

Despite identification of these pseudogenes and IncRNAs, the
prevalence, functional significance of IncRNA-mediated sponge
regulation and their relevant targets in human cancer are unclear.
To address these questions, we systematically identify a IncRNA-
mediated sponge regulatory network of protein-coding driver
genes in prostate cancer by integrating sequence features and
gene expression of IncRNAs and PCGs in tumours. We also
validate the tumour-suppressive function of two IncRNAs
predicted to serve as miRNA sponges and positively regulate
PTEN expression. Our study suggests an important role of
IncRNA-mediated sponge regulation in cancer and implied a
therapeutical strategy of manipulating cancer gene function
through modulating IncRNA-mediated sponge regulation.

Results
Prediction of sponge IncRNAs regulating cancer-driver genes.
Sponge-IncRNAs (sp-IncRNAs) are distinct from other regulators
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such as transcription factors in that they share similar miRNA
regulatory programmes with their targets. Therefore, they are
positive regulators of the expression of their targets (Fig. 1a), and
the strength of their regulation depends on the stoichiometry of
the involved miRNAs and mRNAs (Fig. 1a). We devised an
integrated computational approach to predict IncRNAs that serve
as sp-IncRNA for a given PCG by taking into account these
characteristics (Fig. 1b, Methods). We developed a computational
pipeline that repurposed the Affymetrix exon array probes for
interrogating IncRNA expression'3. Although IncRNAs were not
the originally intended targets of measurement, these array data
are nonetheless informative in providing insights into IncRNA
function and regulation®?,

We focused our study on the sponge regulation of those
established and putative protein-coding driver genes in prostate
cancer, which also showed expression variation across different
disease states (Methods) and hence were likely to be functional!?.
By applying our integrated computational approach, we
constructed a sponge regulatory network, in which each edge
connects a potential sp-IncRNA to its corresponding PCGs.
This network contains in total 96 predicted regulatory
interactions between 52 sp-IncRNAs and 17 PCGs (Fig. 1c,
Table 1 and Supplementary Data 1). Some PCGs such as PTEN
and MLL2 (also known as KMT2D) showed greater numbers of
predicted sp-IncRNAs than others (Table 1), suggesting that
they might be subject to greater sponge regulation. Most PCGs in
the network had more than one predicted sp-IncRNAs and many
sp-IncRNAs regulated multiple PCGs, suggesting the existence of
combinatorial regulation.

The regulation of PTEN expression is 3 UTR-dependent. For
experimental validation, we focused on sp-IncRNAs (Supplementary
Data 2) of PTEN, which is among the protein-coding driver genes
with the largest number of the predicted sp-IncRNAs in prostate
cancer (Table 1). PTEN is a tumour suppressor that is one of the
most frequently mutated protein-coding driver genes and often
exhibits reduced expression in prostate cancer and many other
cancers'. PTEN encodes a protein phosphatase, which can remove
a phosphate from phosphoinositides at the plasma membrane!® and
negatively regulates the PI3K/Akt pathway'®!”. PTEN loss has been
found in 9-45% of high-grade prostatic intraepithelial neoplasia, an
abnormality of prostatic ]glands believed to precede the development
of adenocarcinoma!®2!, About 50-70% of castration-resistant
prostate cancers (CRPCs) have genomic alterations in the
PTEN/PI3K pathway, mostly through genetic loss of PTEN?2-24,
Loss of PTEN expression is associated with a more aggressive form
of prostate cancer'#2>26, In the absence of genetic loss or mutation,
PTEN can be downregulated in cancers by other mechanisms
such as miRNA-mediated repression. Both t?seudogene12 and the 3’
untranslated region (3'UTR) of PCG?”28 have been shown to
influence PTEN expression through the sponge regulation
mechanism.

Among those sp-IncRNAs that were targeted by more than eight
experimentally validated PTEN-regulating miRNAs, we chose two
sp-IncRNAs Inc-2 (CTB-89H12.4, ENSG00000230551) and Inc-6
(Taurine Upregulated Gene 1 (TUGI), ENSG00000253352;
Supplementary Data 3) that showed consistently the highest
expression in two prostate cancer cell lines (DU145 and 22RV1)
with wild-type PTEN for experimental validation (Fig. 2). We
chose the higher expressed sp-IncRNAs because the higher
expression makes a more effective sp-IncRNA given similar other
conditions. Lnc-2 and Inc-6 showed a consistently positive
correlation in expression with PTEN in the memorial sloan
kettering cancer center (MSKCC)** (Mnc.opren=0.32, Pinco.
PrEN<5.89X10 ">, fipcprEn =045, Pine-6-pTEN < 5.89x10 ~ %)
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Figure 1| Computational prediction of sp-IncRNA regulation in prostate cancer. (a) The mechanism by which RNAs that are targeted by the same
miRNA cross-regulate the expression of each other and the main features of the computational strategy for predicting sp-IncRNA. (b) The computational
strategy of predicting IncRNA-mediated sponge regulation of protein-coding driver genes in prostate cancer. (¢) A citros plot showing the computationally
predicted sp-IncRNA network. The nodes represent individual genes and the edges represent the predicted regulation between sp-IncRNA and the

corresponding protein-coding driver gene. FDR, false discovery rate.

cohort and Mayo Clinic®  (Mpes.pren = 0.48, Pinc2-
prEn< 1.62x10 ™32, e pran =047, Piacepren<1.66x10 1)
cohort (Fig. 3a). To assess the utility of using the co-expression
data from these two cohorts instead of one cohort for predicting
candidate sp-IncRNAs, we decided to test another IncRNA Inc-7
(ENSG00000267520) that shared 22 miRNAs with PTEN, but did
not show consistent co-expression with PTEN in different cohorts
(Fig. 3a and Supplementary Data 3 and 4). The genetic alternation
and expression profile of Inc-2 and Inc-6 across normal prostate
and prostate tumours suggested that they might exert a tumour-
suppressive function in both primary prostate cancer and CRPC.
First, their expression was decreased in CRPC tumours compared
with primary tumours (Fig. 3b); second, lower expression was seen
in tumours that harboured copy number loss (Fig. 3c).

To interrogate the function of these three sp-IncRNAs, we
designed four independent short interfering RNAs (siRNAs) for
each IncRNA genes and pooled those that showed efficient
knockdown capability in the experiments (Methods).
The effective siRNA-mediated knockdown of the candidate
sp-IncRNAs was confirmed by quantitative real-time reverse-
transcription PCR (qQRT-PCR) analysis (Supplementary Fig. 1a).

Consistent with the role of sp-IncRNAs as positive regulators of
gene expression, the depletion of Inc-2 and Inc-6 transcripts by
siRNAs in the DU145 prostate cancer cell line led to a significant
reduction in PTEN expression (Fig. 4a). The effect on PTEN
expression by siRNA-mediated silencing of either IncRNA was
further confirmed in the 22Rv1 cell line (Supplementary Fig. 1b).
Reciprocally, we found that depletion of PTEN transcript by
siRNAs reduces the expression of Inc-2 and Inc-6, respectively
(Supplementary Fig. 1c). The depletion of Inc-2 and Inc-6
transcripts also reduced the expression of two other PCGs, VAPA
and SERINCI1 (Supplementary Fig. 1d), which were }Zoreviously
shown to serve as sponge-mRNAs of PTEN?%. With
lower expression level than that of Inc-2 and Inc-6, other
predicted sp-IncRNAs including Inc-1, 3, 4 and 5 showed a much
weaker effect on PTEN expression (Supplementary Fig. 1d),
indicating that the expression level is an important determinant
of the efficacy of a miRNA sponge.

To further confirm the sponge regulation of PTEN by Inc-2
and Inc-6, we determined whether overexpressing Inc-2 or Inc-6
could rescue PTEN downregulation caused by miRNAs. Because
of the large size of Inc-2 (ENST00000499521, 8,636 bps) and Inc-6
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Table 1 | The number of predicted sp-IncRNAs for
protein-coding driver genes.

Gene symbol Number

ARID2
BCL2
CBL
CCND1
CDC73
CYLD
DNMT3A
FAM123B
GATA2
KLF4
MLL2
PDGFRA
PIK3R1
PTEN
RUNX1
SMAD4
TET2

—

VOWRNOIBN SO 20 A o wh

sp-IncRNA, sponge-long noncoding RNA.

(ENST00000519077, 5,673 bps), we were only able to clone two
sub-sequences of Inc-2 (703-4834 and 3931-8636) that contain
the majority of the binding sites of the PTEN-regulating miRNAs
into an expression vector (Methods), but not for the
sub-sequences of Inc-6. Overexpressing either of the two Inc-2
sub-sequences (Supplementary Fig. le) rescued the down-
regulation of PTEN expression caused by overexpressing known
PTEN-regulating miRNAs (Supplementary Fig.1f). In contrast to
Inc-2 and Inc-6, the depletion of Inc-7 transcripts by siRNAs had
no effect on PTEN expression (Fig. 4a), underscoring the
importance of using co-expression data from multiple cohorts
to ensure the robustness of the computational prediction.

Lnc-6 is officially known as TUGI, a highly conserved IncRNA
expressed in the developing retina and brain as well as in adult
tissues 0. TUGI can be upregulated by p53 upon DNA damage
in p53 wild-type, but not p53 mutant cells*3!. It associates with
polycomb repressive complex 2 complex and represses the
expression of cell-cycle genes®!. In addition, TUGI is involved
in Polycomb 2 protein (Pc2)-mediated relocation of transcription
units in the three-dimensional space of the nucleus®?. Our
discovery of TUGI as a sp-IncRNA of PTEN established its
cytoplasm function, which is consistent with previous studies
showing an extensive localization of TUG in the cytoplasm3!:33,

Next, we used a luciferase-PTEN-3'UTR reporter system to
investigate whether the observed regulation of PTEN by Inc-2 or
Inc-6 is via the PTEN 3'UTR. The use of this reporter assay allows
for uncoupling the regulatory effect of sp-IncRNAs on PTEN
through its 3’UTR from the effects through non-3'UTR
mechanism such as PTEN transcription. We found that the
siRNA-mediated knockdown of either Inc-2 or Inc-6 significantly
reduced the chimeric luciferase reporter activity, whereas the
knockdown of Inc-7 had little effect on the luciferase activity
(Fig. 4b). These results suggest that the regulation of PTEN by
sp-IncRNAs is through the PTEN 3'UTR.

The regulation of PTEN expression is dependent on miRNAs.
To further determine whether sp-IncRNA-mediated PTEN
regulation is dependent on miRNA, we compared the difference
of PTEN regulation by the candidate sp-IncRNAs in isogenic
HCT116 colon cancer cell lines. The only difference between the
two isogenic cell lines is that one has a wild-type DICER, whereas

4

n
o

8 DU145

22Rv1

—_
(&}

ACt (lincRNA-RPS28)
]

Figure 2 | The relative expression levels of candidate sp-IncRNAs. The

relative expression of seven candidate sp-IncRNAs of PTEN and PTEN in

DU145 and 22RV1 cells was measured by real-time reverse transcription-
PCR. The cycle threshold (Ct) difference (ACt) between a IncRNA gene and
the reference gene RPS28 in the gqRT-PCR experiment, which is inversely

proportional to the amount of target nucleic acid in the sample, is shown.
All experiments were performed in three replicates (n=3). Error bars are
defined as s.d.

the other has a mutant DICER (DICER®®®) with an insertion
disruption in the N-terminal helicase domain. This hypomorphic
mutation in DICER impaired its function in the maturation of the
vast majority of miRNAs>%, It has been shown?® that the levels of
mature PTEN-regulating miRNAs in the HCT116 DICER® cell
line are significantly decreased, whereas the siRNA-mediated
silencing is fully functional. Therefore, the DICERE®® cell line
serves as an ideal system to evaluate the miRNA dependency of
sp-IncRNA-mediated PTEN regulation. Similar results were
observed in DU145 and 22Rvl1 cell lines, where the depletion of
Inc-2 or Inc-6 by siRNAs substantially reduced PTEN expression,
whereas the depletion of Inc-7 had no effect on PTEN expression
in the wild-type HCT116 (Fig. 4c). In contrast, in the DICER®®
cell line, the downregulation of PTEN by the loss of Inc-2 or Inc-6
was considerably impaired (Fig. 4c). These results suggest that the
sp-IncRNA-mediated PTEN regulation is critically dependent on
the Dicer-mediated miRNA activity.

The determinants of sponge IncRNA efficacy. Although Inc-7
was predicted to share 22 miRNAs with PTEN, it had no
regulatory effect on PTEN expression. We further investigated the
mechanism, whereby Inc-7 was unable to serve as an effective
miRNA sponge. The miRNA-induced repression occurs
dominantly in the cytoplasm and is mediated by RISC. We thus
hypothesized the reason why Inc-7 cannot serve as an effective
sponge is because it is not predominantly localized in the
cytoplasm and is not effectively accessible to the RISC. To test this
hypothesis, we performed subcellular fractionation followed by
qRT-PCR (Fig. 5a,b) to examine the subcellular localization of in
the DU145 cell line. Indeed, Inc-2 and Inc-6 were predominantly
localized in the cytoplasm in the DU145 and 22Rvl cell lines,
whereas Inc-7 was not (Fig. 5a,b).

To further confirm the subcellular localization of the Inc-2,
Inc-6 and Inc-7, we employed a single-molecule RNA
fluorescence in situ hybridization (RNA-FISH) method as
previously described®>*%. We used the Biosearch probe design
algorithm (Biosearch Technologies, Inc.) to make the probes for
the IncRNAs and targeted the exons of each IncRNA using probes
conjugated to Quasar 570 fluorophore (Methods). The specificit
of the probe sets was validated as previously described®®3’.
Briefly, we partitioned each probe set to the even- and
odd-numbered oligonucleotides and coupled each subset with a
different fluorophore (evens with Quasar 570 fluorophore, odds
with Quasar 670 fluorophore). We then hybridized the two probe
sets and imaged each channel, separately. If a probe set is specific
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Figure 3 | The genetic alteration and the expression profile of the predicted sp-IncRNAs. (a) The scatter plots show the correlation of expression

between the predicted sp-IncRNAs and PTEN in both the MSKCC and the Mayo Clinic cohorts. (b) The heat map shows the expression variation of Inc-2,
Inc-6 and PTEN across primary and CRPC tumours from the MSKCC cohort. (¢) The Turkey boxplot shows the expression distribution of Inc-2 and Inc-6 in
tumours with copy number loss and in the tumours without loss. The whiskers correspond to the lowest datum still within 1.5 interquartile range (IQR) of
the lower quartile, and the highest datum still within 1.5 IQR of the upper quartile, respectively. Mann-Whitney U-test was performed for the comparison.

to the IncRNA of interest, one would expect that the signal from
even and odd probe sub-set would show good co-localization.
Because the specificity of the probe set for Inc-6 was validated in a
previous study>®, herein we focused on validating the specificity
of probe sets for Inc-2 and Inc-7. We found the even (red) and
odd (green) probe set signal showed good co-localization for both
Inc-2 and Inc-7 (Supplementary Fig. 2), indicating a good
specificity of these probe sets. Our RNA-FISH analysis revealed
a predominantly cytoplasmic distribution for the Inc-2 and Inc-6
in DU145 (Supplementary Fig. 3a,b) and 22Rv1 (Supplementary
Fig. 3d,e) cell lines, but not for Inc-7 (Supplementary Fig. 3¢,f), in
concordance with our biochemical fractionation experiments.
Therefore, both the lower expression and the lower cytoplasmic
localization of Inc-7, in comparison with Inc-2 and Inc-6, reduced
its efficacy as a miRNA sponge.

To ascertain the accessibility of the Ago-containing RISC to
Inc-2, Inc-6 and Inc-7, we performed anti-Ago2-ribonucleopro-
tein immunoprecipitation (RIP) followed by array hybridization
(RIP-ChIP) experiments. The RIP-ChIP found that compared
with a nonspecific mouse serum (NMS) control, Inc-2 and Inc-6
were significantly enriched in the anti-Ago2-RIP fraction in both
DU145 and 22Rvl1 cell lines (Fig. 5¢,d), whereas Inc-7 was not
(Fig. 5e). Therefore, although Inc-7 sequence harbours potential

| 710982 | DOI: 10.1038/ncomms10982 | www.nature.com/naturecommunications

miRNA-binding sites, it was not effectively accessible to the RISC
for miRNA targeting and was unable to serve as an effective
miRNA sponge.

Sponge IncRNAs of PTEN exert a tumour-suppressive function.
PTEN serves as a tumour suppressor to negatively regulate cancer
cell growth or survival by reducing the activity of the oncogenic
PI3/Akt pathway'®!”. We therefore tried to determine, as the
positive regulators of PTEN expression, whether the sp-IncRNAs
of PTEN also exert a tumour-suppressive function. In the prostate
cell line DU145, the reduction of either Inc-2 or Inc-6 expression
by siRNA significantly increased cell proliferation, which partially
phenocopied the effect of siRNA-mediated silencing of PTEN
(Fig. 6a). This growth promotion upon sp-IncRNA knockdown
was further confirmed in the 22Rvl cell line (Supplementary
Fig. 4a), suggesting that both Inc-2 and Inc-6 exerted a tumour-
suppressive function. Consistent with the observation that Inc-7
depletion had no effect on PTEN expression, its depletion had
no effect on prostate cancer cell proliferation (Fig. 6a and
Supplementary Fig. 4a). The effect on cell proliferation upon
siRNA-mediated silencing of Inc-2 and Inc-6 was similar in the
wild-type HCT116 cells compared with that in DU145 cells, but
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(Cyto) fraction was determined by RT-PCR in (a) DU145 and (b) 22Rv1 cells, respectively. U1 was a positive control for Nuc fraction and GAPDH was a
positive control for Cyto fraction. Anti-Ago2-RIP-ChIP for (¢) Inc-2, (d) Inc-6 and (e) Inc-7 in DU145 and 22Rv1 cell lines. The relative enrichment

with respective to total RNA (input) in both anti-Ago2-RIP and Nonspecific Mouse Serum (NMS) control are shown. All experiments were performed in
three biological replicates (n=23). Error bars are defined as s.d. The two-sample t-test was used to calculate the significance of difference between the
means of two experimental groups (*P<0.05, **P<0.01, NS: not significant, P>0.05).

was considerably dampened in the HCT116 DICER®™ cell line PTEN sp-IncRNAs is miRNA dependent. Moreover, the
(Fig. 6b). The difference between wild-type and DICER™ HCT116  siRNA-mediated depletion of either Inc-2 or Inc-6 but not of
cells further supports that the tumour-suppressive function of Inc-7 significantly increased anchorage-independent cell growth
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Figure 6 | Functional validation of the predicted sp-IncRNAs of PTEN. (a) Cell proliferation curve of DU145 cells transfected with the siRNA against

Inc-2, Inc-6, Inc-7 and PTEN as well as the negative control (Neg Con) siRNA. (b) Cell proliferation curves of the HCT116 Dicer wild-type and HCT116

Dicer®® cells transfected with the siRNA against Inc-2, Inc-6, Inc-7 and PTEN as well as the Neg Con siRNA. (c) Anchorage-independent growth of DU145
cells transfected with the siRNA against Inc-2, Inc-6, Inc-7 and PTEN as well as the Neg Con siRNA. The bar graph shows the quantification of the colony
formation after 10 days. (d) Western blot for phospho-AKT and AKT level following serum starvation and restimulation of DU145 cells transfected with the
siRNA against Inc-2, Inc-6, Inc-7 and PTEN as well as the Neg Con siRNA. All experiments with error bars were performed in three replicates (n=3). Error
bars are defined as s.d. The two-sample t-test was used to calculate the significance of difference between the means of two experimental groups

(*P<0.05, **P<0.01, NS: not significant, P>0.05).

from soft-agar colony formation assay (Methods) in DU145
(Fig. 6¢) and 22RV1 (Supplementary Fig. 4b) cells. The reduction
of either Inc-2 or Inc-6 expression by siRNA also significantly
increased anchorage-independent cell growth of the wild-type
HCT116 cells (Supplementary Fig. 4c), but the effect was
considerably reduced in the DICER®™ HCT116 cell line
(Supplementary Fig. 4d).

The tumour-promoting effect of PTEN loss/reduction in
human cancer can be partially attributed to an aberrant
elevation of the PI3K/Akt pathway activity!#1®17. To further
determine the molecular underpinning of the tumour-suppressive
function of PTEN sp-IncRNAs, we assessed the impact of
PTEN-regulating sp-IncRNA on the PI3K/Akt pathway activity.
Indeed, the siRNA-mediated silencing of the Inc-2 and Inc-6
significantly elevated phospho-Akt levels in response to serum
stimulation (Fig. 6d).

Discussion

LncRNAs have recently emerged as natural miRNA sponges,
which play important roles in various biological processes such as
muscle differentiation (linc-MD1 (ref. 10)) and embryonic stem
cell self-renewal (lincRNA-RoR**4%). By integrating gene
expression profile data of both IncRNAs and PCGs in tumours
and the sequence features of RNAs, we uncovered a IncRNA-
mediated sponge regulatory network of protein-coding driver
gene expression in prostate cancer. We revealed that the sponge
regulation by IncRNA had a widespread influence on the
expression of key components of the cancer-driving circuits and
those sp-IncRNAs may themselves serve as oncogenes or tumour
suppressors. Furthermore, the regulation of a protein-coding
driver gene expression by sp-IncRNAs was not a simple one-to-
one, but a many-to-many relationship: individual protein-coding
driver genes were regulated by multiple sp-IncRNAs and one
sp-IncRNAs could regulate many protein-coding driver genes.
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The regulatory function of two computationally predicted
sp-IncRNAs of PTEN, a master tumour suppressor in prostate
cancer was experimentally confirmed. These two IncRNAs not
only regulated PTEN expression in a miRNA-dependent manner,
but also demonstrated tumour-suppressor activities in prostate
cancer cell lines. Moreover, both IncRNAs exhibited concordance
between expression reduction and copy number loss in prostate
cancer, representing strong genetic evidence of their function
in vivo. In CRPC, both IncRNAs were downregulated compared
with primary prostate tumours, suggesting that they might
have an important function in advanced prostate cancer by
downregulating PTEN expression level.

One of the validated PTEN sp-IncRNA Inc-6 (TUGI) was
previously known to be involved in polycomb repressive complex
2-mediated transcriptional regulation and the three-dimensional
organization of the transcription unit in the nucleus. The newly
discovered cytoplasm function TUG1, a miRNA sponge, indicates
that a IncRNA can have multiple functions depending on its
sub-cellular localization. This underappreciated functional
plasticity of individual IncRNA could form the basis for their
context-dependent function. Moreover, we showed that
the expression level, the cytoplasmic localization and/or the
accessibility to the RISC are important factors for determining
the sponge efficacy of a IncRNA.

In summary, our study reveals a prevalent and complex
IncRNA-mediated sponge regulatory mechanism that may
significantly contribute to the aberrant expression of critical
protein-coding driver genes in prostate cancer. Those
sp-IncRNAs might have oncogenic or tumour-suppressive
function and perturbation of the IncRNA-mediated sponge
regulation might be exploited for cancer therapy. Our study also
suggests the vast functional space of IncRNAs as miRNA sponges
in cancer pathogenesis and the enormous plasticity of IncRNAs in
performing multiple functions.

Methods

Cell cultures. DMEM, RPMI-1640, McCoy’s 5A and fetal bovine serum (FBS) are
from Invitrogen. DU145, 22Rv1, HCT116 Dicer wild-type or HCT116 Dicer™
cells were grown in RPMI-1640 with 10% FBS, DMEM with 10% FBS or McCoy’s
5A with 10% FBS, respectively. 22Rvl and DU145 cell lines were obtained from
American Type Culture Collection, HCT116 Dicer wild-type and Dicer™” cells
were a kind gift from Dr Vogelstein’s group from the Johns Hopkins University
School of Medicine. All cell lines were authenticated using Promega Power Plex
16HS Kit (Promega Inc.) and were tested to ensure no mycoplasma contamination
using MycoSEQ Mycoplasma detection kits (Thermo Fisher Scientific Inc.). All cell
lines were grown in penicillin/streptomycin and glutamine containing medium, at
37°C in a humidified atmosphere with 5% CO,.

Transient transfection. SIGENOME non-targeting siRNA #2 (siLuc), siPTEN
smartpool and all siRNAs for IncRNAs are from Dharmacon. The sequences of
siRNAs used to knockdown each candidate PTEN sp-IncRNA are listed in
Supplementary Table 1. For the transfection of siRNAs, DU145 (3 x 10°) or 22Rv1
(2 x 10°) were seeded into six-well dishes. The following day they were transfected
with 100 nM siRNAs using lipofectamine?®® (Invitrogen Inc.) according to the
manufacturer’s recommendations. PTEN 3’UTR overexpression was achieved by
transient transfection using pGL3luc expression vectors. MiRNA/target interaction
was measured by a luciferase reporter assay. PTEN and IncRNA expression levels
were detected by gqRT-PCR.

Dual luciferase reporter assay. DU145, 22Rv1, HCT116 Dicer wild-type or
HCT116 Dicer®™ cells were seeded at a density of 2 x 10° cells per six-well dish.
Twenty-four hpurs later, 1,000 ng of pGLU/PTEN-3"UTR were co-transfected
with 100 ng of pRL-TK using Lipofectamine?°?, Forty-eight hours after
transfection, the luciferase activity was measured by Dual-Luciferase reporter assay
kit and normalized. PGL3-control, pRL-TK and Dual-Luciferase reporter assay kit
are from Promega.

RNA extraction and qRT-PCR. For qRT-PCR analyses, total RNA was extracted
from cells using Trizol reagent (Invitrogen Inc.) as per the manufacturer’s
instructions and subsequently column purified with RNeasy kits (Qiagen). cDNA
synthesis was performed using the High-Capacity cDNA Archive kit (Applied
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Biosystem) and SuperScript II reverse transcriptase (Invitrogen Inc.) according to
the manufacturer’s instructions. The qRT-PCR primer sequences are listed in the
supplementary Data 5.

Western blot analysis. Cells were collected and lysed (50 mM Tris, pH 8.0,
1mM EDTA, 1 mM MgCl,, 150 mM NaCl, 1% NP-40, 1 mM B-glycerophosphate,
1mM Na;VO,4, 1 mM NaF, protease inhibitors). Proteins (30 ug per lane) were
separated on 10% SDS-polyacrylamide gel and transferred to nitrocellulose
membrane. Immunoblotting of the membranes was performed using the following
primary antibodies: anti-PTEN (1:2,000), anti-AKT (1:2,000), anti-Phospho-
AKT(1:2,000) or anti-B-actin (1:5,000). Anti-PTEN (#9559), anti-AKT (#9272) and
anti-Phospho-AKT Ser473 (#9271) are from Cell Signaling; anti-B-actin antibody is
from Sigma-Aldrich. Signals were revealed after incubation with recommended
secondary antibody coupled to peroxidase by using enhanced chemiluminescence.
Scanned images were quantified using Image] software. The uncropped scans of the
most important western blots are shown in the Supplementary Figure 5.

Overexpression of IncRNAs and PTEN-regulating miRNAs. Lnc-2 fragment 1
(F1, ENST00000499521, 703-4834) and fragment 2 (F2, ENST00000499521,
3931-8636) were successfully cloned into an EF-1 alpha-promotor-driven
expressing vector. For PTEN expression rescue experiment, transfection reagent
only (Mock), miRs (3 nM each of miR-106a, -106b, -17-5p, -19a, -19b, -20a, -20b,
26a, -26b and -93), negative miR control (30 nM), empty expression vector

(100 ng, vector control), fragment 1 (100 ng, F1), fragment 2 (100 ng, F2) were
transfected separately or co-transfected together (F1 + miRs, F2 4+ miRs) into
DU145 cells. Synthetic, chemically modified short single-stranded RNA
oligonucleotides: Pre-miR-106a, Pre-miR-106b, Pre-miR-17-5p, Pre-miR-19a,
Pre-miR-19b, Pre-miR-20a, Pre-miR-20b, Pre-miR-26a, Pre-miR-26b, Pre-miR-93
and Pre-miR-negative control,were purchased from Ambion/Life Technologies. All
TaqMan primers and probes were purchased from Applied Biosystem. Forty-eight
hours after transfection, cells were collected and expression levels of miRs, Inc-2 or
PTEN were detected by QRT-PCR or western blot analysis.

Nucleus-cytoplasm fractionation. Both nuclear and cytoplasmic RNA from
cultured DU145 or 22Rv1 cells were isolated by SurePrep Nuclear or Cytoplasmic
RNA Purification Kit (Fisher Scientific BP2805-25) followed manufactuere’s
instruction. Ul RNA and GAPDH processed mRNA were detected in isolated
RNAs as control for nuclear RNA and cytoplasm RNA, respectively. Biological
triplicates were carried out and followed by qRT-PCR to detect abundance of
IncRNAs.

RNA-FISH. The FISH protocol was performed as described previously®®. The
oligonucleotide probes were designed and purchased from Biosearch Technologies,
Inc. The sequences of RNA-FISH probes are listed in Supplementary Data 6. The
probes targeting IncRNA exons were conjugated to the fluorophore Quasar 570.
Briefly, before fixation and hybridization, DU145 and 22Rv1 cells were plated on the
two-chamber dishes (Nunc Lab-Tek Chambered Coverglass, Thermoscientific cat.
no. 155380) and grown overnight at 37 °C. Next day, the cells were fixed in 1 ml of
4% formaldehyde for 10 min at room temperature, washed with 1 x PBS twice and
permeabilized with 70% EtOH in two-chamber dishes. Before the hybridization, the
cells were rehydrated with wash buffer containing 10% formamide (Ambion, cat. no.
AM9342) and 2 x sodium citrate buffer (SSC; Ambion, cat. no. AM9765) for 5 min.
Then, the probes (0.3-0.6 uM final) were hybridized in 10% dextran sulfate
(Sigma, cat. no. D8906), 10% formamide and 2 x SSC at 37 °C overnight. After
hybridization, the cells were washed in wash buffer at 37 °C for 30 min twice (with
the addition of 4,6-diamidino-2-phenylindole (1 x ) in the second wash) and then in
2 x SSC twice. The imaging was done immediately after with 2 x SSC as the
mounting medium. More than 70 nuclei for each IncRNA across multiple passages
were examined. 4,6-Diamidino-2-phenylindole and Cy3 channels were used to detect
the nuclei and the exon signals, respectively. To further check for background
autofluorescence, the FITC channel was used for imaging, and it was confirmed that
the exon signals did not co-localize with the signals observed in the FITC channel.
Across all samples, 27-33 z-stacks, each 0.33 pm, were taken.

Ago RIP-ChIP. Ago RIP-ChIP was performed as previously described?!. The
monoclonal antibody against Ago2 was purchased from Abcam (ab57113). Briefly,
DU145 or 22Rv1 cells were rinsed and lysed on ice with fresh lysis buffer with
protease inhibitors. Cell lysates were collected and cleared with pre-blocked Protein
G beads (Invitrogen), and proceeded for co-IP with either anti-AGO G beads,
Nonspecific Mouse Serum (NMS, Pierce Biotechnology) G beads at 4 °C for

90 min. RNAs that co-IP with anti-AGO antibodies were extracted using TRIzol
(Invitrogen). Biological triplicates were carried out and followed by gqRT-PCR
detection for the enrichement of IncRNAs. We used the anti-AGO-RIP-ChIP
approach, which uses anti-AGO to IP AGO-containing miRNPs and associated
mRNAs. MiRNPs in total cell lysates from DU145 and 22Rv1 cell lines were co-IP
with anti-AGO and investigated. As controls, IP with a non-immune serum were
performed in parallel.
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Cell proliferation. Eight hours after transfection, 1 x 10° DU145, 22Rv1, HCT116
Dicer wild-type or HCT116 Dicer®™ cells were trypsinized, resuspended in 50 ml
and seeded in 8 sets of 4 wells of a 96-well plate. Starting from the following day
(d0), 1 set of wells per day was washed once with PBS, stained with WST-1 (Roche)
at 450 nm according to the manufacturer’s reccommendation until day 5.

Growth in semisolid medium. Anchorage-independent growth of DU145 and

22Rv1 cells transfected with siRNAs against PTEN sp-ncRNAs, siRNA-negative

control or siPTEN were determined by using Cell Transformation Detection Assay
Kit (Millipore) according to the manufacturer’s instructions. Briefly, the bottom layer
was obtained by covering six-well dishes with 2 ml of 0.6% agar in DMEM. The 10
days after, 5 x 10* transected cells were seeded on top in triplicate in 2 ml of 0.3% agar
in DMEM + 10% FBS. Colonies were counted after 3-4 weeks at x 40 magnification.

Statistical analysis of experimental results. In vitro data were analysed using
unpaired t-test (GraphPad Prism, GraphPad Software, Inc.) Values of P<0.05
were considered statistically significant (*). The mean % s.d. of three or more
independent experiments is reported. Regression analyses and correlation
coefficients were generated using GraphPad Prism, GraphPad Software, Inc.

Genomic and clinical data of prostate cancer. Two sets of exon array data of
prostate cancer, which were generated by MSKCC Prostate Oncogenome Project?*
and by Mayo Clinic?, respectively, were downloaded from Gene expression
Omnibus (GEO; GSE21034 and GSE46691). In addition to the exon-array data, the
MSKCC data set contains the matched clinical information and SCNA data.

LncRNA expression from Affymetrix Human Exon 1.0 ST array. We collected
IncRNA annotation from two sources: the catalogue of IncRNA from Ensembl
database*? (Homo sapiens GRCh37, release 72) and the catalogue of IncRNA
generated based on transcriptome assembly from RNA-seq data. For those
IncRNA transcripts that have overlap on the same strand between these two
sources, we only kept the Ensembl annotation to avoid redundancy. The
re-annotation of the exon-array probes for interrogating IncRNA expression was
performed as described previously'. A total of 11,271 IncRNA genes had at least
four exon-array probes that were uniquely mapped uniquely to their exons.

The gene expression summarization and normalization based on probe-level data
were performed as described in our previous study'®. We further performed coding
potential analysis and 10,640 IncRNAs eventually were considered as noncoding
and were selected for further study.

Coding potential analysis. To confirm the IncRNA genes are noncoding as are
annotated, we used the algorithm CPAT (http://lilab.research.bcm.edu/cpat) with
the default parameter. CPAT is an alignment-free method*3, which showed
favourable performance compared with other coding potential prediction methods.
For IncRNA gene with more than one transcript, we only considered it as
noncoding if all of its transcripts were noncoding.

MiRNA target prediction. MiRNA sequences and family information were
obtained from TargetScan website (http://www.targetscan.org/). We selected
miRNAs from conserved miRNA families and showed top 50% expression in the
prostate cell line DU145. The target sites of miRNAs were predicted by using
TargetScan*. For IncRNA transcripts, the default parameters were used to predict
miRNAS’ target sites. For PCGs, the predicted target sites on 3'UTRs were obtained
from TargetScan website, in which 23-way alignment information was used for
prediction.

Predicting the sp-IncRNAs of protein-coding driver genes. We obtained a
comprehensive list of protein-coding cancer driver genes, both oncogenes and
tumour suppressors, from Vogelstein et. al.*>. We focused on 45 driver genes in
prostate cancer, which showed differential expression (two-tailed Mann-Whitney
U test, P<0.01) between normal prostate and primary tumours or between
primary and metastatic tumours for further study. We devised a computational
strategy to identify candidate sp-InRNA-driver gene pairs (Fig. 1b). First, for each
IncRNA-driver gene pair, we estimated the significance of shared miRNAs with the
same seeds (P-value of one-tailed Fisher’s exact test) and the significance of
expression correlation across tumours in MSKCC data set (P-value of one-tailed
Pearson’s correlation coefficient test). We then computed a combined P-value by
converting P-values of these two tests P, and P, by using the formula

2
Peombine=P [Xf, > —23" In(p;)|, which is known as Fisher’s method. The
=

candidate sp-RNA-driver gene pairs met the criterion that the adjusted combined
P-value is no larger than a threshold of 5% (that is, false discovery rate (FDR)
<0.05). Second, we selected sp-RNA-driver gene pairs that shared at least ten
different miRNAs and at least eight unique targeting sites for these shared miRNAs
(different miRNAs sharing the same seed sequence could target the same site).
Third, we selected the sp-RNA-driver gene pairs that showed at least moderate

positive correlation of expression (r>0.25) in two independent clinical cohorts
from MSKCC?* and Mayo clinic?.

References
1. Derrien, T. et al. The GENCODE v7 catalog of human long noncoding RNAs:
analysis of their gene structure, evolution, and expression. Genome Res. 22,
1775-1789 (2012).
2. Cabili, M. N. et al. Integrative annotation of human large intergenic noncoding
RNAs reveals global properties and specific subclasses. Genes Dev. 25,
1915-1927 (2011).
3. Guttman, M. et al. Chromatin signature reveals over a thousand highly
conserved large non-coding RNAs in mammals. Nature 458, 223-227 (2009).
4. Prensner, J. R. & Chinnaiyan, A. M. The emergence of IncRNAs in cancer
biology. Cancer Discov. 1, 391-407 (2011).
5. Bartel, D. P. MicroRNAs: target recognition and regulatory functions. Cell 136,
215-233 (2009).
6. Ebert, M. S. & Sharp, P. A. Emerging roles for natural microRNA sponges.
Curr. Biol. 20, R858-R861 (2010).
7. Ebert, M. S., Neilson, J. R. & Sharp, P. A. MicroRNA sponges: competitive
inhibitors of small RNAs in mammalian cells. Nat. Methods 4, 721-726 (2007).
8. Franco-Zorrilla, J. M. et al. Target mimicry provides a new mechanism for
regulation of microRNA activity. Nature Genet. 39, 1033-1037 (2007).
9. Salmena, L., Poliseno, L., Tay, Y., Kats, L. & Pandolfi, P. P. A ceRNA hypothesis:
the Rosetta Stone of a hidden RNA language? Cell 146, 353-358 (2011).
10. Cesana, M. et al. A long noncoding RNA controls muscle differentiation by
functioning as a competing endogenous RNA. Cell 147, 358-369 (2011).

. Cazalla, D., Yario, T. & Steitz, J. A. Down-regulation of a host microRNA by a
Herpesvirus saimiri noncoding RNA. Science 328, 1563-1566 (2010).

. Poliseno, L. et al. A coding-independent function of gene and pseudogene
mRNAs regulates tumour biology. Nature 465, 1033-1038 (2010).

13. Du, Z. et al. Integrative genomic analyses reveal clinically relevant long
noncoding RNAs in human cancer. Nat. Struct. Mol. Biol. 20, 908-913 (2013).

14. Sansal, I. & Sellers, W. R. The biology and clinical relevance of the PTEN tumor
suppressor pathway. J. Clin. Oncol. 22, 2954-2963 (2004).

15. Maehama, T. & Dixon, J. E. The tumor suppressor, PTEN/MMACI,
dephosphorylates the lipid second messenger, phosphatidylinositol
3,4,5-trisphosphate. J. Biol. Chem. 273, 13375-13378 (1998).

16. Stambolic, V. et al. Negative regulation of PKB/Akt-dependent cell survival by
the tumor suppressor PTEN. Cell 95, 29-39 (1998).

17. Sun, H. et al. PTEN modulates cell cycle progression and cell survival by

regulating phosphatidylinositol 3,4,5,-trisphosphate and Akt/protein

kinase B signaling pathway. Proc. Natl Acad. Sci. USA 96, 6199-6204 (1999).
. Bettendorf, O. et al. Chromosomal imbalances, loss of heterozygosity, and

immunohistochemical expression of TP53, RB1, and PTEN in intraductal

cancer, intraepithelial neoplasia, and invasive adenocarcinoma of the prostate.

Genes Chromosomes Cancer 47, 565-572 (2008).

19. Han, B. et al. Fluorescence in situ hybridization study shows association of
PTEN deletion with ERG rearrangement during prostate cancer progression.
Mod. Pathol. 22, 1083-1093 (2009).

20. Kronz, J. D., Allan, C. H., Shaikh, A. A. & Epstein, J. I. Predicting cancer
following a diagnosis of high-grade prostatic intraepithelial neoplasia on needle
biopsy: data on men with more than one follow-up biopsy. Am. J. Surg. Pathol.
25, 1079-1085 (2001).

21. Yoshimoto, M. et al. Interphase FISH analysis of PTEN in histologic sections
shows genomic deletions in 68% of primary prostate cancer and 23% of
high-grade prostatic intra-epithelial neoplasias. Cancer Genet. Cytogenet. 169,
128-137 (2006).

22. El Sheikh, S. S., Romanska, H. M., Abel, P., Domin, J. & Lalani, e. 1. N.
Predictive value of PTEN and AR coexpression of sustained responsiveness to
hormonal therapy in prostate cancer--a pilot study. Neoplasia 10, 949-953
(2008).

23. Reid, A. H. et al. Molecular characterisation of ERG, ETV1 and PTEN gene
loci identifies patients at low and high risk of death from prostate cancer.

Br. J. Cancer 102, 678-684 (2010).

24. Taylor, B. S. et al. Integrative genomic profiling of human prostate cancer.
Cancer Cell 18, 11-22 (2010).

25. Lunardi, A. et al. A co-clinical approach identifies mechanisms and potential
therapies for androgen deprivation resistance in prostate cancer. Nature Genet.
45, 747-755 (2013).

26. Chaux, A. et al. Loss of PTEN expression is associated with increased
risk of recurrence after prostatectomy for clinically localized prostate cancer.
Mod. Pathol. 25, 1543-1549 (2012).

27. Sumazin, P. et al. An extensive microRNA-mediated network of RNA-RNA
interactions regulates established oncogenic pathways in glioblastoma. Cell 147,
370-381 (2011).

28. Tay, Y. et al. Coding-independent regulation of the tumor suppressor PTEN by
competing endogenous mRNAs. Cell 147, 344-357 (2011).

1

—

1

I}

1

el

| 710982 | DOI: 10.1038/ncomms10982 | www.nature.com/naturecommunications 9


http://lilab.research.bcm.edu/cpat
http://www.targetscan.org/
http://www.nature.com/naturecommunications

ARTICLE

29.

30.

31.

32.

33.

34.

35.

3

f=2}

37.

38.

39.

40.

41.

42.

43.

44.

45.

Erho, N. et al. Discovery and validation of a prostate cancer genomic classifier
that predicts early metastasis following radical prostatectomy. PLoS ONE 8,
66855 (2013).

Young, T. L., Matsuda, T. & Cepko, C. L. The noncoding RNA taurine
upregulated gene 1 is required for differentiation of the murine retina.

Curr. Biol. 15, 501-512 (2005).

Khalil, A. M. et al. Many human large intergenic noncoding RNAs associate
with chromatin-modifying complexes and affect gene expression. Proc. Natl
Acad. Sci. USA 106, 11667-11672 (2009).

Yang, L. et al. ncRNA- and Pc2 methylation-dependent gene relocation
between nuclear structures mediates gene activation programs. Cell 147,
773-788 (2011).

van Heesch, S. et al. Extensive localization of long noncoding RNAs to

the cytosol and mono- and polyribosomal complexes. Genome Biol. 15, R6
(2014).

Cummins, J. M. et al. The colorectal microRNAome. Proc. Natl Acad. Sci. USA
103, 3687-3692 (2006).

Raj, A., van den Bogaard, P., Rifkin, S. A., van Oudenaarden, A. & Tyagi, S.
Imaging individual mRNA molecules using multiple singly labeled probes. Nat.
Methods 5, 877-879 (2008).

. Hacisuleyman, E. et al. Topological organization of multichromosomal regions

by the long intergenic noncoding RNA Firre. Nat. Struct. Mol. Biol. 21,
198-206 (2014).

Dunagin, M., Cabili, M. N., Rinn, J. & Raj, A. Visualization of IncRNA by
single-molecule fluorescence in situ hybridization. Methods Mol. Biol. 1262,
3-19 (2015).

Cabili, M. N. et al. Localization and abundance analysis of human IncRNAs at
single-cell and single-molecule resolution. Genome Biol. 16, 20 (2015).
Loewer, S. et al. Large intergenic non-coding RNA-RoR modulates
reprogramming of human induced pluripotent stem cells. Nature Genet. 42,
1113-1117 (2010).

Wang, Y. et al. Endogenous miRNA sponge lincRNA-RoR regulates Oct4,
Nanog, and Sox2 in human embryonic stem cell self-renewal. Dev. Cell 25,
69-80 (2013).

Sun, T. et al. MiR-221 promotes the development of androgen independence in
prostate cancer cells via downregulation of HECTD2 and RAB1A. Oncogene 33,
2790-2800 (2014).

Flicek, P. et al. Ensembl 2012. Nucleic Acids Res. 40, D84-D90 (2012).
Wang, L. et al. CPAT: Coding-Potential Assessment Tool using an alignment-
free logistic regression model. Nucleic Acids Res. 41, €74 (2013).

Lewis, B. P., Burge, C. B. & Bartel, D. P. Conserved seed pairing, often flanked
by adenosines, indicates that thousands of human genes are microRNA targets.
Cell 120, 15-20 (2005).

Vogelstein, B. et al. Cancer genome landscapes. Science 339, 1546-1558
(2013).

Acknowledgements

We thank Dr Bert Vogelstein for sharing the wild-type HCT116 and HCT116 Dicer®™®
cells, Dr Marc Beal for his help with RNA-FISH probe-design and, Dr Xuerui Yang and
Dr Andrea Califano for sharing the luciferase-PTEN-3'UTR reporter construct. This
work was partially funded by National Natural Science Foundation of China 31329003 to
X.S.L.,, 2012M520923 to D.Z., NIH/NCI U01CA180980 to X.S.L., NIH/NCI
ROOCA175290, University of Texas Rising STARs award, University of Texas at MD
Anderson Cancer Center start-up fund and Texas CPRIT grant RR140071 to Y.C. This
work was also supported in part by US National Cancer Institute (NCI; MD Anderson
TCGA Genome Data Analysis Center) grant number CA143883, the Cancer Prevention
Research Institute of Texas (CPRIT) grant number RP130397, the Mary K. Chapman
Foundation, the Michael and Susan Dell Foundation (honoring Lorraine Dell) and MD
Anderson Cancer Center Support Grant P30 CA016672 (the Bioinformatics Shared
Resource). J.L.R. is the Alvin and Esta Star Associate Professor and is supported by
NIH/NIEHS R01ES020260.

Author contributions

Y.C. conceived the project. Z.D. and Y.C. designed the algorithms and performed
computational analyses. T.S. performed almost all experimental validations except
RNA-FISH experiments. E.H. performed all RNA-FISH experiments. All authors
contributed to the analysis of the intermediate results throughout the project and
participated in the discussions. Y.C., P.K. and X.S.L. supervised the project. Y.C. and
X.S.L. wrote the manuscript with the help from other co-authors.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Du, Z. et al. Integrative analyses reveal a long noncoding
RNA-mediated sponge regulatory network in prostate cancer. Nat. Commun. 7:10982
doi: 10.1038/ncomms10982 (2016).

This work is licensed under a Creative Commons Attribution 4.0

37 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:10982 | DOI: 10.1038/ncomms10982 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Prediction of sponge lncRNAs regulating cancer-driver genes
	The regulation of PTEN expression is 3primeUTR-dependent

	Figure™1Computational prediction of sp-lncRNA regulation in prostate cancer.(a) The mechanism by which RNAs that are targeted by the same miRNA cross-regulate the expression of each other and the main features of the computational strategy for predicting 
	The regulation of PTEN expression is dependent on miRNAs
	The determinants of sponge lncRNA efficacy

	Table 1 
	Figure™2The relative expression levels of candidate sp-lncRNAs.The relative expression of seven candidate sp-lncRNAs of PTEN and PTEN in DU145 and 22RV1 cells was measured by real-time reverse transcription-PCR. The cycle threshold (Ct) difference (DeltaC
	Sponge lncRNAs of PTEN exert a tumour-suppressive function

	Figure™3The genetic alteration and the expression profile of the predicted sp-lncRNAs.(a) The scatter plots show the correlation of expression between the predicted sp-lncRNAs and PTEN in both the MSKCC and the Mayo Clinic cohorts. (b) The heat map shows 
	Figure™4Experimental validation of the predicted PTEN regulation by sp-lncRNAs.(a) Western blot for PTEN protein level in DU145 cells transfected with the siRNA against lnc-2, lnc-6, lnc-7 and PTEN as well as the negative control (Neg Con) siRNA. (b) The 
	Figure™5The sub-cellular localization and the RISC accessibility of lncRNAs.The RNA level of lnc-2, lnc-6 and lnc-7 in nuclear (Nuc) and cytoplasmic (Cyto) fraction was determined by RT-PCR in (a) DU145 and (b) 22Rv1 cells, respectively. U1 was a positive
	Discussion
	Figure™6Functional validation of the predicted sp-lncRNAs of PTEN.(a) Cell proliferation curve of DU145 cells transfected with the siRNA against lnc-2, lnc-6, lnc-7 and PTEN as well as the negative control (Neg Con) siRNA. (b) Cell proliferation curves of
	Methods
	Cell cultures
	Transient transfection
	Dual luciferase reporter assay
	RNA extraction and qRT-PCR
	Western blot analysis
	Overexpression of lncRNAs and PTEN-regulating miRNAs
	Nucleus-cytoplasm fractionation
	RNA-FISH
	Ago RIP-ChIP
	Cell proliferation
	Growth in semisolid medium
	Statistical analysis of experimental results
	Genomic and clinical data of prostate cancer
	LncRNA expression from Affymetrix Human Exon 1.0 ST array
	Coding potential analysis
	MiRNA target prediction
	Predicting the sp-lncRNAs of protein-coding driver genes

	DerrienT.The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and expressionGenome Res.22177517892012CabiliM. N.Integrative annotation of human large intergenic noncoding RNAs reveals global properties and spec
	We thank Dr Bert Vogelstein for sharing the wild-type HCT116 and HCT116 Dicerex5 cells, Dr Marc Beal for his help with RNA-FISH probe-design and, Dr Xuerui Yang and Dr Andrea Califano for sharing the luciferase-PTEN-3primeUTR reporter construct. This work
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




