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A prompt and efficient DNA damage response (DDR)
eliminates the detrimental effects of DNA lesions in eu-
karyotic cells. Basic and preclinical studies suggest that
the DDR is one of the primary anti-cancer barriers during
tumorigenesis. The DDR involves a complex network of
processes that detect and repair DNA damage, in which
long non-coding RNAs (IncRNAs), a new class of regula-
tory RNAs, may play an important role. In the current
study, we identified a novel IncRNA, IncRNA-JADE, that is
induced after DNA damage in an ataxia-telangiectasia
mutated (ATM)-dependent manner. LncRNA-JADE trans-
criptionally activates Jadel, a key component in the HBO1
(human acetylase binding to ORC1) histone acetylation
complex. Consequently, IncRNA-JADE induces histone
H4 acetylation in the DDR. Markedly higher levels of
IncRNA-JADE were observed in human breast tumours
in comparison with normal breast tissues. Knockdown
of IncRNA-JADE significantly inhibited breast tumour
growth in vivo. On the basis of these results, we propose
that IncRNA-JADE is a key functional link that connects
the DDR to histone H4 acetylation, and that dysregulation
of IncRNA-JADE may contribute to breast tumorigenesis.
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Introduction

Recent high-throughput transcriptome analyses have identi-
fied a substantial portion of transcripts that are non-protein-
coding RNAs in mammalian genomes (Bertone et al, 2004;
Rinn and Chang, 2012). In addition to functionally important
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), these
non-coding RNAs are also composed of small non-coding
RNAs such as microRNAs (miRNAs) and piwi-interacting
RNAs (piRNAs), and long non-coding RNAs (IncRNAs)
which are generally over 200 nucleotides in length. A
variety of IncRNAs have been so far found, including anti-
sense, bidirectional, intronic, and intergenic RNA trans-
cripts and those transcripts from pseudogenes and retro-
transposons. While only <2% of the mammalian genome
encodes proteins, as much as 70-90% of the genome is
transcribed to a large transcriptome of IncRNAs (Jia et al,
2010; Cabili et al, 2011; Guttman and Rinn, 2012).
Recent studies have demonstrated the importance of
IncRNAs in regulating gene expression programme during
differentiation, development, and metabolism (Lee, 2012).
For example, the X-inactive-specific transcript (Xist) was the
IncRNA that controls dosage compensation in female
mammals by silencing one X chromosome (Brown et al,
1992; Chaumeil et al, 2006; Zhang et al, 2007). The Xist
RNA binds PRC2, an epigenetic complex responsible for
trimethylation of histone H3 at lysine 27 (H3K27me3), and
directs it to the inactive X chromosome (Zhao et al, 2008).
HOTAIR, residing at the HOXC locus, is expressed in cells
with distal and posterior positional identities. HOTAIR
inhibits gene expression at many loci through its interaction
with various repressive chromatin-remodelling complexes
such as LSD1, CoREST, REST, and PRC2 (Rinn et al, 2007;
Gupta et al, 2010; Tsai et al, 2010). Similar to HOTAIR, another
IncRNA Kcnglotl negatively regulates the Kengl imprinting
region by recruiting repressive chromatin remodelling
complexes G9a, PRC1 and PRC2, and the DNA methyl-
transferase Dnmtl (Pandey et al, 2008; Terranova et al,
2008; Redrup et al, 2009; Mohammad et al, 2010).
Increasing evidence has suggested that the central dogma
should be extended to include IncRNAs. However, underlying
mechanisms for the regulation and function of IncRNAs
remain poorly understood.

In response to intrinsic and extrinsic genotoxic lesions,
cells initiate a number of stress response pathways, collec-
tively termed as DNA damage response (DDR), to safeguard
the genome and the survival of eukaryotes (Bartek and
Lukas, 2007; Ciccia and Elledge, 2010; Kumar et al, 2012).
Ataxia-telangiectasia mutated (ATM) is a master kinase to
initiate and mediate a cascade of cellular signals in response
to double-stranded DNA breaks (DSBs), the most lethal DNA
lesions. Upon DNA damage, ATM is activated by auto-
phosphorylation at damage sites and in turn phosphorylates
a large number of downstream substrates, including the
tumour suppressor p53, breast cancer type 1 susceptibility
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protein (Brcal), and checkpoint kinase 2 (Chk2). These
effectors transduce the DNA damage signal and activate
cell-cycle checkpoints, DNA repair, and apoptosis (Kitagawa
and Kastan, 2005; Matsuoka et al, 2007; Ciccia and Elledge,
2010). In addition to those signalling proteins, non-coding
RNAs are new players in the regulatory network
of the DDR. A novel p53-induced intergenic IncRNA named
lincRNA-p21 (long intergenic RNA p21) was recently identi-
fied in the DNA damage-induced p53 signalling pathway.
LincRNA-p21 is physically associated with hnRNPK and
participates in the p53-mediated transcriptional repression
(Huarte et al, 2010). A subsequent study by Chang and
colleagues identified another IncRNA, PANDA (p21-
associated ncRNA DNA damage activated) in the p53
signalling pathway. It modulates the p53-dependent
apoptosis by interacting with the transcription factor NF-YA
(Hung et al, 2011). Our recent study also showed that a DNA
damage-induced IncRNA, ANRIL (antisense non-coding RNA
in the INK4 locus), mediates the repression of INK4b-ARF-
INK4a locus at the late stage of the DDR (Wan et al, 2013).
These studies highlight the crucial function of IncRNAs in the
transcriptional regulation during the DDR.

In the current study, we examined genome-wide IncRNA
expression profiles in Atm+/+ and Atm —/— mouse em-
bryonic fibroblasts (MEFs) following DNA damage treatment,
from which we identified a novel IncRNA, designated as
IncRNA-JADE. Upon DNA damage, IncRNA-JADE is induced
in an ATM-dependent but p53-independent manner. We
found that IncRNA-JADE is crucial for the DNA damage-
induced histone H4 acetylation. H4 acetylation occurs at
multiple lysine sites, which often results in chromatin remo-
delling and transcriptional activation (Shahbazian and
Grunstein, 2007; Campos and Reinberg, 2009; Suganuma
and Workman, 2011). The HBO1 (human acetylase binding
to ORC1) complex is responsible for the acetylation of histone
H4 at K5, K8, and K12 sites, in which Jadel, a PHD zinc finger
protein, modulates the histone acetyltransferase activity
(Tzouanacou et al, 2003; Foy et al, 2008; Saksouk et al,
2009). In addition to HBO1, the histone acetylase MOF also
mediated the K16 acetylation of histone H4 after DNA
damage. Li et al (2010) found that H4 K16 acetylation
positively regulated DNA damage repair by recruiting the
DNA damage repair protein Mdcl. In this study, we
demonstrated that histone H4 acetylation is dramatically
increased following DNA damage. The DNA damage-
induced IncRNA-JADE upregulates the transcription of
Jadel, leading to increased acetylation of histone H4. This
study provides an important mechanism that connects the
DNA damage signalling to histone acetylation and gene
expression programme.

Results

ATM-mediated DNA damage signalling regulates the
expression of IncRNAs

Functional IncRNAs can be studied through bioinformatical
analysis and high-throughput assays such as microarray
and transcriptome analyses. To examine how IncRNAs are
regulated in the DDR, we examined genome-wide IncRNA
expression in the Atm +/+ and Atm —/— littermate MEFs.
MEFs were treated with a radiomimetic drug, neocarzinosta-
tin (NCS) that generates DSBs. Cells were harvested at
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varying time points (0-24h) and the IncRNA expression
profile in each sample was determined by mouse IncRNA
microarray (probes for 13 800 IncRNAs) analysis (Figure 1A).
A total of 498 (100 ATM dependent, 398 ATM independent)
were significantly upregulated (cutoff>1.5-fold for
both 4 and 8 h time points), while 338 (70 ATM dependent,
268 ATM independent) IncRNAs were downregulated
(cutoff<0.5-fold for both 4 and 8h time points) (Figure 1B
and C). The results suggest that DSBs caused widespread
changes in IncRNA expression. We were particularly inter-
ested in those ATM-dependent IncRNAs because ATM is a
primary kinase that initiates the DDR in response to DSBs. We
next performed quantitative RT-PCR (qRT-PCR) to validate
the expression changes for those positive hits in the ATM-
dependent group (Figure 1D). A novel IncRNA, annotated as
AKO019103, was identified as one of the most significantly
induced IncRNAs in the MEFs. In the Atm+/+ MEFs,
AKO019103 was induced 8- to 15-fold after NCS treatment.
However, this remarkable induction disappeared in the
Atm — /— MEFs. LncRNAs that were repressed or unchanged
after DNA damage were also verified in the qRT-PCR assays
as shown in Figure 1D. These results suggest that the
ATM-mediated DNA damage signalling modulates IncRNA
expression.

LncRNA-JADE is transcriptionally activated after DNA
damage

A common feature for the majority of IncRNAs is their poor
conservation across species. However, the DNA damage
signalling pathway is highly conserved in eukaryotic cells.
We assumed that only a small number of conserved IncRNAs
might function as major players in the DDR. Therefore, we
focussed on those conserved IncRNAs that are differentially
expressed after DNA damage, one of which was mouse
AKO019103 RNA. High level of conservation was found in the
predicted AK019103 gene transcripts across mammalian spe-
cies including rat, rabbit, human, pig, sheep, cow, and dog,
suggesting that it may play a fundamental role in the DDR
(Supplementary Figure S1A). Because human AK019103 tran-
script had not previously been identified, we used the RNA
sequence of mouse AK019103 to clone the full-length tran-
script of the human AK019103 by 5 and 3’ RACE (rapid
amplification of cDNA ends)-PCR assays (Schaefer, 1995).
The human AK019103 transcript contains only one exon with
1721 nucleotides (nt) in full length (GenBank accession
no. KC469579; Supplementary Figure S1B). In both mouse
and human genomes, the AK019013 gene is adjacent to
Jadel gene (Figure 2A). Therefore, we designated AK019013
RNA as IncRNA-JADE. LncRNA-JADE is an independent
transcript as it contains no overlapping sequence with the
transcripts from its neighbouring genes. Mouse IncRNA-JADE
is transcribed in the opposite orientation to that of the
Jadel gene, while its human homologue has the same
orientation as Jadel (Figure 2A). Analysis of chromatin
structure in mouse indicates that IncRNA-JADE and Jadel
genes have distinct promoters at the chromosomal region 3qB
(Mikkelsen et al, 2007).

We next validated the DNA damage induction of IncRNA-
JADE in mouse fibroblast NTH3T3 and human breast cancer
MCEF?7 cells that were pretreated with DMSO or ATM inhibitor
KU-55933 (Figure 2B; Supplementary Figure S2A). We
observed a significant induction of IncRNA-JADE in both
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Figure 1 ATM-dependent regulation of IncRNA expression in response to DNA damage. (A) Experimental layout to identify ATM-dependent
IncRNAs. Atm +/+ and Atm —/— mouse embryonic fibroblasts (MEFs) were treated with NCS (200 ng/ml) and harvested at indicated time
points for microarray analyses. (B) The number of ATM-dependent IncRNAs upon DNA damage. (C) A representative group of ATM-dependent
and DNA damage-induced IncRNAs. Green or red colour on the heat map indicates a decrease or an increase in the IncRNA level and colour
intensities correspond to relative signal levels on a logarithmic scale. (D) Quantitative PCR validation of representative IncRNAs. Data represent
the mean of three experimental replicates, with error bars depicting s.d.

cell lines, but inhibiting ATM almost abolished this induction
completely, suggesting that an ATM-dependent mechanism is
involved in the IncRNA-JADE expression. Because the
tumour suppressor p53 is a central player in the ATM signal-
ling pathway, we tested whether knockdown of p53 in MCF7
cells affected the induction of IncRNA-JADE after DNA da-
mage (Supplementary Figure S2B and C). The results showed
that p53 is dispensable for the induction of IncRNA-JADE
in the DDR. In addition, the basal expression levels
of IncRNA-JADE are not significantly different in the
isogenic HCT116p53+/+ and HCTI116p53—/— cells
(Supplementary Figure S2D). LncRNA-JADE was predomi-
nantly localized in the nucleus, and relative intracellular
distributions of IncRNA-JADE seemed to be unchanged after
DNA damage (Supplementary Figure S2E).

©2013 European Molecular Biology Organization

We cloned the putative promoter of IncRNA-JADE and
inserted it into a luciferase construct. The promoter activity
was increased after DNA damage in the control MCF7 cells,
but not in the cells with ATM inhibition (ATM inhibitor or
shRNA) (Figure 2C). We analysed the promoter sequence of
human IncRNA-JADE and found five putative NF-kB-binding
sites (Figure 2D, upper panel). Using the luciferase assay, we
found that inhibiting NF-kB activity suppressed the promoter
activity of IncRNA-JADE and abolished its induction after
DNA damage (Figure 2D). Previous reports have shown the
molecular linkage between ATM and NF-xB signalling
in response to genotoxic stimuli (Ahmed and Li, 2007;
Miyamoto, 2011). ATM-mediated phosphorylation of NEMO
(NF-kB essential modulator) promotes its nuclear export,
which results in the activation of NF-xB (Wu et al,
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Figure 2 LncRNA-JADE is induced after DNA damage. (A) Schematic illustration showing Jadel and IncRNA-JADE genes in mouse and
human. (B) Mouse and human IncRNA-JADE are induced in an ATM-dependent manner after DNA damage. (C) DNA damage positively
regulates IncRNA-JADE promoter activity in an ATM-dependent manner. ATM-IN: ATM inhibitor. (D) Schematic illustration showing the NF-xB
binding elements in the Jadel promoter. DNA damage induces the activity of IncRNA-JADE promoter in an NF-kB-dependent manner. NF-«B-
IN: NF-kB inhibitor. (E) Expression of LncRNA-JADE is regulated by ATM and NF-kB after DNA damage. IRF-1 (interferon response factor-1) is
served as a positive control in the NF-kB signalling. Graphic data in this figure present the mean of three experimental replicates and error bars
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depict s.d.

2006). To test whether the ATM-NF-kB signalling induces the
expression of IncRNA-JADE, we measured the trans-
criptional activity of IncRNA-JADE in MCF7 cells with or
without ATM and NF-kB inhibition (Figure 2E). Inhibiting
ATM or NF-xB markedly suppressed the DNA damage
induction of IncRNA-JADE and the positive control IRF-1
(an NF-xB target) (Harada et al, 1994; Robinson et al,
2006).These results suggest that transactivation of IncRNA-
JADE is regulated by the ATM-NF-kB signalling in the DDR.

LncRNA-JADE positively regulates H4 acetylation
Recent studies revealed that IncRNA transcripts in some cases

function as enhancer RNAs that promote messenger RNA

VOL 32 | NO 21 | 2013

synthesis at nearby genes (De et al, 2010; Kim et al, 2010;
Wang et al, 2011a; Melo et al, 2013). These findings suggest
that IncRNA genes have an active ‘promoter-like’ role in
regulating adjacent gene expression. We attempted to
investigate the functional interaction between IncRNA-JADE
and the neighbouring Jadel gene. Jadel is an essential
component of the HBO1 complex that is responsible for
histone H4 acetylation. Similar to the induction of IncRNA-
JADE, the Jadel protein was also induced after DNA damage
(Figure 3A). The basal expression level of Jadel was only
slightly reduced in Atm—/— MEFs in the absence of
DNA damage (Figure 3B). To determine whether the induc-
tion of Jadel protein is due to transcriptional regulation or

©2013 European Molecular Biology Organization
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data for this figure is available on the online supplementary information page.

post-transcriptional regulation, we checked Jadel mRNA
levels in MCF7 cells with or without pretreatment of ATM
inhibitor (Figure 3C). Jadelwas transcriptionally induced
1.8- to 4.2-fold following DNA damage. As a positive
control for the functionality of the DDR, p2l levels were
significantly increased after DNA damage and this increase
was dramatically abrogated in the presence of the ATM
inhibitor. We cloned the Jadel promoter into a luciferase
vector and measured its activity in the cells treated with or
without NCS (Figure 3D). While the basal activity of the Jade
promoter was not much affected by ATM inhibition, the
promoter activity was profoundly upregulated after DNA
damage in an ATM-dependent manner. Consistent with it,
knockdown of ATM in the NCS-treated MCF7 cells had
severely inhibited Jade 1 expression (Figure 3E). These
results suggest that transcription of Jadel is activated after
DNA damage in an ATM-dependent manner.

Jadel is essential for the HBOIlcomplex-mediated
histone H4 acetylation (Foy et al, 2008). We next checked
whether the DNA damage-induced Jadel had an impact on
the histone H4 acetylation. We measured the levels of total
H4 protein, total acetylated H4 protein, and H4 proteins
specifically acetylated at sites K5, K8, and K12 in the
control or NCS-treated MCF7 cells. A rapid increase in the

©2013 European Molecular Biology Organization

acetylation of H4 (global and K5/K8/K12) was observed after
DNA damage, and the peak level of acetylation occurred
around 8h post damage (Figure 4A), consistent with the
temporal pattern for Jadel induction (Figure 3A).
Knockdown of Jadel (knockdown efficiency ~80%) resulted
in dramatic decreases in total and site-specific H4 acetylation
and abolished the DNA damage-induced H4 acetylation
(Figure 4B; Supplementary Figure S3A). To determine
the functional connection between IncRNA-JADE and H4
acetylation, we examined whether altering IncRNA-JADE
levels affects Jadel expression and histone H4 acetylation.
We found that overexpression of IncRNA-JADE boosted
up Jadel mRNA levels whereas knockdown of IncRNA-
JADE significantly inhibited Jadel transcription (Supplemen-
tary Figure S3B and C). These transcriptional changes were
translated to protein level changes of Jadel (Figure 4C,
upper and left bottom panels). As a consequence, overexpres-
sion of IncRNA-JADE increased the H4 acetylation to much
higher levels in the control and DNA damage-treated cells.
In contrast, silencing IncRNA-JADE led to profound reduc-
tions in total and site-specific H4 acetylation (Figure 4C,
upper and right bottom panels). It was also noted that the
IncRNA-JADE had no effect on the total histone H4 protein
levels. Collectively, these results defined IncRNA-JADE

The EMBO Journal
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supplementary information page.

as an important link that connects the DNA damage signal-
ling to the Jadel-mediated H4 acetylation.

LncRNA-JADE interacts with Brcal to promote Jade1
transcription

To investigate how IncRNA-JADE interacts with the transcrip-
tion machinery, we first used a web tool TESS (Transcription
Element Search System) to predict transcription factor bind-
ing sites in the Jadelpromoter sequence. It was predicted that
transcriptional cofactors p300 and CBP may interact with
CREB and bind to the Jadel promoter (Figure 5A). Using
DNA chromatin immunoprecipitation (ChIP) assays, we

2838 The EMBO Journal VOL 32 | NO 21 | 2013

found that p300 was indeed recruited to the Jadel promoter
and this recruitment was significantly increased after DNA
damage (Figure 5B). Knockdown of IncRNA-JADE inhibited
the basal level of p300’s binding with Jadel promoter DNA
and also abolished the induced p300 recruitment following
DNA damage. While no direct interaction between p300 and
IncRNA-JADE was detected, we asked what protein mediates
the effect of IncRNA-JADE in the p300-containing transcrip-
tion machinery. Previous studies showed that Brcal interacts
with p300/CBP coactivators to transcriptionally activate tar-
get gene transcription (Pao et al, 2000; Crowe and Lee, 2006).
We confirmed their interaction in the cells treated with or

©2013 European Molecular Biology Organization
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is available on the online supplementary information page.

without NCS (Figure 5C). While p300 interacts with Brcal in Brcal immunoprecipitate. To determine whether Brcal is
the untreated cells, DNA damaging treatment notably in- essential for the Jadel transactivation in the DDR, we mea-
creased this interaction as more p300 was detected in the sured the promoter activity of Jadel in the control and Brcal
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knockdown MCF7 cells. The promoter activity of Jadel was
markedly increased after DNA damage, but knockdown of
Brcal depleted this increase (Figure 5D; Supplementary
Figure S4A). It is well known that activation of Brcal was
depended on the ATM-mediated phosphorylation in the in-
itiation of the DDR (Cortez et al, 1999). Consistent with this
study, we observed that the phosphorylation level of Brcal
protein was increased after DNA damage (indicated by a band
shift in western blots) and the increase was dependent on the
ATM activity (Supplementary Figure S4B).

Next, we asked whether IncRNA-JADE-dependent
Jadel induction was mediated by Brcal. We analysed the
interaction between Brcal and IncRNA-JADE using the
catRAPID software to predict RNA-protein interaction
(Bellucci et al, 2011). Brcal was predicted to bind with
5’-portion of IncRNA-JADE and the interaction was
specifically  identified as  NPInter (ncRNA-protein
interactions) according to the discriminative power
(Supplementary Figure S4C). To verify the binding prediction,
we generated 3’- and 5'-deletion mutants of IncRNA-JADE
(upper panels in Figure 5E). PCR primers were designed to
specifically detect 5'- or 3’-portion of IncRNA-JADE.
Ribonucleoprotein immunoprecipitation (RIP) assays were
performed to measure the interaction between Brcal and
IncRNA-JADE with or without NCS treatment. Full-length
IncRNA-JADE physically interacted with Brcal and this inter-
action was induced after DNA damage in an ATM-dependent
manner (Supplementary Figure S4D). The 5'-portion of
IncRNA-JADE showed high affinity to Brcal, and the binding
was significantly increased after NCS treatment (Figure 5E).
In contrast, the 3’-portion of IncRNA-JADE exhibited no
binding activity with Brcal in the absence or presence of
DNA damage. Through its interaction with IncRNA-JADE,
Brcal was better recruited to the p300/CBP complex as
shown in Figure 5C. This increased binding is dependent
on IncRNA-JADE, which was abrogated by knockdown of
IncRNA-JADE. These results support a mechanism that
IncRNA-JADE interacts with Brcal to mediate the induction
of Jadel transcription after DNA damage.

Biological functions of IncRNA-JADE

Since IncRNA-JADE is a previously unexplored IncRNA, its
biological functions are completely unknown. We first
checked whether IncRNA-JADE affected cell proliferation
(Figure 6A). Cell growth was moderately slowed down
when IncRNA-JADE was stably knocked down in MCF7
cells. In contrast, ectopic expression of IncRNA-JADE resulted
in a mild increase in cell proliferation. Cell-cycle analyses
demonstrated a weaker G1/S checkpoint when IncRNA-JADE
was overexpressed (Figure 6B). Twenty-four hours post NCS
treatment, only 20.2% of the IncRNA-JADE-overexpressing
cells were arrested in G1 phase in comparison with 37.2% of
the control cells in G1 phase, whereas knockdown of IncRNA-
JADE significantly enhanced this checkpoint with 47.4% of
cells arrested in G1. We also performed TUNEL assay in the
control, IncRNA-JADE knockdown or overexpressing MCF7
cells after NCS treatment (Figure 6C; Supplementary Figure
S5A). LncRNA-JADE-silenced cells had a much higher per-
centage of apoptotic cells than the control cells (37.8 versus
15.0%), whereas overexpression of IncRNA-JADE appeared
to desensitize the cells with only 3% of apoptotic cells under
the same treatment. Overexpression of IncRNA-JADE by itself
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did not cause detectable DNA damage in MCF7 cells
(Supplementary Figure S5B). We tested the sensitivity of
the MCF?7 cells expressing altered levels of IncRNA-JADE to
three DNA damaging agents (Figure 6D). An inverse correla-
tion was observed between IncRNA-JADE levels and cell
sensitivity. Knockdown of IncRNA-JADE significantly sensi-
tized MCF7 cells to the DNA damaging treatments. These
results suggest that inhibition of IncRNA-JADE may enhance
the DNA damage-induced apoptosis and sensitize cells to
DNA damaging agents.

LncRNA-JADE is highly expressed in human breast
tumours

As a functional target of IncRNA-JADE, Jadel is required
for epithelial cell proliferation (Havasi et al, 2013). Down-
regulation of Jadel by small-interfering RNAs led to reduced
levels of DNA synthesis, HBO1 activity, and chromatin
recruitment of replication factor Mcm?. In addition, over-
expressed HBO1 proteins were detected in human breast
cancer by the immunohistochemistry (Wang et al, 2010).
Similarly, we showed that IncRNA-JADE promotes cell pro-
liferation, inhibits DNA damage checkpoints, and reduces the
cellular sensitivity to DNA damaging drugs, suggesting that
IncRNA-JADE possibly has the proto-oncogene properties. To
explore the oncogenic role of IncRNA-JADE, we first analysed
the expression of IncRNA-JADE in 100 human breast tumour
tissues and 10 control breast tissues in a human breast
tumour tissue microarray. In situ hybridization displayed
very low or undetectable levels of IncRNA-JADE in all of
normal breast tissues. However, 71 out of 100 breast tumours
exhibited overexpressed IncRNA-JADE, in which 25 tumour
samples had high or very high levels of IncRNA-JADE
(Figure 7A; Supplementary Figure S6). Using breast tumour
cDNA array, we detected the levels of IncRNA-JADE and
Jadel in normal and breast tumour tissues. A significant
correlation between IncRNA-JADE and Jadel levels was
observed in breast tumours (coefficient =0.698, P=0.0294)
(Figure 7B; Supplementary Figure S7A and B). We reasoned
that IncRNA-JADE is involved in mammary tumorigenesis.
While the levels of IncRNA-JADE are not available from
current databases, our analysis of Jadel expression data
in The Cancer Genome Atlas (TCGA) revealed that Jadel
levels are negatively correlated with overall survival of
patients with breast invasive carcinoma (P-value=0.0439)
(Figure 7C). In monolayer and soft agar colony-formation
assays, knockdown of IncRNA-JADE significantly inhibited
the transforming ability of oncogenic H-RasV12 in human
mammary epithelial MCF10A cells (Supplementary Figure
S8A and B). We also performed 4T1 orthotopic xenograft
experiments in BALB/c SCID mice (Figure 7D). The 4T1 cells
were engineered to stably express luciferase for in vivo
imaging. Control and IncRNA-JADE knockdown 4T1 cells
were orthotopically injected into mouse mammary gland fat
pads. Xenograft tumour growth was monitored and mice
were euthanized at day 24 after implantation. At 8 days
after injection, all mice bearing IncRNA-JADE knockdown
cells barely had detected tumours whereas mice bearing
control cells showed visible tumour growth. Knockdown of
IncRNA-JADE resulted in a significant reduction in tumour
growth throughout the whole period. In vivo imaging also
showed reduced luciferase signals in the mice bearing
IncRNA-JADE knockdown cells.
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Figure 6 Biological functions of IncRNA-JADE in human MCF7 cells. (A) LncRNA-JADE positively regulates MCF7 cell proliferation.
(B) Altering IncRNA-JADE expression affects DNA damage-induced cell-cycle arrest. Cell-cycle profiles were analysed by flow cytometry
using propidium iodide-stained cells. (C) Knockdown of IncRNA-JADE increases cell apoptosis in the control and NCS-treated cells. The
percentage of TUNEL-positive cells was summarized in the graph. (D) Knockdown of IncRNA-JADE increases the cell sensitivity to DNA
damaging drugs NCS, Etopside, and Bleomycin. MCF7 cells were treated with DNA damaging agents as indicated and cultured for 48 h and cell
viability was measured. Graphic data in this figure present the mean of three biological replicates and error bars depict s.d.

Discussion

The DDR is a major protective mechanism against genomic
instability in eukaryotic cells. In the past couple of decades, a
large number of protein components have been identified in
the DDR pathways, including DNA damage sensors, signal-
ling PIKKs (phosphatidylinositol 3-kinase-related kinases)
and effectors (Ciccia and Elledge, 2010). The ATM Kkinase is
a primary PIKK that responds to DSBs and activates a variety
of cell activities (Matsuoka et al, 2007). The ATM-p53
signalling plays a central role in cell-cycle checkpoints and
cell death pathways following DNA damage and oncogenic
stresses (Toledo and Wahl, 2006). Regulators in the ATM-p53
signalling modulate not only the activity and stability of
signalling proteins but also their mutual recognition,
interaction, and signalling complex formation. In additional
to canonical protein components, recent studies have
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revealed essential functions of non-coding RNAs in the
DDR (Liu and Lu, 2012). MiRNAs, a type of small non-
coding RNAs, join the DDR by regulating the expression of
their target mRNA transcripts. Defects in miRNA biogenesis
lead to genomic instability and are often associated with
human tumorigenesis (Pecot et al, 2011; Wan et al, 2011).
Recently, a large transcriptome of IncRNAs was found in
eukaryotic cells with total number varying from 10000 to
200000 (Rinn and Chang, 2012). These IncRNA transcripts
are often poorly conserved and present at low abundance.
Emerging evidence has illustrated how this class of RNA
establishes a new paradigm for gene expression
programme. However, the functional role of IncRNAs in the
DDR is largely unknown.

The first identified p53-dependent IncRNA was lincRNA-
p2l. The Rinn group deciphered a molecular mechanism
by which lincRNA-p21 participates in the p53-mediated
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Figure 7 Knockdown of IncRNA-JADE inhibits mammary tumour growth in vivo. (A) Higher levels of IncRNA-JADE in human breast cancer
tissues in comparison with normal breast tissues. In situ hybridization of IncRNA-JADE was performed on tissue microarray comprised of
human normal breast and breast cancer tissues. (B) Correlation between IncRNA-JADE and Jadel up-expression in breast cancer tissue cDNA
array. The level of IncRNA-JADE and Jadel was measured by RT-PCR. The IncRNA-JADE expression demonstrated a significant correlation
with the Jadel expression according to the Spearman correlation coefficient (r=0.6983 and P=0.0294). (C) Comparison of survival curves
between patients with Jadel overexpression and patients with normal Jadel expression using TCGA data in breast invasive carcinomas.
(D) Knockdown of IncRNA-JADE inhibits xenografted 4T1 tumour growth in vivo. One million luciferase expressing 4T1 cells stably expressing
control or IncRNA-JADE shRNA were injected into the mammary fat pad of each Balb/cSCID mouse. Two weeks after injection, luciferase
activity was measured and quantified by an IVIS device (left panel and upper right panel). Breast tumour size was measured in the mice
for 24 days (bottom right panel). Graphic data present the mean of five mice and error bars depict s.d.

transrepression machinery through its physical association
with hnRNPK (Huarte et al, 2010). In response to DNA
damage, p53 also transcriptionally induces PANDA and
TUG1 that are involved in apoptosis and cell-cycle
checkpoint, respectively (Hung et al, 2011; Yang et al, 2011).
In the current study, we identified an ATM-dependent IncRNA
expression profile in the DDR. While several hundred of
mouse IncRNAs are either induced or repressed after NCS
treatment, only a small number of these IncRNAs are
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conserved in humans, one of which is IncRNA-JADE.
LncRNA-JADE is unique because its induction is dependent
on ATM, but not on p53. Consistent with it, no p53-
responsive elements were found on the putative promoter
region of IncRNA-JADE. Whereas the ATM kinase is not
directly recruited to the promoter, it was believed that one
or more ATM targets are associated with the transcription of
the IncRNA-JADE gene and mediate the transactivating effect.
We found that the transcription factor NF-xB appears to be an
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important player that translates the ATM signalling to the
expression of IncRNA-JADE. In response to DNA damage,
NEMO, the regulatory subunit of IkB kinase (IKK), is
phosphorylated by ATM (Wu et al, 2006; Miyamoto, 2011).
This phosphorylation promotes the translocalization of
NEMO from the nucleus to the cytoplasm and its
subsequent interaction with the catalytic IKK subunit in the
cytoplasm, resulting in activation of NF-«xB signalling and
increased IncRNA-JADE expression. In addition to NF-«kB
binding sites, responsive element (RE) sites of other
transcription factors or cofactors are also found in the
putative promoter of the IncRNA-JADE gene, implying that
other ATM-associated mechanisms may exist in regulating its
transcription.

A large body of literature has established a role for chro-
matin in the DDR pathways. Chromatin structure is subject to
histone modifications such as phosphorylation, ubiquitina-
tion, acetylation, and methylation. One of the most inten-
sively studied histone modifications in the DDR is the serine
139 phosphorylation of histone variant H2AX, which pro-
vides a host of binding sites for the key checkpoint factor
Mdcl and stabilizes its interaction with DSB chromatin
(Stewart et al, 2003). In addition to H2AX phosphorylation,
higher order organization of H4Kl6ac has also been
suggested to regulate the association of Mdcl with the DSB
domains (Li et al, 2010). Ablation of MOF, a histone acetyl-
transferase specific for H4K16, leads to peri-implantation
lethality in mouse embryos (Li et al, 2010). Conditional
knockout of MOF results in global reduction in H4 K16
acetylation, severe G2/M cell-cycle arrest, massive
chromosome aberration, and defects in ionizing radiation-
induced DNA damage repair. Another histone acetyl-
transferase complex NuA4 also contributes to chromatin
remodelling in the DDR (Allard et al, 1999, 2004). Trrap
and Tip60 in the complex bind to the DSB chromatin and
induce acetylation of histone H2A and H4. In this study, we
showed that DNA damage induces histone H4 acetylation at
K5, K8, and K12. This set of acetylation events are primarily
catalysed by the HBO1 complex in which Jadel is a major
cofactor. Jadel levels are remarkably increased following
DNA damage. Knockdown of Jadel abolished the DNA
damage-induced histone H4 acetylation. Although little is
known about potential post-translational modifications of
Jadel protein, we observed that protein stability of Jadel
was unchanged after DNA damage (data not shown),
indicating a molecular mechanism involving transcriptional
activation.

We showed that silence of IncRNA-JADE notably inhibited
Jadel induction and histone H4 acetylation, suggesting that
this IncRNA is likely an important regulator for Jadel expres-
sion. Since IncRNA-JADE gene is adjacent to the Jadel gene,
it is reasonable to think that newly synthesized IncRNA-JADE
is in spatial proximity with the transcription machinery for
Jadel. A similar example was previously found in the regula-
tion of IncRNA HOTTIP (Wang et al, 2011b). HOTTIP is
encoded on the distal 5" end of the HOXA gene cluster, but
chromosomal looping brings HOTTIP into close proximity
to multiple HOXA genes. HOTTIP RNA directly interacts
with the adaptor protein WDRS and targets WDR5/MLL
complexes across HOXA, driving histone H3 lysine 4 tri-
methylation and gene transcription. We propose a mole-
cular mechanism for IncRNA-JADE to transcriptionally
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activate Jadel gene. This model is based on the finding that
IncRNA-JADE is associated with the p300/CBP coactivator
complex via Brcaland promotes Jadel transcription. The
direct interaction of IncRNA-JADE with Brcal is assumed to
recruit IncRNA-JADE to the p300/CBP coactivator complex.
Supporting this model is the following evidence: (1) Brcal
was previously shown to interact with p300/CBP complex
(Pao et al, 2000), (2) Brcal is physically associated with
IncRNA-JADE, (3) the level of Brcal-assoicated IncRNA-JADE
is significantly increased after DNA damage, and (4) over-
expression of IncRNA-JADE enhances the Brcal-p300
interaction, and knockdown of IncRNA-JADE abolished the
interaction. The 5’ half of the IncRNA-JADE sequence was
validated to bind with Brcal. While the ATM signalling is
required for Brcal to be recruited to p300/CBP, it is not
known which of ATM-mediated modifications of Brcal are
essential for its interaction with IncRNA-JADE or p300/CBP.
In-depth structural analysis of IncRNA-JADE will be required
to provide an answer into the question.

Given the ubiquitous nature and abundance of IncRNAs in
the cell, it is not surprising that they are involved in many
biological processes such as cell proliferation and differentia-
tion, embryo development, tissue regeneration, metabolism,
and tumour suppression. However, the role of IncRNAs in
tumorigenesis is much less characterized than well-defined
small non-coding RNAs, miRNAs. Several IncRNAs have
been reported in human cancer. As examples, ANRIL, a
IncRNA that negatively regulate the INK4B-ARF-INK4A
locus, was found to be underexpressed in neuroblastoma,
acute lymphocytic leukaemia, and melanoma (Pasmant et al,
2007; Cunnington et al, 2010; Aguilo et al, 2011; Tacobucci
et al, 2011). Aberrant expression of HOTAIR, a IncRNA
associated with the HOXD gene cluster, is associated with
colorectal cancer and breast cancer (Gupta et al, 2010;
Kogo et al, 2011; Lu et al, 2012). In this study, Jadel is
identified as a functional target of IncRNA-JADE in the DNA
damage-induced H4 acetylation. In cell studies, the Jadel-
HBO1 histone acetylase is required for cell-cycle progression
and the majority of histone H4 acetylation (Foy et al, 2008;
Havasi et al, 2013). Previous studies have shown that Jadel
plays a key role in the pathogenesis of renal cancer and von
Hippel-Lindau (VHL) disease (Zhou et al, 2004). Jadel is
highly expressed in kidney and renal proximal tubule cells
and may be involved in renal tubular epithelial cell
differentiation, growth suppression, and apoptosis.
Truncations and mutations of the tumour suppressor pVHL
altered its interaction with Jadel, suggesting a correlation
between Jadel and renal cancer. A recent study demonstrated
that Jadel binds and promotes the ubiquitination and
destruction of p-catenin and inhibits canonical Wnt
signalling (Chitalia et al, 2008). Because inhibition of -
catenin activity reduces renal cancer cell growth, there may
be a pVHL/Jadelsol;B-catenin axis in suppression of renal
tumour. Due to the lack of genomic engineered mouse
models, it remains elusive whether Jadel is a tumour
suppressor or an oncogene in different contexts. We
showed here that IncRNA-JADE is upregulated in a high
percentage of breast tumours, consistent with the previous
studies showing hyperactive DDR activity in human breast
cancer progression (Bartkova et al, 2006; Halazonetis et al,
2008). Knockdown of IncRNA-JADE inhibited H-RasV12-
induced oncogenic transformation in vitro and suppressed
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xenografted 4T1 mammary tumour growth in vivo. As a
direct target of IncRNA-JADE, Jadel overexpression is
correlated with poor survival of patients with breast
invasive carcinoma. These results suggest a potential role
of IncRNA-JADE in breast carcinogenesis. Sporadic non-
hereditary breast cancer is recognized as the most common
form of this malignancy. The presence of germ-line mutations
in the BRCA1 gene of these tumours is an infrequent event.
This work provides a potential mechanism by which an
oncogenic IncRNA contributes to breast carcinogenesis by
interacting with Brcal and histone acetylation machinery.
Our current study establishes a functional link that con-
nects DNA damage-induced IncRNA-JADE to histone H4
acetylation. However, questions remain to decipher the bio-
logical functions of IncRNA-JADE. To address them, it will be
of great interest to further examine Jadel-independent targets
and functions of IncRNA-JADE. Based on that, physiological
roles of IncRNA-JADE in normal and tumour tissues can be
further studied to establish a correlation between aberrant
expression IncRNA-JADE and human cancer prognosis.

Materials and methods

Cell lines, antibodies and western blot analysis

293T, NIH3T3 and MCF7 cell lines were obtained from the
American Type Culture Collection. 4T1-luciferase cell line was
kindly provided by Dr Fidler at the University of Texas MD
Anderson Cancer Center. Cells were cultured and stored according
to the supplier’s instructions. Once resuscitated, cell lines are
routinely authenticated through cell morphology monitoring,
growth curve analysis, species verification by isoenzymology and
karyotyping, identity verification using short tandem repeat profil-
ing analysis, and contamination checks. Primary Atm+/+ and
Atm —/— MEFs were harvested and cultured as previously de-
scribed (Zhang et al, 2011b). Western blot analyses were performed
by standard methods described previously (Zhang et al, 2011a).
Anti-Jadel antibody (#NBP1-47280) was purchased from Novus
Biologicals. Anti-histone H4 (#ab7311), anti-o-tubulin (#ab7291)
and anti-histone H4K8Ac (#ab15823) antibodies were purchased
from Abcam. Anti-Brcal (#9010) antibody was purchased from Cell
Signaling. Anti-acetylated histone H4 (#06-866), anti-histone
H4KS5Ac (#39170) and H4K12Ac (#39165) antibodies were
purchased from Active Motif. Anti-P53 DO-1 (#sc-126), anti-B-
actin (#1616), HRP-anti-goat IgG (#2020), HRP-anti-rabbit IgG
(#2054) and HRP-anti-mouse IgG (#2055) antibodies were
purchased from Santa Cruz.

RNA isolation, qRT-PCR, and IncRNA microarray

Total RNA was isolated using the Trizol reagent according to the
manufacturer’s instructions (Invitrogen) and was then reverse
transcribed with an iScript cDNA Synthesis Kit (Bio-Rad). The
resulting ¢cDNA was used for qPCR using the Cybergreen (Bio-
Rad) with gene-specific primers and data were normalized to
endogeneous control, f-actin or GAPDH. Breast Cancer and
Normal Tissue cDNA Arrays were purchased from Origene. Real-
time PCR and data collection were performed on a realplex2
machine (Eppendorf). The RT-PCR primers are shown below:

Mouse IncRNA-JADE: 5-TATGTGCAAGATGAGAGCCAGCCA-3/
and 5-TTCACTGTGGACCCGGTGATTAAC-3’; Mouse Jadel: 5-AGCT
TGTCAACGACATGGTCC-3' and 5'-AGGCTTTCGATCTTCAGGTCT-3';
Human IncRNA-JADE: 5'-AACCTGAAGAGAGCGT-3" and 5'-AGGAAG
CGAATGCTCA-3'; Human Jadel: 5-AGTTGGGCTATGTGGACATCC-3'
and 5'-CGTAGCATCGCTGCTCAAATTC-3’; Human p21: 5-GCAGA
CCAGCATGACAGATTT-3" and 5-GGATTAGGGCTTCCTCTTGGA-3;
Human IRF-1: 5-TCTTAGCATCTCGGCTGGACTTC-3’ and 5'-CGATA
CAAAGCAGGGGAAAAGG-3'.

For IncRNA microarray analyses, RNA was extracted from a pair
of primary Atm+/+ and Atm—/— MEFs treated with NCS
(500ng/ml) for 4, 8, and 24h. RNA samples were subjected to
mouse genome-wide IncRNA microarray analysis at ArrayStar,
Rockville, MD. Differentially expressed IncRNAs with statistical
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significance were identified. The thresholds we used to screen
upregulated or downregulated IncRNAs are fold change (>1.5 or
<0.5) and P-value<0.05. The microarray data from this publica-
tion have been submitted to the NCBI GEO database (http://
www.ncbi.nlm.nih.gov/geo/) and assigned the accession number
GSE43425.

Human IncRNA-JADE cloning using RACE
Total RNA extracted from human U20S and MCF7 cells was used to
generate RACE-ready cDNA using the SMARTer RACE cDNA
Amplification Kit (Clontech) following the manufacturer’s protocol.
cDNA ends were amplified with universal primer mix and gene-
specific primers. In case the primary PCR failed to generate distinct
DNA fragments, we performed a ‘nested” PCR with the nested
universal primer and the nested gene-specific primers. Primer
sequences were as follows (5’ to 3/):

GSP1 (3’ RACE): AGCGAATGCTCAGGGGAAGCTTTAA

GSP2 (5" RACE): AACTAACTCTCTGAAGTTGGCTGGCTTC

NGSP1 (3’ RACE): CTACTTACAGAAGTTGAATTGCAAGAGC

NGSP2 (5 RACE): TCACACTAGACCTGGTGATTAATGGTAA
the resulting DNA fragments were cloned and sequenced
(Lonestar Labs). Sequence data of the full-length human IncRNA-
JADE can be found in the GenBank/EMBL database (accession #
KC469579).

DNA damaging agents, ATM inhibitor, and NF-xB inhibitor
Cells were treated with neocarzinostatin (NCS, #N9162, Sigma-
Aldrich), etoposide (#1383, Sigma-Aldrich) or bleomycin (#2434,
Sigma-Aldrich) at indicated concentrations and harvested at indi-
cated time points after treatment for RNA and protein analyses. To
examine the role of ATM and NF-xB, cells were pretreated with
10 uM ATM Kkinase inhibitor CGK733 (no. 118501, Calbiochem) or
5 uM NF-kB inhibitor BAY11-7085 (no. B5681, Sigma-Aldrich) prior
to DNA damage treatment.

Lentiviral vectors expressing Jade1 shRNAs, IncRNA-JADE
or its shRNAs

Jadel shRNA-pGIPZ lentiviral plasmids were obtained from the MD
Anderson shRNA and ORFeome Core Facility (originally from Open
Biosystem). Human IncRNA-JADE targeting shRNA1: 5-CTGAA
GAGAGCGTGAGATA-3’, shRNA2: 5-GTAAGTAGAAAGAAATTTA-3/,
mouse IncRNA-JADE targeting shRNA1: 5'-CAGCCAACTTCAGAG
AGTG-3', shRNA2: 5'-CTGAAGCATTCAAATAGGA-3', and negative
control shRNA 5'-TTCTCCGAACGTG TCACGT-3’ were designed and
cloned into a lentiviral vector pLKO.1 or pSIH-H1-Puro shRNA.
Human IncRNA-JADE gene was cloned into a pCDN-CMV-MCS-EF1-
Puro or pCDN-CMV-MCS-EF1-copGFP vector.

Luciferase reporter assay

Human U20S cells were transfected with 200 ng of firefly luciferase
reporter plasmid DNA (Control, IncRNA-JADE or Jadel promoter-
driven luciferase construct) and 0.6 ng of Renilla luciferase reporter
plasmid pRL-TK (Promega) per well in 24-well dish. Cells were
lysed 24 h after transfection and luminescence was quantified in a
GloMax 20/20n Luminometer (Promega). Experiments were per-
formed in triplicates. The firefly luciferase activity values were
normalized to the Renilla luciferase activity values that reflect
transfection efficiency. Data are presented as mean values (+s.d.).

RNA RIP assay

RIP assay was performed as described previously (Zhang et al,
2011b). Briefly, cells were crosslinked for 20min with 1%
formaldehyde, and cell pellets were resuspended in buffer B (1%
SDS, 10mM EDTA, 50 mM Tris-HCI (pH 8.1), 1 x protease inhibitor,
50 U/ml RNase inhibitor). Incubated 10 min in ice, the pellets were
disrupted by sonication, and the lysates were cleared and subjected
to immunoprecipitation with control IgG or anti-Brcal antibody,
followed by stringent washing, elution, and reversal of crosslinking.
The RNA was resuspended in 20 pl of TE buffer (10 mM Tris-HCl, pH
7.5, 1mM EDTA, 50U/ml RNase inhibitor) and incubated with
DNase I for 30 min at 37°C to remove any remaining DNA. After
extraction with phenol:chloroform:isoamyl alcohol (25:24:1), RNA
was precipitated with ethanol and dissolved in 20 ul of DEPC-treated
water. RNA (5ul) was used for the cDNA synthesis reaction.
Quantitative PCRs were then performed on real-time PCR machine
(Realplex2, Eppendorf). BRCA1 Primer 1F: 5-AGGCCCCTTTAAACG
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CAGAA-3'; 1R: 5-TCAGGCTGCACTTACCCACTT-3’ Primer 2F: 5'-TG
GCAGCCAGAGAGAGATTT-3'; 2R: 5'-CCTAACCTCAGGCAATCCAC-3'.

Cell proliferation and apoptosis assays

In cell proliferation assay, cells were seeded at a concentration of
1000 cells/well in 96-well plates. Cell numbers were quantified
using reagent WST-1 (no. 05015944001, Roche) at the indicated time
according to the manufacturer’s instructions. In apoptosis assay,
cells were seeded in 8- or 16-well chamber slides and treated with
NCS. Apoptosis was measured using the DeadEnd Fluorometric
Tunel Kit (Promega) according to the manufacturer’s instructions.

Monolayer colony-formation assay and soft agar colony-
formation assay

For monolayer colony-formation assay, 1000 MCF10A cells stably
expressing oncogenes were plated in 35 mm? plates in triplicate and
allowed to grow in appropriate culture medium for 2-3 weeks.
Fresh media were supplied every 3 days. Colonies were stained with
crystal violet dye after formaldehyde fixation. The soft agar colony-
formation assay was performed as previously described (Zhang
et al, 2011a). Cells were transduced with lentiviral oncogenes, and
plated in 0.3% top agarose in 35mm? plates and cultured for
3 weeks. Colonies were counted under a light microscope.

4T1 xenografted tumour growth

Six- to eight-week-old female Balb/c SCID mice were purchased
from Jackson Laboratories and housed in pathogen-free conditions.
All studies were approved and supervised by the Institutional
Animal Care and Use Committee at MD Anderson Cancer Center.
After SCID mice were anaesthetized and the skin was incised,
control and IncRNA-JADE-silenced 4T1-luciferase cells (1 x10°) in
50 ul Hanks solution were orthotopically injected into mammary fat
pads using a 1-ml Hamilton microlitre syringe, and then the incision
was closed using wound clips. Five mice were used in each group.
Tumour size was measured once a week up to 24 days Mice
tumours were also monitored by the IVIS system after luciferin
injection for 15min. Mice were euthanized when they met the
institutional euthanasia criteria for tumour size and overall health
condition.
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LncRNA in situ hybridization

Breast cancer tissue microarray (no. BC081115) was purchased from
Biomax, including 100 breast tumour samples and 10 control breast
tissue samples. The tissue microarray was dewaxed in xylenes, and
rehydrated through an ethanol dilution series. Tissue sections were
digested with 15pug/ml proteinase K for 20 min at RT, were then
loaded onto Ventana Discovery Ultra for in situ hybridization
analysis. The tissue slides were incubated with double-DIG labelled
mercury IncRNA probe (Exiqon) for 2h at 55°C, and signals were
detected with a polyclonal anti-DIG antibody and alkaline phos-
phatase-conjugated second antibody (Ventana) using NBT-BCIP as
the substrate. The double-DIG labelled control U6 snRNA probe was
also purchased from Exiqon.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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