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ABSTRACT
Long non-coding RNAs (lncRNAs) are emerging as important players in regulation of gene expression in
higher eukaryotes. DDX5/p68 RNA helicase protein which is involved in splicing of precursor mRNAs also
interacts with lncRNAs like, SRA and mrhl, to modulate gene expression. We performed RIP-seq analysis in
HEK293T cells to identify the complete repertoire of DDX5/p68 interacting transcripts including 73 single
exonic (SE) lncRNAs. The LOC284454 lncRNA is the second top hit of the list of SE lncRNAs which we have
characterized in detail for its molecular features and cellular functions. The RNA is located in the same
primary transcript harboring miR-23a»27a»24-2 cluster. LOC284454 is a stable, nuclear restricted and
chromatin associated lncRNA. The sequence is conserved only in primates among 26 different species and
is expressed in multiple human tissues. Expression of LOC284454 is significantly reduced in breast,
prostate, uterus and kidney cancer and also in breast cancer cell lines (MCF7 and T47D). Global gene
expression studies upon loss and gain of function of LOC284454 revealed perturbation of genes related to
cancer-related pathways. Focal adhesion and cell migration pathway genes are downregulated under
overexpression condition, and these genes are significantly upregulated in breast cancer cell lines as well
as breast cancer tissue samples suggesting a functional role of LOC284454 lncRNA in breast cancer
pathobiology.
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Introduction

Recent advances in large scale RNA sequencing and bioinfor-
matic analyses have revealed that while a substantial portion of
the human genome is transcribed into RNA, only a small set of
these transcripts (2–5%) code for proteins [1]. The rest of the
RNA repertoire consists of thousands of non-coding RNAs.
The most abundant non-coding transcripts are the ribosomal
RNA and the transfer RNAs. The other important class of non-
coding transcripts that function in fine tuning of genetic net-
work and gene regulation are the regulatory RNAs. The regula-
tory non-coding RNAs are divided into two major classes:
short non-coding RNAs (<200 nucleotides) and long non-
coding RNAs (�200 nucleotides). The long non-coding RNAs
(lncRNA) include intergenic, overlapping, intronic and anti-
sense transcripts [2,3]. They are predominantly nuclear local-
ized, have a lower level of expression than protein coding
genes [4] and shown to be involved in various cellular pro-
cesses ranging from embryonic stem cell (ESC) pluripotency,
cell-cycle regulation, chromatin remodeling and epigenetic
changes [5–8]. LncRNAs in association with RNA binding
proteins impart specific molecular functions by targeting RNA
binding proteins to specific sites as guides or titrating away

specific proteins as decoy or by acting as a scaffold wherein
the single RNA binds distinct effector molecules that modulate
diverse biological processes [2,3,6]. In spite of their different
mode of function, the central theme lies in the formation of
ribonucleoprotein complexes consisting of lncRNAs and the
RNA binding proteins (RBPs).

The dynamic association of lncRNAs with RBPs influences
stability, function, transport, cellular localization and regulation
of lncRNAs. Some well characterized RNA binding domains
include the RNA recognition motif (RRM), K–homology
domain (KH), Arg-Gly-Gly Box(RGG), SM domain, Piwi/
Argonaute /Zwille (PAZ) domain and Asp-Glu-Ala-Asp
(DEAD/DEAH) box domain [9]. The DEAD-box domain con-
taining proteins Gemin3, Ddx5 (p68), Ddx17 (p72) are ubiqui-
tous and play a major role in RNA-mediated processes [10].
DDX5/p68, a well-known RNA helicase, in addition to its
established role in mRNA splicing, influences various cellular
processes [11]. Studies have also shown that p68 interacts with
the non-coding RNA, steroid receptor RNA activator (SRA),
and co-activates estrogen receptor alpha [12]. P68 in associa-
tion with SRA also influences transcriptional activation of
MyoD during skeletal muscle differentiation [13]. Subsequent
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studies have revealed the role of the p68-SRA complex as an
essential component for chromatin insulator function upon
binding to CTCF [14]. Extensive studies from our laboratory
have shown that p68 interacts with a novel lncRNA mrhl (mei-
otic recombination hot spot locus) of mouse [15,16], and
regulates Wnt signaling and meiotic commitment in spermato-
gonial cells through Sox8. [17,18]. The mrhl RNA associates
with chromatin to regulate the expression of several Wnt sig-
naling pathway and spermatogenesis related genes in a p68
dependent manner [19]. Considering the role of p68-lncRNA
complex in diverse cellular processes we were encouraged to
identify novel p68 interacting non-coding RNAs in human
cells. Towards this objective we have carried out RIP-seq analy-
sis of p68-associated RNAs and identified 158 lncRNAs that
interact with p68. LOC284454 is the second top hit among the
73 single exonic lncRNAs that interacts with p68. LOC284454
RNA has a unique genome organization which is transcribed to
a 1.77 kb long unspliced, polyadenylated, stable LOC284454
transcript cleaved from a longer primary transcript of 2.2 kb
that also harbors the miR-23-a»27a»24-2 cluster. The
sequence of LOC284454 gene is highly conserved only in the
primate genomes. LOC284454 transcript is a stable, nuclear
restricted and chromatin associated RNA. LOC284454 was dif-
ferentially expressed in various cancer such as breast, prostate,
uterus, colon and ovary. We found down-regulation of
LOC284454 in breast cancer tissues and breast carcinoma cell
lines T47D and MCF7. Total transcriptome analysis of
HEK293T cells upon LOC284454 silencing showed perturba-
tion of a small subset of genes associated with cancer. Overex-
pression of LOC284454 RNA in HEK293T cells perturbs the
expression of different sets of genes more particularly cell adhe-
sion pathways. Ectopic expression of LOC284454 in T47D and
MCF7 cells reduced cellular proliferation and migration char-
acteristics suggesting that LOC284454 could play an important
role in breast cancer pathobiology.

Results

Identification of LOC284454 as a p68 interacting RNA

The p68 protein consists of an N-terminal domain followed by
the helicase core and the C-terminal RNA binding domain
(Fig. 1A). To characterize the repertoire of RNA partners that
are associated with p68 protein in human cells, we performed
RNA immunoprecipitation followed by high throughput
sequencing (RIP-seq) in HEK293T cells. Immunoprecipitation
(IP) of the nuclear extract was carried out using in house gener-
ated and purified highly mono-specific anti-p68 antibody. The
specificity of the p68 antibody is shown in Fig. S1A. The RIP
RNAs were subjected to high throughput sequencing. An out-
line of the experimental strategy, data collection and analysis
pipeline is shown in Fig. 1B. The specificity of the pull-down
was also demonstrated by the amplification of SRA lncRNA in
the pull-down fraction which is known to interact with p68 in
vivo (Fig. 1C) [12]. The scatterplots of the RIP-seq reads
showed the RNAs which were enriched in the p68 IP fraction
(Fig. 1D). A few non-specific interactions were also observed
for some transcripts, as depicted by the dots along the X axis.
The peak calling was carried out by PIRANHA [20] and the

enrichment ratios were calculated as described in Materials and
Methods. A cut-off at 2-fold enrichment in RIP samples over
control samples identified a large number of enriched tran-
scripts (Table S1) that are associated with the p68 protein (cor-
rected p value < 0.01). Majority of these transcripts belonged
to the mRNA class (Fig. 1E). This is not surprising since p68 is
one of the major players in the pre-mRNA splicing process.
The next abundant class (158 transcripts) of RNAs were the
lncRNAs which consisted of both single exonic (73, SE) and
multiple exonic (85, ME) transcripts. The enrichment of
lncRNAs with multiple exons in p68 RIP-seq (Fig. S1B-F)
might be due to the splicing function of p68 in splicing events
of these lncRNAs. Among the ME lncRNAs that are associated
with p68 protein, we find that the top ranking RNA is SRA,
which has already been shown to interact with p68 [14]. Inter-
estingly, we also find MALAT1 in this list as one of the p68
interacting lncRNA that has been shown to be involved in pro-
moting metastasis in lung cancer [21]. Apart from the ME
lncRNAs, there were 73 SE long non-coding RNAs that were
associated with p68 out of which 54 of them showing a fold
enrichment ratio of>20 are represented in Fig. 2A. We surmise
that these SE lncRNAs which were enriched in this RIP-seq
dataset might interact with p68 for a non-splicing function sim-
ilar to mrhl RNA [15]. In order to substantiate that these SE
lncRNAs are indeed due to specific interaction with p68 pro-
tein, we performed RIP-PCR with two negative controls using
two different antibodies namely anti SF2 (a component of the
splicesome complex) and anti RPL7 (ribosomal large subunit 7
protein). As can be seen in Fig. 2B, we could validate the
enrichment of the SE lncRNAs only with anti p68 antibody,
but not with anti-SF2 and anti-RPL7 antibodies. The pull-
down efficiency of the antibodies used in these studies are
shown in Fig. S2A. We also subjected the RIP-Seq peak region
sequences of 54 SE lncRNAs for MEME analysis [22] and we
deduced two potential consensus motifs which are present in
all the 54 SE lncRNAs (Fig. S2B). Among the two motifs,
Motif-1 is present in the LOC284454 sequence with lowest p-
value (2.99 £ 10¡08; Table S2). The top hit transcript RP11-
533E19.5 has been annotated as long non-coding transcript
which is present upstream of CEP350, a melanoma tumor sup-
pressor [23]. Nevertheless, there is very little information avail-
able either on the expression pattern or function of RP11-
533E19.5, while the second top transcript, LOC284454, is tran-
scribed as a part of the primary transcript that harbors the
miR-23a»27a»24-2 cluster [24]. We chose to focus on the
LOC284454 RNA for detailed functional analysis based on its
unique genomic organization. Given the important role of the
miRNA cluster in several cellular processes including cancer
[25], we were also curious to understand the biological function
of LOC284454 generated from the same primary transcript.

Genomic organization of the LOC284454 RNA gene

The NCBI BLAST analysis of the sequence read against the
Homo sapiens genome showed that LOC284454 RNA gene is
located on human chromosome 19, locus 19p13.13
(chr19:13945330-13947473) and miR-23-a»27a»24-2 cluster
is present immediate upstream of the transcript (Fig. 3A). Ear-
lier observation by Lee et al [24] indicated that the 2.2 kb
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primary transcript upon cleavage by Drosha results in genera-
tion of pre-miR 23a, 27a, 24–2 and the 1.7 kb LOC284454 tran-
script. To validate if the LOC284454 RNA is generated from
the same primary transcript, reverse transcription PCR (RT-
PCR) was carried out in Drosha silenced HEK293T cells using
two different sets of forward primers that bind immediate
upstream of miR-23a or within LOC284454 (Fig. 3B). siRNA
mediated silencing of the Drosha expression resulted in signifi-
cant reduction of protein levels at 72 h post transfection
(Fig. 3C). RT-PCR analysis showed the presence of the 1.7 kb
LOC284454 RNA in both the control and Drosha silenced cells.
However, the full length 2.2 kb primary transcript was observed
only in Drosha silenced HEK293T cells (Fig. 3D), confirming
the earlier observation of Lee et al [24] that processing of the
primary transcript is mediated by the Drosha machinery which
results in the generation of the 1.7 kb LOC284454 transcript.
This raises the question whether it is the 2.2 kb primary

transcript or the 1.7 kb LOC284454 RNA that interacts with the
p68 protein. In order to check these two possibilities, we cloned
only the 1.7 kb LOC284454 RNA transcript with S1 aptamer in
the 3 0 end. After transfection of HEK293T cells with this vector
construct, the protein extract was passed through streptavidin
agarose column and the bound complexes were eluted and
scored for p68 by western blot. As can be seen in Fig. 3E, we
were able to detect p68 protein in the eluted complexes. We
also observed LOC284454 RNA enrichment in anti-p68 anti-
body IP fraction by RT-PCR (Fig. 3F). We were also curious to
find out whether the other 17 SE lncRNAs described in Fig. 2A
and B are also enriched in this pull down experiment. As can
be seen in Fig. S2C, there was no enrichment of any other SE
lncRNAs as revealed by RT-PCR. Furthermore, enrichment of
LOC284454 transcript was not observed in RIP experiments
with anti-RPL7 or anti-SF2 antibodies (Fig. 3G). In a converse
experiment, we also carried out RIP pull down with anti p68

Figure 1. RIP-seq strategy and data analysis. (A) Schematic representation of the domain structure of p68 protein. (B) Outline of RIP-seq analysis pipeline. (C) RIP in
HEK293T cells using p68 antibody (top panel). Specificity of the pull down was ascertained by enrichment of SRA RNA in p68 IP (bottom panel). Input represents 10% of
the total sample. (D) Scatter plot showing the pattern of enriched transcripts. Read counts (log 2) for each transcript are plotted against that of control (Control+2 and IP
+2 to avoid division by zero). Reads with read coverage >10 are plotted. (E) Different types of transcripts obtained in the RIP. SE – single exonic lncRNA transcripts and
ME – Multi exonic lncRNA transcripts.
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antibody and scored for the 1.7 kb LOC284454 transcript by
RT-PCR (Fig. 3H). To further demonstrate that LOC284454
RNA generated from the primary transcript is a stable RNA in
HEK293T cells, we measured the half-life of LOC284454 RNA
after actinomycin D treatment. As shown in Fig. 3I,
LOC284454 RNA has a half-life of approximately 3 hours vali-
dating that it is a stable RNA. Similar half-lives have been
reported for other lncRNAs [26].

LOC284454transcript is a non-coding, nuclear restricted and
chromatin bound RNA
Analysis of LOC284454 sequence with the ORF Finder program
failed to detect any significant ORF and also no Kozak sequence
was found within the transcript (Fig. S2A). We subjected the
LOC284454 RNA sequence to bioinformatic analysis such as
Coding Potential Calculator (CPC) [27], Coding Potential
Assessment Tool (CPAT) [28], Phylogenetic Codon Substitu-
tion Frequencies (PhyloCSF) [29] and PORTRAIT [30]. As
shown in Fig. 4A, B, LOC284454 RNA was predicted as a non-
coding RNA with short ORF when compared to protein coding
sequences from CPAT. The same was observed with other pro-
grams also (Fig. S3 B-E). We also experimentally validated this
prediction by carrying out an in vitro coupled transcription
and translation (IVTT) assay using 35S methionine. We did not
observe any protein product in the pcDNA-LOC284454 lane
whereas the positive control pcDNA-gfp gave rise to GFP pro-
tein of expected molecular size (Fig. 4C). The empty vector

served as a negative control. To check if the full length
LOC284454 transcript was indeed formed during the in vitro
transcription reaction, we isolated the RNA from the same
reaction and scored for the presence of LOC284454 transcript
by RT-PCR. Fig. 4C (bottom panel) shows the PCR amplifica-
tion of the 1.7 kb product, which suggests that the RNA is
indeed transcribed but not translated in the IVTT experiment.
We also checked for the presence of the full length transcript in
vivo in HEK293T cells by northern blot analysis. The
LOC284454 specific probes hybridized to a single band corre-
sponding to approximately 1.7 kb in size (Fig. 4D). After dem-
onstrating that LOC284454 is a stable non-coding RNA we
analyzed its expression across different human tissues. We car-
ried out expression analysis across 15 different tissues from the
Human MTC panel I and II (Clontech) which showed that the
RNA is expressed in almost all the tissues tested at varying lev-
els (Fig. 4E).

Since nuclear retention is a general property of many of the
long non-protein-coding transcripts, we examined the subcellu-
lar distribution of the LOC284454 RNA in HEK293T cells. Cells
were fractionated into nuclear and cytoplasmic fractions and
RT PCR was carried out to determine the presence of
LOC284454. U1 snRNA served as a positive control for the
nuclear fraction (Fig. 5A) and GAPDH protein was used as a
positive control for the cytoplasmic fraction (Fig. 5B). As
shown in Fig. 5C, LOC284454 was detected only in the nuclear
fraction but not in the cytoplasmic fraction. The localization of

Figure 2. p68 interacting single exonic lncRNAs. (A) We filtered 54 single exonic lncRNA transcripts from 72 single exonic lncRNA transcripts of RIP-seq, transcripts with
more than 80% of similarity with its genomic region has been selected and plotted based on their Log2 fold enrichment ratio and few transcripts were selected (red) for
further validation by RIP-PCR in HEK293T cells. (B) RIP-PCR of selected transcripts in p68, SF2 (negative control) and RPL7 (negative control) antibody pulldown complexes.
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this RNA was further examined by RNA fluorescence in situ
hybridization (RNA-FISH) performed in both normal and
LOC284454 overexpressing conditions. Fig. 5D shows that
LOC284454 is predominantly localized in the nucleus as
punctuate foci in HEK293T cells. No signal was observed in
RNase treated cells. It is interesting to note that LOC284454
is restricted to nucleus even under overexpression condition
(see Fig. 9A) indicating that this is an intrinsic property of
the RNA.

Several lncRNAs act as key regulators of global gene expres-
sion at the chromatin level [3,5]. After confirming that
LOC284454 RNA is present in the nucleus, we were interested
to examine whether LOC284454 RNA is associated with the
chromatin fraction. HEK293T cells were fractionated into
nucleoplasm and chromatin fractions. The purity of both the
fractions was assessed by immunoblot analysis with antibodies
to laminin, tubulin and histone H3 (Fig. 5E). LOC284454 RNA
was observed both in the nucleoplasm and chromatin fractions,

Figure 3. LOC284454 RNA is a stable RNA that interacts with p68 in vivo. (A) LOC284454 is located on human chromosome 19 (chr19:13945330-13947473). Genomic
sequence analysis showed that the RNA is 2 nucleotide downstream to the 3 0 end of miR-23a»27a»24-2 cluster. The transcription start site and the validated promoter
region are marked. (B) Schematic representation of LOC284454 primary transcript. The Drosha cleavage site which generates the miRNA cluster and the LOC284454 is
marked. The blue arrow depicts the primer annealing positions on the primary transcript and black arrows on the LOC284454 specific region. (C) Drosha silencing was car-
ried out with pool of 2 independent siRNAs. A representative western blot using anti Drosha antibody shows reduced Drosha level at 72 h post transfection. (D) The 2.2 kb
full length PCR product was detected from genomic DNA (lane 2) and Drosha silenced cDNA (lane 4) but not from Drosha scrambled siRNA cDNA template (lane 3). The
1.77 kb LOC284454 was detected from both Drosha control cDNA (lane 6) and Drosha silenced cDNA (lane 7). Genomic DNA was used in lane 2 and lane 5 as positive con-
trol for PCR. (E) In vivo pull-down of LOC284454 in HEK293T cells transfected with plasmid containing LOC284454 fused with S1 aptamer at the 3' end. Presence of p68 was
observed in the LOC284454-S1 aptamer pull-down but not in the mock pull-down. (F) RNA immunoprecipitation with p68 antibody shows the presence of p68 (top) and
enrichment of LOC284454 in the IP fraction (bottom). (G) LOC284454 RNA enrichment in IP fractions of anti-p68 antibody, anti-SF2 antibody, anti-RPL7 antibody and Rab-
bit anti-IgG, ��� – p�0.0001 and NS-non-significant paired two tailed t test (H) RIP-PCR from p68 IP fraction for primary transcript (2.2kb), LOC284454 (1.7kb) and miRNA
cluster, SRA lncRNA was used as a positive control for p68 specificity. (I) RNA stability assay of LOC284454 RNA and 18S rRNA in the presence of actinomycin D (10mg/ml).
These data show the means§ SD from three independent experiments in triplicate.
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majorly in the chromatin fraction (Fig. 5F). To address whether
the RNA physically interacts with p68 on chromatin, we used
the approach of chromatin-associated RNA immunoprecipita-
tion, where we immune-precipitated the chromatin using anti
histone H3 antibody (Fig. 5G) and extracted RNA from the
immune-precipitated chromatin, treated with DNase I followed
by reverse transcription and PCR. We found seven to eight fold
enrichment of LOC284454 in the ChIP fraction in comparison
to U1SnRNA while MALAT1 and SRA served as positive con-
trols for this experiment (Fig. 5H). The presence of the RNA in
chromatin was further confirmed by the chromatin oligo affinity
purification technique (ChOP) [17]. In this technique the
LOC284454 RNA was isolated from the chromatin fraction using

biotin labeled oligonucleotide complementary to the RNA. The
RNA was found to be enriched »7 fold compared to gapdh
RNA (Fig. 5I). The presence of p68 in the pull-down experiment
was confirmed by western blotting analysis (Fig. 5J).

Evolutionary conservation of LOC284454 RNA sequence

To gain insights into the functional importance of this non-
coding RNA, we examined the conservation of the RNA
sequence across different species. We subjected the sequence of
LOC284454 and upstream miR-23a»27a»24-2 cluster sepa-
rately for sequence conservation comparing 26 genomes by the
recently described method of Evolinc II [31]. As shown in

Figure 4. LOC284454 is a non-coding RNA expressed across all the tissues. (A) Coding potential score distribution from CPAT between coding (white bar) and noncoding
(black bar) transcripts for LOC284454, SRA1, GAS5, GAPDH and b-actin transcripts. (B) Combinatorial effects of Fickett score, and ORF size on GAPDH and b-actin as coding
genes (black dots) and LOC284454, SRA1 and GAS5 as noncoding genes (white dots). (C) In vitro transcription-coupled translation experiment in the presence of 35S methi-
onine with pcDNA –LOC284454 construct failed to detect any protein product. Lane 1 positive control pcDNA–GFP gave a protein product around 27- kDa. In lane 3 empty
vector served as a negative control. Bottom panel- RT-PCR of RNA isolated from the in vitro transcription-coupled translation assay of pcDNA-LOC284454 in the presence
and absence of RT. (D) Northern blot analysis for LOC284454 with 32P- labeled full length RNA probe showing the presence of LOC284454 in HEK293T cells. (E) Tissue spe-
cific expression of LOC284454 analysed by qPCR from cDNA derived from normal human tissues. Gene expression levels were normalized to b-actin.
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Fig. 6, the LOC284454 sequence has undergone significant evo-
lution in primates among all the other mammalian species. On
the other hand upstream miR-23a»27a»24-2 cluster is fairly
conserved even in other mammals with a few substitutions
within the sequence (Fig. S4A). It is increasingly becoming
clear that the sequence conservation is not the primary deter-
mining factor for functional conservation among lncRNAs
[32,33]. It is believed that structural conservation in a particular
domain more likely defines functional conservation. In this
context, the patches of conservation from 637–1560
(Chr19:13,945,545-13,946,469) nucleotide in LOC284454

across different species might contribute to some common
functions. Analysis of the RNA sequence using Repeatmasker
and Fam software revealed the presence of Alu repeats in the
LOC284454 (Fig. S4B). We find four subtypes of Alu sequences
present in the LOC284454 namely AluSx, AluJr, AluSg and
AluJ. These Alu subfamilies belong to different evolutionary
ages with AluJ being the most primitive, AluSx the intermediate
and AluY, the most recent one [34,35]. The presence of multi-
ple Alu repeats of different subfamilies may indicate a lineage
specific diversification of the LOC284454 sequence with specific
function towards the higher primates. These Alu repeats belong

Figure 5. LOC284454 RNA is localized to nucleus and present predominately in the chromatin fraction of HEK293T cells. (A) and (B). HEK293T cells were fractionated into nuclear
(NF) and cytoplasmic (CF) fractions. U1 snRNA (A) and GAPDH protein (B) were used to assess the purity of the fractions. (C) Presence of LOC284454 RNA in the nuclear fraction
was assessed by RT-PCR. (D) RNA-FISH using LOC284454 specific LNA probes labelled with 5 0TYE 563 depicts (upper row) punctate nuclear localization of the RNA in HEK293T
cells. LOC284454 RNA was localized in the nucleus even in overexpressed condition (middle row). Cells treated with RNAse A prior to hybridization shows no signal (lower row).
Nucleus is stained with DAPI. The scale bar is 10 mm. (E) Sub-cellular fractionation of HEK293T cells. Tubulin, histone H3 and laminin proteins were used to assess the purity of
the cytoplasmic (CP), chromatin (Ch) and nucleoplasmic (NP) fractions respectively. (F) LOC284454 is present both in nucleoplasm and chromatin fractions. (G) Immuno pull-
down experiment with H3 antibody. The H3 pull-down fraction was probed with p68 antibody which also showed the presence of p68 on chromatin. (H) qPCR analysis shows
the enrichment of LOC284454 in the H3 pull-down fraction. The data are expressed as the mean§ S.E.M from three replicates �-p�0.05, ��-p�0.001, ���-p�0.0001, NS-Non-sig-
nificant, paired two tailed t test. SRA and MALAT1 were used as positive control and U1 snRNA was used as the negative control. i. Presence of LOC284454 RNA and p68 on chro-
matin by ChOP-PCR. qPCR shows the enrichment of LOC284454 RNA in the ChOP fraction. GAPDH was used as a negative control. The data are expressed as the mean§ S. E.M
from three replicates. ��- p-value �0.01, two-tailed paired t-test. (J) p68 protein as determined by western blotting in the ChOP fraction but not in the scrambled pull-down.
Input represents 10% of the total sample.

220 M. DAS ET AL.



to a class of retroelements termed SINES that are specific to pri-
mates [34]. Figure S4C represents the possible secondary struc-
ture of the LOC284454 RNA as predicted by the RNAfold
webserver [36]. When we compared the promoter sequence
(-2 kb) of the LOC284454 locus across different species we find
the promoter features and upstream regions are also conserved
only in primates (Fig. S4D).

Expression analysis of LOC284454 RNA in different cancers

Recent studies have demonstrated that many lncRNAs are
associated with several diseases including cancer [37]. In this
context we were curious to analyze the expression of
LOC284454 RNA in different cancer tissues. For this purpose
we initially carried out real-time qPCR analysis in human nor-
mal and tumor tissue array from Origene which has cDNAs
from different cancers across different grades. The qPCR results
showed aberrant expression of LOC284454 RNA in these differ-
ent cancer tissue cDNA samples (Fig. 7A). Among the several
cancers tested, the samples from breast, prostate, uterus and
kidney showed significant down-regulation in the expression of
LOC284454 while tissue samples from colon and ovarian can-
cer showed up-regulation. Since the most significant down reg-
ulation was seen in breast cancer, we also checked for its
expression in breast cancer cell lines and compared with the
normal mammary epithelial cell lines HMEC and HBL100.
Among these, T47D and MCF7 cells showed 4–5 fold reduction
in the expression (Fig. 7B). We observed higher expression of

DDX5/p68 in breast cancer cell lines when compared to normal
mammary breast epithelial cells (Fig. S5) which is also corrobo-
rated by other studies [38,39]. This shows that there might be a
potential association between LOC284454 lncRNA and p68 in
breast cancer which needs further investigation. Additionally,
we also examined LOC284454 RNA expression in cDNAs of 35
breast cancer patients compared with 25 normal mammary epi-
thelial tissues (see Table S13 for breast cancer tissue details). As
shown in Fig. 7C, LOC284454 RNA expression was significantly
lower in these breast cancer tissues with high statistical
significance.

Downregulation of LOC284454 RNA expression perturbs
expression of a subset of genes in HEK293T cells

In order to explore the biological function of LOC284454 RNA,
we used the approach of RNA-Seq analysis following siRNA
mediated down-regulation. This approach has been widely used
in the literature including our report on mrhl lncRNA [17]. We
designed a pool with two individual siRNAs against LOC284454
RNA and transfected into HEK293T cells. As shown in the
Fig. 7D we observed more than 65% downregulation after
48 hours of post transfection. Total RNA was extracted and sub-
jected to RNA-Seq analysis using Illumina Sequencing platform.
Since the primary transcript of LOC284454 RNA also contains
the miR-23-a»27a»24-2 cluster, it was necessary for us to see
the effect of siRNA treatment on the levels of miRNA23a,
miR24-2 and miR27a precursors. We used stem-loop-RT-qPCR
method to quantitate the levels of miRNAs [40]. As can be seen
in Fig. 7E we did not observe any discernable changes in the lev-
els of these miRNA precursors, giving us confidence to go ahead
and examine the effect of down-regulation of LOC284454 RNA
on global gene expression. The differential global gene expression
of genes upon LOC284454 silencing was analyzed using Tophat
and cufflinks software [41]. We observed a subset of 95 differen-
tially expressed genes (DEGs) with log2 fold change > 0.3, p-
value �0.01 which included 56 down-regulated (Table S3) and
39 up-regulated genes (Table S4). Gene ontology (GO) analysis
in PANTHER of these differentially expressed genes (Table S5
and S6) revealed that they belong to cellular process (45.1%),
metabolic process (36.6%), development (18.3%), response to
stimulus (15.9%) and biological regulation (12.2%) (Fig. 7F). To
validate RNA-Seq analysis we performed RT-qPCR analysis of
selected down-regulated genes with p value � 0.001 such as
PLOD2, PFKFB3, BNIP3, EGR1, CXCR4, SLC2A3, LIPA,
PPP1CC and CD44 and we selected RPL9P8, IFI44L, IFI6,
GALC, ISG15, OAS3, IFITM1 and EDA2R for up-regulated
genes with p value � 0.001 upon silencing LOC284454 in
HEK293T cells. As shown in the Fig. S6 A and B we observed
the same trend as we observed in RNA-Seq analysis. We
screened these genes in the public databases which revealed that
these DEGs are associated with various cancer phenotypes and
particularly in breast cancer (Table S7).

Since we had observed that LOC284454 expression is lower
in breast cancer samples as well as in cell lines, we wanted to
examine the expression of these perturbed genes in breast
tumor samples (refer primer details in Table S14). As expected
these selected DEGs were also differentially expressed in breast

Figure 6. LOC284454 RNA is conserved only in primates Percentage of LOC24454
and miRNA-23a»27a»24-2 cluster conserved across selected species.

RNA BIOLOGY 221



tumor cDNA samples as compared to normal breast epithelial
tissues cDNA samples (Fig. S6C, D).

Ectopic over-expression of LOC284454 in breast cancer
cells perturbs cellular growth and cell migration
characteristics

Next, we analysed the overall growth and cell migration pheno-
types of breast cancer cells upon ectopic expression of
LOC284454 RNA. For this purpose we used MCF7 and T47D

cell lines which were earlier shown to express LOC284454 RNA
at significantly lower level. These cell lines were transfected
with pcDNA alone or pcDNA-LOC284454 construct (Fig. S7)
and cellular proliferation and cell migration behavior were
monitored. As can be seen in Fig. 8A and B, there was signifi-
cant inhibition of cell growth in MCF7 and T47D cells at 72 h
post transfection at a significant level of p�0.001. Cellular
migration phenotype was monitored by wound healing assay.
These experiments were done in the presence of mitomycin C
to take care of the influence of decreased cellular proliferation

Figure 7. LOC284454 RNA expression is modulated in different cancer tissues and down-regulation of LOC284454 alters expression of selective gene sets. (A)
Expression of LOC284454 RNA in different cancer tissues by qPCR. The relative difference between the expression level in tumour sample compared to normal
samples are represented. ��- p-value �0.01; ���- p-value �0.001 calculated by unpaired two-tailed t test. (B) Expression of LOC284454 in different breast cancer
cell lines by qPCR. The data are expressed as the mean § S.E.M from three replicates. ��- p-value �0.01, two-tailed paired t-test. (C) Expression of LOC284454
in different breast tumor and normal tissues cDNA samples and normalized with TBP by qPCR. ����-p<0.0001, unpaired two tailed t test. (D) siRNA mediated
knockdown of LOC284454 lncRNA in HEK293T cells. LOC284454 lncRNA expression was normalized with b-actin by qPCR. The data are expressed as the mean
§ S.E.M from three replicates. ���-p<0.0001, paired two tailed t test. (E) Silencing LOC284454 lncRNA does not alter miRNA 23a, miR27a and miR24-2 expres-
sion. All miRNA expressions were normalized with U6 snRNA, NS refers to non-significant. (F) Gene ontology analysis by PANTHER showing the different biolog-
ical processes perturbed upon LOC284454 loss of function.
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on the outcome of this experiment. The results of wound heal-
ing assay shown in Fig. 8C and D showed that ectopic expres-
sion of the lncRNA resulted in the retardation of cellular
migration (50%) in T47D cells and (40%) in MCF7 cells 48 h
post-transfection.

Overexpression of LOC284454 RNA in HEK293T cells
perturbs expression of a different set of genes

Since, ectopic expression of LOC284454 in breast cancer cells
inhibited cell growth and cellular proliferation, the immediate
question that arises is its effect on global gene expression. Since,
we had already done loss of function studies in HEK293T cells
we also carried out the RNA-Seq analysis in HEK293T cells
upon ectopic overexpression of LOC284454 and then validated
a set of perturbed genes in breast cancer cells and also in breast
tumor tissues. The relative fold change of expression was
approximately 15 fold in LOC284454 overexpressed cells
(Fig. 9A). After RNA-seq analysis the data was analyzed as
described earlier. We observed a total of 3357 transcripts that
were differentially expressed with log 2 fold change > 0.6, with
a p-value cut off of p <0.01 and FDR of <0.03 which included

3210 downregulated (Table S8) and 147 upregulated (Table S9)
transcripts. Genes were classified based on gene ontology with
PANTHER. A high percentage of genes which were differentially
expressed belonged to biological processes like metabolic process,
cellular process and biological regulation (Fig. 9B). Further func-
tional classification showed that LOC284454 RNA overexpression
perturbs the expression of genes belonging to a subcategory of
heteromeric G protein, tubulin, centromeric DNA binding pro-
teins, transcription factors etc. (Fig. 9C). Subsequent KEGG
pathway analysis showed that among the different pathways,
maximum number of genes belonged to pathways implicated in
cancer followed by focal adhesion and regulation of actin skele-
ton (Fig. 9D, Table S10-S12). We observed down-regulation of
apoptotic pathway genes as CASP8, CASP9 and BAX and up-
regulation of tubulin related genes as TUBA1C, TUBB2A,
TUBA1A and TUBB2C in both MCF7 and T47D cells
(Fig. S7C, D). Since, we observed earlier that overexpression of
LOC284454 in MCF7 and T47D cells resulted in reduced migra-
tion characteristics, we examined the expression pattern of
selected genes belonging to focal adhesion pathway and migra-
tion by RT-qPCR in LOC overexpressing MCF7 and T47D cells.
As shown in Fig. 9E and F we did indeed observe down-

Figure 8. Effect of LOC284454 overexpression on proliferation and cell migration of breast cancer cells. (A) and (B). Cell proliferation assays depicting the change in prolif-
eration of MCF7 and T47D cells. Proliferation was measured in terms of OD at 570nm. LOC284454 overexpressed cells showed reduced proliferation 72h post transfection.
The data are expressed as the mean § S.D from three replicates. �- p-value �0.05; ��- p-value �0.01. (C) and (D). Wound healing assays were carried out in the presence
of Mitomycin C in LOC284454 overexpressed MCF7 and T47D cells. After 24h of post transfection, cells were exposed to 10mg/ml of MMC and cell monolayer was
scratched with a sterile pipette tip. Phase-contrast microscopic images were taken at the indicated time points. The difference in migration upon LOC284454 overexpres-
sion in MCF7 and T47D cells are calculated. The data are expressed as the mean § S.D from three replicates. �-p<0.05, ���-p<0.0001, paired two tailed t test.
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regulation of COL2A1, COL4A1, COL6A1 and ITGA2 gene in
both these cell lines. Interestingly, we also observed higher
expression of COL2A1, COL6A1, EGFR, FLNB, ITGA2,
LAMA1 breast cancer tumor tissues (Fig. 9F).

Discussion

DDX5/p68 protein is the prototypic member of the DEAD box
family of RNA helicases that play important roles in various
aspects of RNA metabolism including pre-mRNA processing,

RNA turnover, nuclear RNA export, ribosome biogenesis and
translation [42]. It also functions as an important coactivator of
estrogen-receptor alpha in complex with SRA [43,44]. Interest-
ingly, p68 together with SRA interacts with CCCTC-binding
factor (CTCF) and cohesions [14], suggesting that it may also
be involved in 3D organization of chromatin loops in the
nucleus. P68 was found to form a complex with the RBP-J/
Notch coactivator and activates several Notch target genes [45].
Recent reports from our laboratory have also shown that p68
interacts with mrhl lncRNA and modulates Wnt signalling in

Figure 9. Overexpression of LOC284454 alters global gene expression. (A) Extent of overexpression of LOC284454 transcript in HEK293T cells. Transfection with overex-
pression construct results significant increase in LOC284454 transcript compared to empty vector containing cells. ��- p-value �0.01; paired two-tailed t test. (B) Gene
ontology analysis by PANTHER showing the different biological processes perturbed upon LOC284454 overexpression. (C) Over-representation of particular classes of pro-
tein as tested by PANTHER analysis. The Binomial test using Bonferroni correction was used to determine the statistical overrepresentation in the PANTHER protein class.
The over-representation was calculated as genes in an input list relative to the genes in the inference list. (D) KEGG Pathway enrichment analysis of the genes using
DAVID. (E and F) qPCR validation of selected genes related to focal adhesion pathway in MCF7 and T47D cells after LOC284454 overexpression. The data are expressed as the
mean § S.E.M from three replicates. Paired two-tailed t test, �-p<0.05, ��-p<0.001, ���-p<0.0001 and NS-Non-significant (G) RT-qPCR validation of selected genes related to
focal adhesion in breast cancer tumor (8 samples) and normal tissue (4 samples) cDNA samples and normalized with TBP. ���-p�0.0001, unpaired two tailed t test.
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mouse spermatogonial cells [19,46]. In the context of such a
diversity of functional role of p68 in mammalian cells, we sur-
mised that it might interact with many more lncRNAs in the
nucleus and therefore we were encouraged to identify complete
repertoire of the RNA molecules that interact with the p68 pro-
tein in human cells. Here we report identification of several
p68 interacting RNAs ranging from mRNAs, ribosomal RNAs,
snRNAs, snoRNAs, miRNAs, and lncRNAs and characterized
one such lncRNA LOC284454. The single exonic LOC284454
lncRNA is one of the top 5 hits which has an interesting geno-
mic architecture. LOC284454 RNA is a part of the primary
transcript that harbors the miR-23a»27a»24-2 cluster. It is
interesting to note that miR-23a»27a»24-2 cluster sequence is
highly conserved across all the mammalian species. On the
other hand, the LOC284454 RNA sequence is found only in pri-
mates. During the evolutionary process, LOC284454 has
acquired the primate specific Alu sequences which are repeti-
tive mobile genetic sequences that have contributed widely to
genome evolution [34]. Integration of Alu elements is believed
to be associated with maturation and gain of function in non-
coding RNAs during the evolutionary process [47]. Alu regions
which have been termed as Repeat Insertion Domains of
LncRNAs (RIDLs) can act as RNA, DNA and protein binding
domains that are essential for lncRNA function [48]. In the
ANRIL non-coding RNA, Alu sequence is the key regulatory
element responsible for ANRIL-mediated trans-regulation of
gene expression by recruiting epigenetic effector protein at the
promoter of target-genes [49]. Similar epigenetic trans-regula-
tion of gene networks might be relevant for other lncRNAs as
well. It remains to be seen in the future the functional contribu-
tion of Alu sequences in LOC284454 RNA.

Differential expression of LOC284454 RNA in some of the
cancer cDNA samples gave us a clue that this RNA may have
important biological function(s). Towards this objective, we took
the approach of both silencing as well as ectopic overexpression
of this RNA in HEK293T cells. Silencing of this RNA resulted in
perturbation of only a subset of genes (36 up-regulated and 59
down-regulated) among which many genes are also shown to be
perturbed in breast cancer [50–69]. The association of these
genes in the breast cancer was further validated by RT-qPCR
analysis in both breast cancer cell lines as well breast cancer tis-
sue samples. Ectopic overexpression resulted in perturbation of a
much larger set of genes (147 up-regulated and 3210 down-regu-
lated) among which one of the class of genes belonged to focal
adhesion and cell migration characteristics which were further
validated by RT-qPCR analysis of breast cancer cell lines and
breast cancer tissue samples. Interestingly, although the set of
genes which are perturbed in loss and gain of function condi-
tions are different, many of them are associated with breast can-
cer pathobiology. The transcriptome profiling of LOC284454
RNA overexpressing cells also identified focal adhesion pathway
genes as one of the major group to be perturbed followed by reg-
ulation of actin skeleton. Formation of the extracellular matrix is
essential for processes like growth and migration. Focal adhe-
sions are large protein complexes organized at the basal surface
of cells, which physically connect the extracellular matrix to the
cytoskeleton and have long been speculated to mediate cell
migration [70]. Perturbation of gene expression associated with
these pathways might contribute to the decrease in proliferation

capacity as well as cellular migration characteristics of T47D and
MCF7 cells [70]. In recent years, the molecular mechanisms by
which lncRNAs regulate gene expression are being worked out
for many of these RNAs. In this context, it would be interesting
to see how LOC284454 RNA regulates gene expression in human
cells particularly since it is predominantly localized on the chro-
matin (Fig. 5F) which we are presently addressing.

Dysregulated expression of lncRNAs in cancer, marks the
spectrum of disease progression and also serve as an independent
prognostic predictor for patient survival [71] as exemplified by
NEAT1 and MALAT1. The lncRNA MALAT1 is up-regulated
in many solid tumors and is associated with cancer metastasis
and recurrence [72]. NEAT1 is significantly up-regulated in
breast cancer cells and is also involved in the transformation of
myeloid cells into promyelocytic leukemia (APC) [73]. An
emerging concept in the area of lncRNA biology is that the
lncRNA which is overexpressed in some cancer may behave as
an oncogene and that which is under expressed may function as
a tumour-suppressor gene [74]. Many of these lncRNAs, whose
expression is perturbed in cancer, are also being considered as
potential biomarkers as well as possible targets of therapeutic
intervention [75]. In this context, it is interesting to point out
that the expression of LOC284454 is upregulated in the colon
and ovarian cancer in contrast to breast cancer the significance
of which needs to be addressed in future investigations.

The expression of miR-23a»27a»24-2 cluster which is
embedded in the LOC284454 RNA primary transcript is also
perturbed in many disease phenotypes including cancer.
Expression of these miRNAs are up-regulated in acute lympho-
blastic leukemia, acute myeloid leukemia, chronic lymphocytic
leukemia, breast cancer, gastric cancer, cholangiocarcinoma
cells and hepatocellular carcinoma cells (HCC) as compared to
their respective normal cells [25]. Thus both the RNA products
of the LOC284454 RNA locus (miRNA cluster and LOC284454
RNA) do influence biological process related to cancer pheno-
type. An interesting question that arises in the present context
is regarding the dynamics of the biogenesis of the two distinct
classes of non- coding RNAs and how they are regulated. It will
also be interesting to see, if there is any functional overlap of
micro RNAs of the miRNA cluster and the LOC284454 RNA in
normal cellular physiology and also in cancer pathophysiology.
Another major outcome of the present investigation is the iden-
tification of a complete repertoire of single exonic lncRNAs that
interact with the DDX5/p68 helicase protein. Elucidation of the
functional roles of these lncRNAs in association with the p68
will not only give valuable insights into the regulatory networks
involving the lncRNAs but also add to the complexity of the
already existing pleiotropic function of the p68 protein.
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Cell line and reagents

Human embryonic kidney cell line HEK293T, human breast
cancer cell lines T47D, MCF7, MDAMB231, HCC1806, BT474
and normal breast epithelium cell lines HBL100 and HMEC
were cultured in DMEM (Life Technologies) supplemented
with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco)
at 37�C and 5% CO2. All fine chemicals were purchased from
Sigma Aldrich and Life Technologies unless otherwise
specified. Anti-p68 antibody was purchased from Novus bio-
logicals. Following antibodies were obtained from Abcam:
Anti-SF2 (ab38017), Anti-RPL7 (ab72550) and Anti-Histone
H3 (ab46765). Drosha siRNAs (SASI_Hs02_00321994,
SASI_Hs02_00321996) were purchased from Sigma Aldrich.

p68 RIP-seq

RIP was carried out using the protocol as described with minor
modifications [76,77]. Briefly, HEK293T cells were lysed in RIP
buffer containing 0.5% Nonidet P-40, 150 mM NaCl, 2 mM
MgCl2, 1 mM DTT, 0.1 mM EDTA, 10% glycerol, 5 mM
vanadyl ribonucleoside complex (VRC), 100 U/ml RNase
inhibitor and 1X protease inhibitor cocktail (Roche). The lysate
was pre-cleared by centrifugation and the supernatant was
incubated with anti-p68 antibodies or pre-immune IgG over-
night at 4�C. RNA-protein complexes were captured with anti-
body coupled protein A agarose beads, washed with RIP buffer
and treated with RNase free DNase I. RNAs were isolated using
the Trizol method. Approximately 200 ng of RNA from both
IP and control (pre immune IgG) pull-down were converted to
cDNA using random hexamer primer. The cDNA pool were
fragmented, end repaired and adapters were ligated to generate
the cDNA libraries. Sequencing was carried out on Illumina
HiSeq 2000 platform. The low quality reads, mitochondrial
genome derived RNAs and adapter sequences were removed.
The remaining sequences were aligned to the reference genome
hg19/GRCh37 assembly using TopHat program version 2.0.8.
The transcripts having reads less than 10 were filtered out.
Peak calling was carried out with Piranha (version 1.2.0) [20].
Reads for IP and control were increased by 2 to avoid division
by zero and the enrichment ratio for the genes was calculated
by counts in IP/counts in control. The classification of the
RNA types was carried out as per ENSEMBLE database.

Coding potential and evolutionary conservation analysis

Coding potential of LOC284454 RNA was analysed by four
online tools Coding Potential Calculator (CPC) [27], Phyloge-
netic Codon Substitution Frequencies (PhyloCSF) [29], Coding
Potential Assessment Tool (CPAT) [28] and PORTRAIT [30].

To predict the evolutionary pattern of LOC284454 and its
associated three miRNAs, first, the 26 mammalian genomes
were selected whose phylogenetic relationship goes back to a
common ancestor between 100 and 130 MYA [78,79]. Based
on the Evolinc II pipeline [31] blastn was performed against
the 26 selected mammalian genomes separately for LOC284454
(1774 nt) and the miR-23a»27a»24-2 cluster (381 nt)
sequence (obtained from the region where three LOC284454
associated miRNAs resides in the Human GRCh37.p13

assembly) using word size of 8 and match/mismatch scores of
1/-2 using CoGe/CyVerse Server.

RNA fluorescence in situ hybridization

RNA-FISH was performed as described earlier with minor
modifications [20]. HEK293T cells cultured on poly-lysine
coated glass coverslips were fixed with 4% formaldehyde and
10% acetic acid, dehydrated in 70% ethanol and permeablized
with 0.01% Triton X-100. After permeabilization, cells were
washed twice with PBS and prehybridized for 1 h in 2X SSC
containing 10% dextran sulfate, 2 mM VRC, 0.2% BSA, 40 mg
of Escherichia coli tRNA, 50% formamide, and 200 mg/ml
sheared single-stranded salmon sperm DNA. 100 nM FITC-
labeled LOC284454 specific LNA probes (Exiqon) were added
in the same buffer and allowed to hybridize for 8 h at 45�C in a
moist chamber. Cells were washed twice in 50% formamide
containing 2X SSC followed by 0.5 X SSC with 50% formamide
and 0.1% SDS. The cover slips were mounted subsequently on
glass slides with 90% glycerol in PBS containing 1 mg/ml DAPI.

Interaction of LOC284454 with p68 in vivo

For in vivo RNA pull-down experiments, the S1 aptamer
approach was used as described [80]. HEK293T cells were
transfected with pcDNA-LOC284454-S1 construct using Lipo-
fectamine 2000 (Invitrogen). 24 h post-transfection, cells were
harvested and lysed in buffer containing 10 mM Tris-HCl, pH
8.0, 150 mM NaCl, 5 mm MgCl2, 0.1 mM EDTA, 1 mM DTT,
0.5% Triton X-100, 5% glycerol,1 mM PMSF and protease
inhibitor cocktail. The lysate was centrifuged at 20000 g at 4�C
for 30 min. 20 ml streptavidin magnetic beads (Invitrogen)
were added to the clarified lysate and incubated for 4 h at 4�C.
Beads were washed three times with the lysis buffer, boiled
with SDS gel loading dye and proteins were analyzed on 10%
SDS PAGE. The presence of p68 in the pull-down fraction was
ascertained by western blot analysis.

RNA stability assay

For RNA stability assay, 5 £ 105 HEK293T cells seeded per 10-
cm-diameter dish were cultured for 24 h in regular medium;
subsequently, it was replaced by fresh medium with 10mg/ml of
Actinomycin D (Invitrogen) or vehicle (DMSO). At each time
point (0, 1, 3, 6 and 8 h) cells from a control dish and a treated
dish were harvested for RNA extraction. RT-qPCR was used
for measuring LOC284454 expression and18S rRNA as a con-
trol. Half-lives were calculated by fitting a nonlinear regression
model of one-phase exponential decay (constraint = plateau
>0) using GraphPad Prism software version 5.04.

In vitro transcription-translation, northern blotting,
chromatin oligo affinity purification (ChOP) and
subcellular fractionation

The linearized pcDNA-LOC284454 was used as a template and
coupled transcription-translation reaction was carried out with
the Promega TnT quick-coupled transcription/translation sys-
tem. Transcription was monitored by RT-PCR and translation
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was monitored by incorporation of 35S methionine. The reac-
tion products were resolved on 15% SDS-polyacrylamide gel
and the incorporation of 35S during translation was analysed by
phosphor imaging. Northern blotting was carried out as
described previously with minor modifications [16]. Approxi-
mately 30 mg of total RNA from HEK293T cells were dena-
tured for 15 min at 65�C and loaded on to 4% PAGE
containing 7 M urea. Radiolabelled probes were prepared by
nick translation using NEB Blot Kit (New England Biolabs) fol-
lowed by hybridization overnight at 42�C. The membrane was
washed twice in 2X SSC, 0.5% SDS at room temperature and
once each in 1X SSC, 0.1% SDS at 42�C and 0.1X SSC, 0.1%
SDS at 42�C and exposed to a Phosphor Imager screen.

ChOP analysis was performed as described previously [46].
HEK293T cells over expressing LOC284454 RNA were fixed
with 1% formaldehyde for 10 min at room temperature with
gentle shaking. The reaction was quenched with 125 mM gly-
cine for 5 min and the cells were further processed for oligo
affinity purification using ChOP oligonucleotide (Table S14).
Subcellular fractionation was carried out as described [81].

Chromatin immuno precipitation (ChIP)-PCR

HEK293T cells were cross-linked with 1% formaldehyde,
washed with PBS and resuspended in ChIP incubation buffer
(0.1% SDS, 0.5% Triton X-100, 20 mM Tris-HCl, pH 8, and
150 mM NaCl), and sheared using a Bioruptor sonicator (Dia-
genode), to yield a size range of 200–600 bp. Samples were cen-
trifuged for 15 min, precleared using protein A-agarose beads
(Invitrogen) and incubated with 3 mg of histone H3 antibody
or 3 mg of control IgG for 12 h at 4�C. The immune complexes
were captured with protein A beads for 2 h at 4�C. The beads
were washed with high salt buffer and low salt buffer followed
by incubation with elution buffer (1% SDS, 0.1 M NaHCO3)
supplemented with proteinase k (80 mg/ml). The RNA associ-
ated with ChIP fraction was isolated by the Trizol method and
the enrichment of LOC284454 was checked by fold change rela-
tive to U1snRNA by real time PCR.

siRNA mediated silencing of LOC284454

For downregulation of LOC284454 with small interfering RNAs
(siRNA), HEK293T cells were transfected with a pool of two
individual siRNAs (N-189518-02-0050 and N-189518-03-
0050) from Dharmacon (Thermo Scientific) targeting
LOC284454 or scrambled silencing siRNA (D-001320-01-20),
according to the manufacturer’s transfection protocol as previ-
ously described [17]. Total RNA was extracted using Trizol
reagent and reverse transcription was carried out with Rever-
tAid first strand cDNA synthesis kit (ThermoScientific, USA)
according to the manufacturer’s protocol.

Quantification of miRNA23a, miR-27a and miR24-2
amplification

Total RNA was extracted using Trizol reagent and reverse tran-
scription was carried out with RevertAid first strand cDNA
synthesis kit (ThermoScientific, USA) according to the manu-
facturer’s protocol. Stem loop primers were designed for pri-

miR-23a, pri-miR-27a and pri-miR-24-2 and cDNA has been
amplified [40]. Analyses were carried out using SensiFAST
SYBR No-ROX Kit (Bioline, USA). For measurement of
miRNA-23a, miRNA-27a, and miRNA-24-2, U6 snRNA was
selected as a reference gene and RT-qPCR were conducted
under the conditions of 40 cycles of 10-min incubation at 95�C,
15-s incubation at 95�C, and 1-min incubation at 60�C. Pri-
mers (forward and reverse) of miRNA-23a, miRNA-27a, and
miRNA-24-2 for qPCR are listed in Table S14. The value of
gene expression was calculated with 2–DDCt method.

Expression pattern of LOC284454 in cancer cDNA panel

Expression level of LOC284454 was checked in different cancer
tissue cDNAs obtained from Origene (CSRT303). The descrip-
tion of the tumour samples in this panel can be obtained at
http://www.origene.com/qPCR/Tissue-qPCR-Arrays.aspx.
Quantitative reverse transcriptase-PCR (qRT-PCR) was per-
formed using SYBR master mixes and expression levels were
normalized to b-actin expression. Quantitative expression data
were acquired using ABI-Prism 7900HT Sequence Detection
System (Applied Biosystems), and results were analysed by the
2–DDCt method.

Patients details

Tumor samples from breast cancer patients were obtained who
presented at the Kidwai Memorial Institute of Oncology
(KMIO) Bangalore. The status of estrogen receptor (ER), pro-
gesterone receptor (PR), Her2/neu, and pathological data like
tumor grade, size and lymph node status were obtained from
the pathology records of the respective patients. Patient details
and samples chosen for LOC284454 expression analysis are
provided in Table S13.

Cloning of the LOC284454 RNA gene

The LOC284454 gene specific primers that incorporated 5 0
BamHI and 3 0 XbaI restriction sites were used to amplify the
LOC284454 transcript from HEK293T cell derived cDNA
which was cloned into the plasmid vector pcDNA3.1(+) vector
immediately after the CMV promoter to generate pcDNA-
LOC284454. To attach the S1 aptamer sequence at the 3 0 end of
LOC284454, a separate reverse primer was designed that con-
tains the S1 aptamer sequence immediately after the
LOC284454 complementary region. The LOC284454-S1 PCR
product was subsequently cloned into pcDNA3.1 (+) to obtain
pcDNA-LOC284454-S1 construct.

Transcriptome sequencing and analysis

Total RNA was isolated from HEK293T cells upon silencing of
LOC284454 RNA (48h) or overexpression of LOC284454 RNA
in HEK293T cells after 48 h of post transfection using TRIzol
Reagent. Transcriptome sequencing was carried out using Illu-
minaHiSeq 2500 platform. We used bowtie2 (version 2.2.2), in-
house Perl scripts and picard tools (version 1.119) to remove
contamination and used TopHat (v2.0.8) with default parame-
ters to align the sequence reads to the reference genome of
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Human (Hg19) downloaded from Ensembl Release 75 data-
bases. Later, Cuffdiff (v2.2.0) program [41] was used to identify
the differentially expressed genes. For biological replicates,
transcripts with P-adjust of < 0.05 were deemed differentially
expressed between two groups.

Gene ontology and panther analysis

Gene ontology terms for mRNAs in loss and gain of function of
LOC284454 RNA was performed in PANTHER [82] and
KEGG pathway analysis were determined using the DAVID
program [83].

Validation of sequencing data by qPCR

To validate the loss of function of LOC284454 RNA-sequencing
data, nine most modulated genes from each downregulated and
upregulated gene list related to breast cancer were chosen. For
gain of function of LOC284454 RNA-sequencing data, genes
related to apoptosis, focal adhesion and migration pathways
were chosen and qPCR were performed using BioRad CFX96
Real-Time PCR System and SensiFAST SYBR® No-ROX Kit
(Bioline Reagents Ltd). Each qPCR reaction (in 25 mL) involved
12.5 mL 2x SensiFAST SYBR No-ROX Mix, 1 mL of each
primer, 2 mL cDNA and 8.5 mL H2O. The cycling conditions
included an initial single cycle (95 �C for 3 min), and followed
by 40 cycles (95 �C for 15 s; 57–60 �C for 15 s; 72 �C for 20 s).
All amplifications were followed by dissociation curve analysis
of the amplified products. Specific primers were designed using
the NCBI, specificities were confirmed with BLAST and gene
expression levels were normalized with b-actin or GAPDH to
attain the relative expression by using 2¡DDCt value methods
(Table S14).

Cell proliferation and migration assays

Cell proliferation was assessed by the alamarBlue (Life Tech-
nologies) assay, as per manufacturer’s protocol. T47D cells and
MCF7 cells were transfected with pcDNA-LOC284454 con-
struct and pcDNA control vector in a 96-well plate. 24, 48 and
72 h post transfection, 10% alamarBlue was added to the cells
and incubated for 4 h. Cell proliferation was measured by mon-
itoring the absorbance at 570 and 600 nm using a microplate
reader. For cell migration assay, cells were transfected with
pcDNA-LOC284454 and pcDNA negative control vector in a
6-well plate. The cells were incubated with 10 mg/ml mitomy-
cin C (Sigmaaldrich, USA) for 2 h prior to the scratch assay.
24 h post transfection a sterile p200 tip was used to create a
scratch on the monolayer. The plate was washed once with the
desired medium and cell migration was monitored at various
time points. 3 scratches were made per plate and at least 3
images per scratch were taken and the distance between the
sides of the scratch to other were measured by ImageJ software.

Statistical analysis

All statistical data were analysed by GraphPad Prism 5 soft-
ware. Two-tailed Student’s t-test and two way ANOVA tests
were used as appropriate, and P < 0.05 was considered

statistically significant. Bar graphs show the mean § SEM of
biological replicates.
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