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A B S T R A C T

Noncoding RNAs are increasingly being accredited with key roles in gene regulation during development and disease. Here we report the discovery and char-
acterization of a novel long noncoding RNA, Hmrhl, which shares synteny and partial sequence similarity with the mouse lncRNA, Mrhl. The human homolog, Hmrhl,
transcribed from intron 14 of phkb gene, is 5.5 kb in size, expressed in all tissues examined and is associated with chromatin. Analysis of Hmrhl locus using ENCODE
database revealed that it exhibits hallmarks of enhancers like the open chromatin configuration, binding of transcription factors, enhancer specific histone signature
etc. in the K562 Chronic Myelogenous Leukemia (CML) cells. We compared the expression of Hmrhl in the normal lymphoblast cell line, GM12878, with that of
K562 cells and lymphoma samples and show that it is highly upregulated in leukemia as well as several cases of lymphoma. Further, we validated the enhancer
properties of Hmrhl locus in K562 cells with the help of ChIP-qPCR and Luciferase assay. Moreover, siRNA mediated down-regulation of Hmrhl in K562 cells leads to
a concomitant down regulation of its parent gene, phkb, showing that Hmrhl functions as an enhancer RNA and positively regulates its host gene, phkb, in chronic
myelogenous leukemia. This study is significant in view of the fact that a better understanding of mechanism of gene regulation under normal conditions and its
perturbation in cancer could in turn help in its therapeutic intervention through molecular medicine/RNA based drug discovery.

1. Introduction

Genome projects have revealed the fact that mammalian genome is
transcribed virtually in entirety, but only a fraction of it is translated
[1], thus generating a plethora of noncoding RNAs (both long and short
noncoding RNAs), the functions of a vast majority of which are yet to be
determined. There has been a recent spurt in the studies of long non-
coding RNAs (lncRNAs), demonstrating diverse roles not only in gene
regulation during development and disease but also in evolution and
complexity of organisms [2,3]. Enhancers constitute one such category
of regulatory noncoding sequences that enhance the expression of their
coding counterparts irrespective of their position, orientation and dis-
tance [4–6]. Any variation in enhancer sequence could lead to altered
gene expression and consequent disease conditions [7]. Besides, super
enhancers have been identified which consist of clusters of enhancers
that are mainly associated with genes that define cell identity [8–10].
Recently, it has been observed that enhancers are actively transcribed
giving rise to enhancer RNAs (eRNAs), making them the latest addition
to the ever expanding list of regulatory noncoding RNAs. The eRNAs
play a critical role in enhancer-promoter looping to bring about the
activation of neighbouring protein coding genes [11–14]. In fact the
enigmatic association of the gene desert loci with cancer has now been
attributed to the enhancer derived long noncoding RNAs transcribed
from the gene desert loci. For example, the 8q24 gene desert locus is

known to give rise to several tissue specific long noncoding RNAs in
different human cancers. CCAT1-L (Colorectal Cancer Associated
Transcript-1) is one such enhancer RNA transcribed from a super en-
hancer region of 8q24 gene desert and has been shown to mediate long
range chromatin interactions of Myc oncogene with its enhancers [15].
Further, a set of lncRNAs named as CARLos (Cancer-Associated Region
Long noncoding RNAs), is known to be transcribed from the 8q24 gene
desert and shown to be associated with increased cancer susceptibility
[16].

Our lab had previously identified an intronic long noncoding RNA,
Mrhl (Meiotic recombination hot spot locus RNA) in mouse [17]. The
Mrhl lncRNA is 2.4 kb in size, expressed in multiple tissues in mouse
and is shown to be nuclear restricted [18]. Diverse roles have been
attributed to Mrhl in cellular processes and signalling pathways. For
example, it has been reported that Mrhl negatively regulates Wnt sig-
nalling in mouse spermatogonial cells through its interaction with p68
RNA helicase [19]. Conversely, the regulation of Mrhl by Wnt signalling
has also been reported [20]. Moreover, genome wide chromatin occu-
pancy of Mrhl and its role in gene regulation has been explored [21].
Very recently, the role of Mrhl in regulation of Sox8 expression and
meiotic commitment of spermatogonial cells has been described [22].
In the current communication, we report the identification and char-
acterization of its human homolog, Hmrhl, and show that Hmrhl
functions as an enhancer RNA for its host gene, Phosphorylase Kinase
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Regulatory Subunit Beta (phkb), in K562 Chronic Myelogenous Leukemia
cells.

2. Results

2.1. Syntenic conservation of Mrhl in humans within the phkb gene

The Mrhl long noncoding RNA is transcribed from the intron 15 of
the phkb gene located on chromosome 8 in mouse (Fig. 1.i). Noncoding
RNAs are poorly conserved across species and it had earlier been re-
ported from our lab that the Mrhl lncRNA is not conserved in human
[18]. However, a low stringency blast of Mrhl sequence revealed that it
is partially conserved in human within the same host gene, phkb, thus
sharing synteny (Fig. 1 ii). The human homolog is transcribed from the
intron 14 of the phkb gene (with respect to transcript # 201, the longest
transcript of phkb, ENSEMBLE genome browser; Fig. 1 iii). The se-
quence from the middle region of Mrhl to the 3'end is conserved in
human as two segments, with 71% identity over a stretch of 152bp and
65% identity over a stretch of 1223bp (Fig. 1 iv-v). Therefore, the

mouse Mrhl long noncoding RNA shares both synteny and partial se-
quence similarity with its human homolog, which we have named as
human Mrhl or Hmrhl.

2.2. Hmrhl is expressed in multiple human tissues

Once it became clear that the Mrhl sequence is conserved in human,
we were curious to know whether the human homolog is expressed. For
this, a cDNA panel of 16 different human tissues was obtained
(Clontech, USA) and used to examine the expression of Hmrhl by
quantitative Real Time PCR (qRT-PCR). Glycerldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control and the data
was plotted following the standard 2−ΔΔCT method. Low level of Hmrhl
expression (high cT values) was indeed observed in all of the human
tissues examined (Fig. 2a). Among all, the Hmrhl expression was
highest in Spleen and Pancreas followed by Testis and other tissues
(Fig. 2a).

Fig. 1. Blast Analysis of mouse Mrhl lncRNA identified the human homolog. i. Schematic representation of mouse chromosome 8 and the C3 cytogenetic region
which harbours the phkb gene. Mrhl is transcribed from the intron 15 of mouse phkb gene (shown as a pale green bar). ii. Blast analysis of mouse Mrhl identified the
homologous sequence in the human phkb gene. Sequence from the middle region to the 3'end of Mrhl showed high homology with its human counterpart, as indicated
by the red bars (Blue arrow). iii. Schematic representation of Human chromosome 16 and the 16q12.1 cytogenetic region where the phkb gene is located. Hmrhl
(shown in deep green color) is transcribed from the intron 14 of the human phkb gene. iv-v. Sequences in the human genome sharing homology with Mrhl (GrCh37).
Note the stretches of 71% (iv) and 65% identities (v) of the query sequence, Mrhl, against the human phkb gene (only part of the sequence shown here).
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2.3. Hmrhl is 5523bp in size, much larger than its mouse counterpart

For a detailed characterization of Hmrhl lncRNA, we used the most
commonly available commercial cell line, human embryonic kidney
cells (HEK293T) as well as the K562 CML cells. Hmrhl sequence was
cloned in pGEM3Zf(+) vector to generate a template for a northern
probe. The Hmrhl specific probe detected a single band in the northern
blot indicating the presence of the Hmrhl transcript (Fig. 2b), the size of
which was much larger (~5 kb) as compared to Mrhl (2.4 kb). In order
to determine the exact size of Hmrhl lncRNA, Primer Walking method
was further employed to reach the ends of Hmrhl cDNA from the
middle, conserved region. Commercially available panel of human
cDNA of different tissues (Clontech, USA), as well as the HEK293T
cDNA was used in combination with different overlapping sets of pri-
mers (Supplementary Fig. S1). This experiment revealed the size of
Hmrhl to be 5523bp, corresponding to chr16: 47658923–47664446 on
GRCh37/hg19, the genome build available at the time of mapping and
chr16: 47625012–47630534 on GRCh38/hg38, the current genome
build. The sequence for Hmrhl is submitted to the NCBI (Genbank ID
MF784605, Supplementaery Fig. S2).

We next investigated the coding potential of Hmrhl with NCBI ORF
Finder which showed the presence of 1510bp long ORF (Supplementary
Fig. S3), though its translation is highly unlikely as discussed in sup-
plementary data. To further examine the plausible coding potential of
Hmrhl, the online tools CPAT analysis (Supplementary Fig. S4) and
PhyloCSF were used (see methods section for details) showing and
strongly advocating that no approximate coding regions or novel
coding regions are present (Fig. 2c).

Syntenic conservation of Hmrhl allowed us to further explore its
sequence conservation across species through evolution. Phylogenetic
tree for Hmrhl was generated using Circular phylogenetic tree built in
iTOL (Interactive Tree of Life), as shown in Fig. 2d. Among the twenty-
three-selected species, the Hmrhl sequence seems to have its closest
similarity with the conserved region present in the Gorilla followed by
Chimp, although the single exonic Hmrhl carries a definite region that
appears to be highly conserved among primates.

2.4. Hmrhl is nuclear restricted and associated with the chromatin

Next we investigated the localization of Hmrhl in subcellular

Fig. 2. Expression and coding potential analysis of Hmrhl. a. Quantitative real time PCR analysis of Hmrhl expression showed that it is expressed in all human
tissues (Brain, Heart, Kidney, lung, liver, pancreas, spleen, thymus, small intestine, colon, skeletal muscle, testes, prostate, ovary, placenta, leukocyte, from left to
right) examined. Lowest expression was found in skeletal muscle (SM) which was taken as control, the level of which was considered as 1 and all others were plotted
in comparison to it. Highest expression was seen in spleen (spln) followed by pancreas (Pnc), testis (Tst) and other tissues. b. Northern blot detection of Hmrhl. Total
RNA from HEK 293T and K562 cell lines were separated on agarose gel and subsequently hybridized with DIG labelled Hmrhl specific riboprobe to detect the
transcript (i). In parallel, methylene blue staining was used to determine the size of HMRHL, using 28 S rRNA (5 kb) and 18s rRNA (1.9 kb) as reference (ii). Note that
the size of Hmrhl is similar to that of 28s rRNA, revealing that Hmrhl is about 5 kb in size. c. Protein-coding potential as determined by Broad Institute's PhyloCSF
data and visualized in UCSC Genome Browser, showing that Hmrhl has no coding potential. d. Circular phylogenetic tree built in iTOL (Interactive Tree of Life).
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compartments. In order to determine the localization of Hmrhl, we
carried out the subcellular fractionation of HEK293T cells. Cells were
fractionated into cytoplasm and nucleus and assayed for the presence of
Hmrhl transcript by quantitative real time PCR. qRT-PCR data indicated
the enrichment of Hmrhl transcript primarily in the nucleus, not in the
cytoplasm (Fig. 3a). Having observed in the nucleus, we asked further
whether it is associated with chromatin. To address this, we fractio-
nated nucleus further into nucleoplasm and chromatin and it clearly
showed that Hmrhl is associated mostly with chromatin (Fig. 3b). In
parallel, we also performed the semiquantative RT-PCR to further
evaluate the Hmrhl transcript in nucleus and chromatin fractions and
we observed the similar result, Hmrhl is in the chromatin within the
nucleus (Fig. 3c-d). Each fraction was parallelly examined for its purity
by Western blot analysis (Fig. 3e-f). GAPDH was used as cytoplasmic
marker and histone H3 and p68 as chromatin and nucleoplasmic mar-
kers, respectively (Fig. 3e-f). In addition, we also performed chromatin
immunoprecipitation of histone H3(H3-ChIP) to pull down the H3 as-
sociated chromatin and scored for Hmrhl. Analysis by qRT-PCR and
Western blot indicated that Hmrhl is co-precipitated with H3 (Fig. 3g-
h). Taken together, these observations confirmed that Hmrhl is nuclear
restricted and chromatin bound lncRNA.

2.5. Analysis of Hmrhl locus using ENCODE portal

Data from the ENCODE Project Consortium [1] (visualized through
the UCSC genome browser) was analysed exhaustively with respect to
the Hmrhl cytogenetic region and the parent phkb gene to gain an in-
sight into the structural and functional properties of Hmrhl. Re-
markably, the ENCODE database revealed several interesting facts
about Hmrhl genomic interval as discussed below.

2.5.1. Hmrhl has acquired several repeat elements during evolution
A comparison of the genomic sequences in and around Hmrhl region

from lower to higher vertebrates showed that the sequence appears to
have been acquired initially in lower mammals like platypus during
evolution and then evolved rapidly by insertion of repeat elements,
especially in primates. Hmrhl has acquired seven different repeat ele-
ments in humans, L2b, L2c, MIR, Charlie 15a, AluY, L1PA3 and AluSx
(Repeat Masker), which flank the unique central region (Fig. 4). While
the central region is highly conserved from lower to higher mammals,
the repeat elements present in Hmrhl are absent in lower organisms,
including rodents. The mouse homolog has only one repeat element,
RLT, which is not present in Hmrhl (data not shown).

2.5.2. Hmrhl locus exhibits hallmarks of enhancer in K562 CML cells
Encode database represents a true encyclopaedia of DNA elements

and offers valuable information regarding various properties of the
chromatin like DNAse hypersensistive sites, transcription factor binding
sites and transcriptional status, histone signature etc., across different
cell types; through diverse organisms.

Interestingly, ENCODE database shed light on the fact that Hmrhl
locus exhibits hallmarks of enhancers in the Chronic Myelogenous
Leukemia cell line, K562. Hmrhl locus is associated with open chro-
matin configuration and the presence of DNAse hypersensitive sites in
the K562 cells but not so in the normal lymphoblast cell line, GM12878
(Fig. 5a). Moreover, Hmrhl locus exhibits the binding of EP300, histone
signatures, H3K27Ac and H3K4Me1, that mark the enhancers as well as
the H3K4Me3 signal, which marks the promoters, in K562 cells
(Fig. 5a). Particularly, the H3K27Ac enhancer mark is in the form of
two distinct peaks at the 5′ end of Hmrhl (Fig. 5a). We validated these
enhancer marks at Hmrhl locus using ChIP-qPCR (Fig. 5b–c). Further-
more, Chip-seq data from ENCODE shows the binding of RNA poly-
merase II and an array of transcription factors, namely, GATA1, PML,

Fig. 3. Hmrhl is associated with chromatin. a-b. Subcellular fractionation was carried out followed by qRT-PCR to determine the Hmrhl levels in each subcellular
fraction. Fold enrichment was calculated following the standard -ΔΔCT method against total cellular RNA in 3a and against total nuclear RNA in case of 3b. c-d.
Subsequently semi-quantitative RT-PCR was also carried out from the same fraction to visualize the Hmrhl transcript. A no-RT reaction was setup as a negative
control to rule out the possibility of amplification from DNA. e-f. Purity of each subcellular fraction was evaluated by Western blot analysis. GAPDH was used as
cytoplasmic marker where as P68 and H3 were used as markers for nuclear and chromatin fraction, respectively. g-h. Chromatin immunoprecipitation of histone
H3(H3-ChIP) to pull down the H3 associated chromatin and scored for Hmrhl. Analysis by qRT-PCR and Western blot indicates that Hmrhl is co-precipitated with H3
associated chromatin.
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CCNT2, NR2F2, TRIM28, STAT5A, ATF1, cMyc, GATA2, IRF1, JUND,
EGR1, RCORI, BHLHE40, YY1, TAL1, REST, TEAD4, MAFF, MAX and
Egr1 at the 5’ end of Hmrhl (genomic co-ordi-
nates ~ chr16:47,658,800–47,659,606) in the K562 cell line (Fig. 6a).
Notably, most of these transcription factors have been linked to cancer
in previous studies [23–25]. It is well known that transcription factors
initially bind to enhancer elements and recruit RNA PolII and co-acti-
vators to target gene promoters through looping [26–31]. EP300 is a
histone acetyl transferase, a transcriptional coactivator and a chromatin
re-modeller known to be enriched at active enhancers and to increase
gene transcription by relaxing the chromatin and recruiting the tran-
scriptional machinery [32,33]. All these observations strongly sug-
gested that Hmrhl locus is transcriptionally highly active in K562 leu-
kemic cells and that it possesses regulatory properties.

One of the most significant disclosures of the Encode portal with
respect to the Hmrhl is the fact that the Hmrhl locus loops and interacts
with the promoter of its parent gene, phkb, in K562 leukemia cells, thus
acting as an enhancer for phkb gene. This fact was revealed through the
ChiaPET (Chromatin interaction analysis with Paired End Tag sequen-
cing, a combination of Chipseq and 5C, Fig. 6b–d) data of ENCODE
project. See Fig. 6 and legend for details.

With this background information regarding Hmrhl locus from the
Encode database, we set out to elucidate its functional properties. Since
Hmrhl locus exhibited enhancer properties in K562 Chronic
Myelogenous Leukemia cells, we examined the expression profile of
Hmrhl across various human cancers using a cancer specific cDNA
panel (Origene, USA) by real time qPCR. Actin was used as an internal
reference control. We observed different degrees of variation in the

Fig. 4. Hmrhl is conserved in mammals and has gained several repeat elements in the primates. Figure shows the conservation of Hmrhl across various
organisms and the repeat elements present in this genomic interval (shown below the conservation tracks) in human, as visualized through the UCSC genome
browser. Note the unique sequence in the middle of Hmrhl which is highly conserved across various organisms and is flanked by the repeat elements L2B, L2C, MIR,
Charlie, AluY, L1PA3, AluSx which are present only in higher primates (see text for details).
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level of Hmrhl expression between normal and cancer samples under
various cancers conditions. Significantly, it was observed that Hmrhl
was highly upregulated in a number of lymphoma samples suggesting
an active role for this RNA in solid tumors of blood cancer (Fig. 7a). In
addition, we compared the expression of Hmrhl and PHKB in the
GM12878 and K562 cells by real time qPCR and found that both are
over expressed in K562 leukemia cells as compared to GM12878 normal
lymphoblast (Fig. 7 b-c).

2.6. Luciferase assay validated the enhancer properties of Hmrhl locus

In order to further ascertain the enhancer properties of Hmrhl
genomic locus, we obtained the promoter and enhancer specific vectors
pGL4.10 and pGL4.23, respectively (Promega, USA) for a luciferase
assay. The pGL4.10 promoter vector does not possess any promoter,
and hence can be used to identify promoter properties of any given DNA
sequence when cloned upstream of the luciferase gene while the
pGL4.23 enhancer vector has a minimal promoter upstream of luci-
ferase gene and hence can be used to examine if a sequence of DNA has
enhancer properties.

Three clones each for the promoter and enhancer vectors were
generated using sequences in the 5′ end of Hmrhl as inserts. Insert-1 had
a sequence of −1000bp upstream of the 5'end of Hmrhl. Insert-2 in-
cluded a sequence of +1 to +500bp downstream of the 5′ end of
Hmrhl (the region where various transcription factors and PolII were
shown to bind by the Encode project), along with −300bp upstream
sequence (800bp insert). Insert-3 included −1000bp upstream se-
quence and +500bp downstream sequences (1500bp insert). These
inserts were cloned into the promoter and enhancer vectors, transfected
in K562 cells and luciferase assay was performed to examine if any of
these DNA sequences had regulatory properties.

Insert-1 did not generate any luciferase signal in combination with
either promoter or enhancer vector, thus revealing that the −1000bp
genomic sequence alone, upstream of the Hmrhl start site, has neither
promoter nor enhancer properties. Insert-2 produced moderate signal
both with promoter and enhancer vectors, suggesting that transcription
factors and PolII indeed bound to this region, as also revealed in
ENCODE database. Interestingly, an intense signal of luciferase activity
was obtained with insert-3 (1.5 kb) in combination with enhancer

vector but not with promoter vector, confirming the fact that the se-
quences at the 5’ end of Hmrhl indeed have strong enhancer properties
(Fig. 8a).

2.7. Hmrhl functions as an enhancer RNA for phkb

After confirming the enhancer properties of Hmrhl locus by luci-
ferase assay, we went on to probe if only the genomic segment has the
regulatory properties, or the transcript arising from this region also
takes part in the positive regulation of its parent gene, phkb. Specific
siRNAs against the Hmrhl lncRNA were obtained in order to silence it. A
pool of four different siRNAs was used to down regulate Hmrhl in
K562 cells and its effect on PHKB expression was examined through
quantitative PCR. PHKB was indeed found to be down-regulated upon
down-regulation of Hmrhl, confirming the fact that Hmrhl acts as an
enhancer RNA and positively regulates its parent phkb gene in
K562 cells (Fig. 8b). This experiment clearly established the role of
Hmrhl as an enhancer RNA involved in the regulation of its host protein
coding gene. Moreover, using another set of siRNAs (targeting different
region of Hmrhl), we observed the similar down regulation of PHKB
upon knockdown of Hmrhl (Fig. 8c). We further probed if the PHKB
expression is affected upon downregulation of Hmrhl in the GM12878
normal lymphoblast cells as well and found that PHKB is not down
regulated in GM12878 cells unlike in K562 leukemia cells (Fig. 8 d).

3. Discussion

Enhancers are mainly cis regulatory elements involved in the spatio-
temporal regulation of gene expression. Enhancer derived transcripts
were described initially way back in early 1990s when it was reported
that the HS2 enhancer of K562 cells gives rise to long enhancer tran-
scripts [34]. Yet, there had been a long silence in the discoveries and
understanding related to enhancers and their probable mechanism of
action. In fact enhancers were perceived only as segments of DNA [4]
and the prospect of their transcription and a critical role for those
transcripts in gene regulation was not envisaged. The discovery of en-
hancer RNAs came about rather recently, in 2010, with two papers
describing the enhancer generated transcripts in mouse and human,
respectively [11,12]. Since then, there has been a surge in studies

Fig. 5. Hmrhl locus exhibits hallmarks of
enhancer. a. ENCODE data visualized
through Integrated Genome Viewer (IGV)
for DNase hypersensitive sites, p300
binding, enhancer specific histone marks,
H3K27Ac and H3K4Me1 and the promoter
specific histone mark, H3K4Me3 at the 5′
end of Hmrhl, only in K562 but not in
GM12878 cells. Note the two prominent
peaks (red) for the enhancer mark H3K27Ac
in K562. b-c. Chromatin immunoprecipita-
tion with Ab8895 (anti-H3K4Me1 antibody)
and Ab4729 (anti-H3K27Ac antibody) fol-
lowed by qPCR in K562 cells. Note the en-
richment of both the enhancer marks at the
5′ end of Hmrhl in the IP fraction as com-
pared to input/PIS/gene desert region (GD),
that serves as a negative control.
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Fig. 6. Hmrhl locus exhibits hallmarks of enhancer contd. a. Encode data shows the binding of various transcription and PolII at the 5′ end of Hmrhl. We have
retained the H3K27Ac peaks in this figure also for a reference. b. Schematic for chromatin interaction analysis (ChiaPET data) for Hmrhl. The large purple-black peak
representing histone marks on the extreme left denotes the promoter of phkb gene while the small purple peak at the far right represents the 5'end of Hmrhl. ChiaPET
data shows the interaction of Hmrhl locus with phkb promoter, as represented by two black boxes (blue arrows) connected by a black line in b. The Hmrhl locus is
expanded below in c, showing that this locus has enhancer properties only in K562 cell line (orange-yellow color), but not in other cell lines like GM12878, HepG2 or
hESC. Genomic segments are colour coded by ENCODE as denoted in d, with red colour signifying active promoter (phkb promoter at far left, black arrow in b) while
orange colour represents active enhancer at Hmrhl locus at far right (red arrow in b).
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related to enhancer RNAs which endorse the fact that enhancer function
is mediated through enhancer transcripts, changing the way we ap-
preciate mechanism of gene regulation [14,35–40].

In the present communication, we report the identification and
characterization of the human homolog, Hmrhl, of the mouse long
noncoding RNA, Mrhl and show that Hmrhl functions an enhancer RNA
for its host gene. Both the Mrhl as well as Hmrhl lncRNAs are tran-
scribed from the introns of the same protein coding gene, phkb.
Remarkably, as many as 50% of human protein coding genes are known
to act as hosts for noncoding RNA genes including micro RNAs, small
nucleolar RNAs and lncRNAs [41].

Recent reports have implicated a large number of long noncoding
RNAs in the pathogenesis of various cancers [42]. Our current ob-
servations with experiments involving luciferase assay and siRNA
mediated RNA interference, in the back drop of ENCODE data, clearly
establish that Hmrhl functions an enhancer RNA and positively reg-
ulates its parental phkb gene.

Though siRNAs are known to have off target effects, the fact that
two different pools of siRNAs generated the same effect, one of them
being a smart pool from Dharmacon designed to target specific region
of interest, the down-regulation of phkb can be held as a specific con-
sequence rather than a non-specific off target effect. Further, given the
fact that splicing is predominantly co-transcriptional [43–45], it is
highly unlikely that siRNAs directed against Hmrhl would affect the
primary transcript through the intron leading to its down-regulation. In
fact the presence of RNA PolII, transcription factors and active epige-
netic marks at 5’ end of Hmrhl strongly suggest it to be an independent
transcript, rather than being spliced out of/arising from the PHKB
primary transcript/intron. This fact is substantiated by our northern
hybridization and primer walking experiments. Northern hybridization
with Hmrhl specific probe detected a single transcript of ~5 kb and no
larger transcript of the size corresponding to the intron (30 kb) was
recognized. Moreover, we reached ends of the Hmrhl transcript at 5523

bp itself during primer walking, confirming the fact that it is not a part
of any larger, stable intron but rather an independent transcript.
Therefore, we propose that the down-regulation of phkb upon knock-
down of Hmrhl is related to regulation of phkb transcription by the
Hmrhl enhancer RNA, rather than being mediated through the intron or
the primary transcript. The fact Hmrhl is nuclear limited and associated
with chromatin also supports a key role for it in transcriptional reg-
ulation.

The human phkb gene is located on the chromosome 16:
47,461,123–47,701,523 (240 kb, GRCh38) at 16q12.1 cytogenetic re-
gion, on the forward strand. It is involved in the breakdown of glycogen
to produce glucose. An up-regulation of phkb gene to produce more
glucose is arguably beneficial for the cancer cells in order to sustain
their increased metabolic rate and proliferation. It has indeed been
reported recently that phkb gene promotes glycogen breakdown and
aids cancer cell survival [46]. In fact PHKB shows medium to high le-
vels of expression in several blood cancers as shown in cell line atlas
data, with highest level of expression seen in K562 (Supplementary Fig.
S5).

The primary cause of chronic myelogenous leukemia is a translo-
cation between chromosomes 9 and 22, which generates the shortened
chromosome 22 known as Philadelphia chromosome [47]. This trans-
location creates a fusion oncogene, BCR-ABL, which codes for a con-
stitutively active Tyrosine Kinase protein. This protein in turn activates
a cascade of genes involved in cell cycle and inhibits those involved in
DNA repair, thus leading to an uncontrolled growth of CML cells with
an accumulation of secondary mutations [47]. Corroborating this, a
very recent study by Zhou et al. (2018) [48] has revealed a catalogue of
sequence, structural and copy number variations in K562 genome. They
show that K562 genome is near triploid in nature, shows insertion of
several novel LINE and Alu elements, multiple chromosomal translo-
cations including the hallmark BCR/ABL translocation, and an array of
indels, SNPs and other mutations. Further, genome wide association

Fig. 7. Hmrhl is differentially expressed in various cancers. a. Expression of Hmrhl in various normal and cancer samples as observed by qPCR. Note that Hmrhl
is highly upregulated in several lymphoma samples (bracket) in comparison to normal range (arrow). In fact, of all cancers, the highest levels of Hmrhl are seen in
some of the lymphoma samples. b-c. qPCR analysis of Hmrhl and PHKB expression showing that both are over expressed in K562 leukemia condition as compared to
GM12878 normal lymphocytes.
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studies (GWAS) show that more than 90% of the disease associated
SNPs fall in the noncoding portions of the genome and that many SNPs
fall within or very close to enhancers [10,49]. Cavalli et al. (2016) [50]
sequenced a number of ENCODE cell lines and showed that highest
number of the allele specific, disease associated SNPs were detected in
K562. Previous studies have also revealed that cancer cells acquire de
novo enhancers at driver genes. For example, Hnisz et al. (2013) [10]
identified super enhancers associated with key oncogenes in 18 dif-
ferent cancers with the help of ChIP-seq for H3K27Ac mark. The gene
desert region around the Myc oncogene acquires H3K27Ac enhancer
mark in colorectal cancer, pancreatic cancer and T-cell leukemia, which
is absent in the healthy individuals [10]. In view of all the above ob-
servations, we propose that Hmrhl locus has gained an enhancer/super
enhancer function in the K562 cells either due to change/s in the pri-
mary sequence or due to a change in the activity/availability of factors
like enzymes, transcription factors, looping factors etc., or due to a
combination of many such events.

Our luciferase reporter assay revealed that insert 3 (1.5 kb), which
included both the -1KB upstream sequence as well as the +500bp
downstream sequence of Hmrhl start site produced a very strong signal
with the enhancer vector as compared to the other two inserts. In fact,
of the two H3K27Ac peaks formed at the 5′ region of Hmrhl, one is
downstream of the transcription start site of Hmrhl while the other is
upstream of it. Interestingly, when we analysed -1kb Hmrhl upstream
sequence, it was revealed that they possess sequences very similar to
the core sequence of viral enhancers namely AAAACCAC and GTGGT
TTGAA [51] (Supplementary Fig. S6). These viral enhancers are pre-
cisely conserved in the mouse as well as human immunoglobulin heavy

chain gene enhancers [52–55]. Not only the B cells, even the T cells and
haematopoietic cells in general, have specific viral enhancers which are
located within introns [56–58]. Several viruses including the polyoma
virus and the Molony murine leukemia virus (MoMLV) possess these
enhancer elements and any mutations in the core sequence, ‘AAAAC
CAC’, have been shown to cause increased incidence of erythro leuke-
mias [59–61]. A group of mammalian transcription factors involved in
haematopoiesis called Core Binding Factor (CBF), binds to the core site
of many retroviral enhancer elements and also to the enhancers of T-
cell receptor genes [62,63]. One of the subunits of CBF, CBF-α, also
known as AML1 (Acute Myeloid Leukemia 1), is known to be rear-
ranged by chromosomal translocations in myeloproliferative diseases
and mutations in core AML1 sites in murine leukemia viruses are
known to affect their disease specificity and latency [59,62,64–66]. In
all probability, the viral enhancer elements in the immediate upstream
region of Hmrhl seem to play a critical role in conferring the enhancer
properties to Hmrhl in K562 erythro-leukemia cells. In essence, the viral
enhancers could mediate the enhancer evolution in the human genome.
Though our analysis of the Hmrhl locus and its 1 kb upstream region did
not reveal any variations in the sequence, it may be noted here that
interrogating a complex cancer genome like that of K562 is not a simple
task by any means. Since K562 genome is triploid in nature and bears
multiple mutations, we advocate that a blend of different genetic/epi-
genetic alterations could have rendered the enhancer properties to the
Hmrhl locus.

The phkb gene appears to share the promoter with its upstream
gene, ITFG1, but it remains to be seen if Hmrhl has a role in regulating
ITFG1 gene as well, in leukemia.

Fig. 8. Hmrhl functions as enhancer RNA for phkb gene. a. Lucifaerase assay showing the intense signal of reporter activity in K562 cells with insert 3 cloned in
enhancer vector. Note the low level of luciferase signal obtained with insert 2 both with promoter and enhancer vectors. b. siRNA (Sigma) mediated down-regulation
of Hmrhl causes down-regulation of PHKB in K562 cells treated with Hmrhl specific siRNA pool as compared to control cells without transfection and cells treated
with scrambled siRNA as negative control. c-d. Smart pool siRNA (Dharmacon) were used against the Hmrhl region to downregulate Hmrhl and subsequently
expression level of PHKB gene were checked by qPCR in both K562 and GM12878 cell lines. Scrambled siRNA was used as a negative control. Note the down
regulation of PHKB only in K562.
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Sequence conservation of noncoding regions is suggested to indicate
the occurrence of enhancers [67]. In this context, it may be noted that
both Mrhl and Hmrhl are transcribed from the introns of phkb gene and
show significant sequence conservation from mouse to human as seen
in current studies. The fact that even the mouse counterpart, Mrhl ex-
hibits the enhancer marks, H3K4Me1 and HeK27Ac in the mouse ery-
thro-leukemia cells (MEL cell line, mouse Encode database,
Supplementary Fig. S7), strongly suggests a functional conservation of
these two homologs, especially under leukemic conditions. Intronic
enhancers/eRNAs have been reported in case of several other genes as
well [39,68,69]. The eRNAs are known to be unstable and low in
abundance [38,39], possibly due to which they were not easily detected
in earlier days, in the absence of high throughput techniques like RNA
sequencing.

With respect to the mouse Mrhl function, our earlier studies in the
mouse spermatogonial cell line, GC1-SPG had revealed that Mrhl down-
regulation brings about the activation of Wnt signalling but does not
affect its parent gene, phkb [19]. It was further reported that Mrhl gets
down-regulated in response to induced activation of Wnt signalling
[20]. It may be noted here that a human spermatogonial cell line is not
available wherein the functions of Mrhl and Hmrhl could be aptly
compared, with respect to the Wnt signalling regulation function. As far
as the K562 cell line is concerned, Hmrhl is well expressed in these
cancer cells despite the active Wnt signalling, rather than being
downregulated, unlike what has been reported for its mouse counter-
part in the GC1 cells [20]. We did not observe a translocation of β-
catenin to the nucleus under conditions of Hmrhl downregulation in
Hek293T cells either (Supplementary Fig. S8). Even in case of mouse
embryonic stem cells also, Wnt signalling regulation by Mrhl has not
been observed (Pal et al., unpublished). These studies show that reg-
ulation of Wnt signalling by the Mrhl RNA is not a global phenomenon
but it could be exclusive to the mouse spermatogonial cells. It may
perform a completely different task in another cell type or in another
cellular context, which appears to be the case with regard to the erythro
leukemia cells.

Enhancers are regulatory elements that ensure tissue and develop-
mental stage specific expression of genes, since all genes exist in all
tissues, throughout development, but express only when/where the
enhancer is active. As mentioned earlier, genome wide association
studies have revealed that enhancers are the prime targets for genetic
and epigenetic changes that support cancer initiation and tumor pro-
gression. Mutations in enhancers or gain of super enhancers have been
reported to favour cancer development in a number of cases [8,70–72].
A recent report by Corces Zimmerman et al. (2014) [73] describes super
enhancers specifically in a group of AML patients. The targets of these
super enhancers involve not only the key driver genes of AML but also
genes encoding protein kinases and chromatin regulators, providing
insights into the significance of super enhancers in the context of
cancer.

Understanding related to enhancers and their mechanism of action
is expected to advance diagnosis and therapeutic strategies for cancer
and other diseases linked to altered enhancer function. Enhancer RNAs
can serve as valuable biomarkers for various diseases and the expres-
sion of the causal genes can be manipulated through RNA interference
mediated gene silencing for a promising remedy.

4. Materials and methods

4.1. Cell lines and reagents

K562 (Chronic Myelogenous Leukemia/Erythro Leukemia) cell line
was obtained from NCCS Pune (India) and cultured in RPMI medium
(Gibco), Hek293T cells were obtained from the American Type Culture
Collection (ATCC, CRL-1573) and were cultured in Dulbecco's modified
Eagle's medium (Sigma); both were supplemented with 10% fetal bo-
vine serum (Invitrogen); GM12878 cell line was obtained from Coriell

Institute, USA and cultured in RPMI 1640 medium with 15% FBS (not
heat-inactivated). all were supplemented with 100 units/ml penicillin-
streptomycin solution (Sigma) at 37 °C in a humidified chamber with
5% CO2. All fine chemicals were purchased from Sigma Aldrich and Life
Technologies unless otherwise specified.

4.2. Genomic DNA isolation, RNA isolation, reverse transcription and real
time quantitative PCR

Genomic DNA was extracted from K562/ Hek293T cells and used as
a template for PCR reactions. The sequence for the phkb intron 14 was
obtained from the ENSEMBLE genome browser. Various primer pairs
specific for Hmrhl, Actin, and Phkb were obtained from Sigma and used
for PCR, cloning, sequencing etc. (Supplementary Table S1). Total RNA
was isolated from cultured cells with the help of TRIzol reagent (Sigma,
USA), following manufacturer's instructions. ~2–3 μg of total RNA was
reverse transcribed with the help of oligo(dT)17 primer and Super Script
III/Revertaid Reverse Transcriptase. 1/20th of the reverse transcription
product was used for PCR reactions using gene specific primers. For
real-time quantitative PCR (qPCR), the cDNA was diluted to 1:10,
added to Sybr green mix (Bio-Rad) and gene specific primers and the
reaction was carried out and analyzed in a Biorad Real Time Detection
machine.

4.3. Northern hybridization

The sequence in the central, unique region of Hmrhl from K562
genomic DNA was cloned in pGEM 3Zf(+) vector. It was linearized
with HinDIII enzyme and antisense digoxigenin-labeled RNA probe was
generated using DIG Northern Starter Kit (Roche) according to the
manufacturer's instructions. 2 μg of total RNA was loaded on a 2%
agarose gel containing 1% formaldehyde and run for 2–3hrs in MOPS
buffer. Hybond-N+ membrane (Amersham Bioscience) was used to
transfer the RNA on to the membrane through capillary transfer
methods overnight. Hybridization was carried out with DIG labeled
probe at 60 °C overnight. Next day detection was carried out and the
membrane was developed according to the DIG Northern Starter Kit
instructions (Roche).

4.4. Chromatin immunoprecipitation (ChIP)

K562 cells (106) were fixed in 1% formaldehyde (sigma) for
10min at RT followed by quenching with 125mM glycine for 5min to
stop the cross-linking reaction. After washing with PBS containing
Protease Inhibitor Cocktail (Roche) twice, cells were spun down and
washed with buffer A (20mM HEPES-KOH, pH7.5, 10mM EDTA pH
8.0, 0.5mMEGTA, 0.25% TritonX-100), buffer B (50mM HEPES-KOH,
pH7.5, 150mM NaCl, 1mMEDTA pH 8.0, 0.5mMEGTA) for 5–10min at
4 °C and resuspended in buffer C (20mM HEPES-KOH, pH7.5, 1 mM
EDTA pH 8.0, 0.5mMEGTA, 0.1% SDS and protease inhibitor Cocktail)
and allowed to sit on ice for 10min. Samples were sonicated at high
intensity with 40 s on/off cycles in a Bioruptor sonicator (Diagenode) to
get fragments in the range of 400–600bp. De-crosslinking was done by
adding ProtK and RNase. Samples were diluted 1:5 in IP dilution buffer
(20mM Tris pH7.4, 10 mM NaCl, 3 mM MgCl2, 1 mM CaCl2, 4% NP-40,
1mM PMSF and protease inhibitor). Samples were precleared by
binding with 50 μl of protein A beads. An aliquot (50 μl) of soluble
chromatin was kept as input. Samples were immunoprecipitated either
with the required antibodies (Ab4729 and Ab8895, Abcam) or the pre
immune serum as control, O/N at 4 °C. Next day 50 μl of protein A
beads (Invitrogen) were added to the immune-complex and incubated
at 4 °C for 2 h. Beads were washed 2–3 times sequentially with ChIP
wash buffer I (20mM Tris-cl, pH 7.4, 20mM EDTA, 1% Troton X 100,
150mM NaCl, 1 mM PMSF), II (20mM Tris-cl, pH 7.4, 2 mM EDTA, 1%
Troton X 100, 0.1% SDS, 500mM NaCl, 1 mM PMSF), and III (10mM
Tris-cl, 1 mM EDTA, 0.25mM LiCl, 0.5% NP40, 0.5% Sodium deoxy
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Cholate), then washed with TE and finally chromatin was eluted in 400
μl of elution buffer (25mM Tris-Cl, 10mM EDTA, 0.5% SDS, incubated
at 65 °C for 30min), DNA was isolated using Promega kit and subjected
to qPCR.

4.5. Subcellular fractionation

Subcellular fractionation was carried out following the previously
described protocol (Gagnon et al., 2014) [74]. HEK293T cells were
grown in a 100mm petridishes at 37 °C containing 5mL of complete
media (10% FBS and 1% penicillin/streptomycin) for 2 days. Cells were
harvested by centrifugation at 500g at 4 °C for 5min and the super-
natant was discarded. The cell pellet was then resuspended in 380 μl of
ice-cold HLB (Hypotonic lysis buffer- 10mM Tris, pH 7.5, 10 mM NaCl,
3 mMMgCl2, 0.3% NP-40, and 10% glycerol) supplemented with 100 U
of Ribolock RNase inhibitor and incubated on ice for 10min. The cell
suspension was vortexed briefly and centrifuged at 1000 g at 4 °C for
3min. The supernatant was transferred to a new tube (the supernatant is
the cytoplasmic fraction) and the nuclear pellet was washed with 1ml
of ice-cold HLB buffer 3 times and centrifuged at 300 g at 4 °C for 2min.
To isolate the total nuclear and cytoplasmic RNA, 1ml of TRIzol re-
agent was added directly to the nuclear pellet and procced ed for RNA
extraction following the Trizol RNA extraction protocol. For further
fractionation of nuclei into nucleoplasm and chromatin, the nuclear
pellet was resuspended in 380 μl of MWS buffer (Modified Wuarin-
Schibler buffer 10mM Tris-HCl, pH 7.0, 4 mM EDTA, 0.3M NaCl, 1M
urea, and 1% NP-40), supplemented with 100 U of Ribolock RNase
inhibitor, vortexed briefly and incubated on ice for 5min. The nuclear
suspension was vortexed briefly again and kept on ice for another
10min followed by centrifugation at 1000g for 3min at 4 °C. The su-
pernatant is the nucleoplasmic fraction and the pellet (chromatin
fraction) was washed 3 times with ice-cold MWS buffer, centrifuged at
500 g for 2min at 4 °C. To the chromatin pellet and nucleoplasmic
fraction, 1ml TRIzol was added and procceded for RNA extraction
following the Trizol RNA extraction protocol. Subsequently, proteins
were extracted from each fraction following the TRIzol protocol and
subjected to Western blot analysis. The antibodies used for Western blot
analysis are Histone H3 (Abcam, ab6002), GAPDH (Abcam, ab8245)
and p68 (antibody was raised in rabbit against full length recombinant
p68 protein in the lab).

4.6. Transfection and luciferase assay

Clones for luciferase assay were made from K562 genomic DNA
using the sequences in the 5’ end of Hmrhl. The inserts were cloned in
pGL4.10 (Promoter Vector), pGL4.23 (Enhancer Vector, Promega) be-
tween HindIII and Kpn1 sites, upstream of the luciferase gene. The
clones were confirmed by sequencing. Primers used are listed in
Supplementary Table S1. K562 cells were transfected with the above
mentioned clones using lipofectamine reagent. Cells were grown in
RPMI supplemented with 10% FBS till they reached confluence
(~106 cells in a T25 flask) at which point they were harvested and re-
suspended in 1ml of serum free, antibiotic free medium and distributed
equally in a 6 well plate which contained medium with 7% FBS. 1 μg/
ml DNA (clone) was used along with double the amount (v/v) of li-
pofectamine reagent as transfection solution, which was replaced after
24 h with complete medium and the cells were grown for another day.
Cells were harvested after 48 h, lysed in 1X reporter lysis buffer for
30min on ice and transferred to microfuge tubes. Supernatant was
collected to which substrate for luciferase was added and readings were
recorded in a luminometer.

4.7. siRNA mediated down-regulation of Hmrhl

Four different siRNAs, mapping to the unique, conserved region of
Hmrhl were purchased from Sigma 1. 5′-ccaguuacagcaaguacuu-3’; 5′-

aaguacuugcuguaacugg-3′ 2. 5′-cauguugcugcuuugguu-3’; 5′-aagccaaag-
cagcaacaug-3′ 3. 5′-gugacaaagcguucgguau-3’; 5'auaccgaacgcuuugucac-
3′ 4. 5′-cuaauccaauauauaaaua-3’; 3′-uauuuauauauuggauuag-3’. A pool
of these siRNAs was used for down regulation experiments. K562 cells/
Hek293T cells were transfected with 100 nm siRNA per 1.5 ml of the
medium (7% FBS), with lipofectamine 2000 reagent in a 6 well plate as
described above. Medium was replaced with complete medium (10%
FBS) after 24 h. Cells were harvested after 48 h and RNA isolated and
scored for Hmrhl, PHKB, Actin by qPCR. Scrambled siRNA was used for
control. Another pool of siRNAs from Dharmacon (Supplementary
Table S1) was also used to down regulate Hmrhl and the effect was
examined in both K562 and GM12878 cell lines.

4.8. Immunostaining

Hek293T cells grown on coverslips were fixed for 20min in 4%
paraformaldehyde in PBS, washed with PBS, permeabilized with 0.1%
Triton X-100 for 15min, and blocked with 1% bovine serum albumin
(BSA) for 1 h. Cells were incubated with primary antibody (β-catenin
antibody, Abcam, 1:100 dilution in 0.1% BSA) at room temperature for
45 min followed by three washes with 0.1% PBST (PBS + 0.1% Tween
20) and incubation with Alexa Flour 488 secondary antibody (1:400
dilution in 0.1% BSA) for 45 min at room temperature, washed thrice
with 0.1% PBST, stained with 1 μg/ml DAPI (4,6- diamidino- 2-phe-
nylindole), washed and mounted in Dabco (Sigma). Images were ac-
quired in an LSM 510 Meta confocal microscope (Zeiss) and analysed by
image analysis software provided by Carl Zeiss.

4.9. Coding potential and evolutionary conservation analysis

Coding potential of Hmrhl was evaluated with NCBI-ORF finder and
CPAT showing the coding probability of ~0.99 due to the presence of
1510 bp-long ORF, partially similar (31.1% similarity in end-to-end
global alignment) to the LINE1 ORF2 sequence. To confirm the plau-
sible coding potential of Hmrhl carrying the sequence similar to LINE1-
ORF2, PhyloCSF (Phylogenetic Codon Substitution Frequencies) was
run showing and strongly advocating that no approximate coding re-
gions or novel coding regions are present. The evolutionary protein-
coding potential as determined by Broad Institute's PhyloCSF data was
visualized in UCSC Genome Browser. Furthermore, the absence of
Kozak Sequence near the ORF present on Hmrhl was confirmed using
the online tool “A program for identifying the initiation codons in cDNA
sequences”.

For the phylogenetic tree, regions similar to Hmrhl region across 23
species were identified using Ensembl comparative region analysis and
the sequences extracted accordingly for each species from Ensembl
were used for Multiple Sequence Alignment (MSA) using Clustal Omega
leading to the generation of UPGMA tree data in Newick format which
was applied for the construction of circular tree in iTOL (Interactive
Tree of Life).

For the histone marks at Hmrhl locus, raw data for Histone marks
(H3K27ac, H3K4me1, and H3k4me3) was downloaded from UCSC
genome browser. After quality processing, FastQ files were aligned
against human hg19 genome assembly using TopHat and aligned BAM
files were sorted and further used for visualization in IGV Genome
Browser.
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