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Mrhl RNA is a nuclear lncRNA encoded in the mouse genome and negatively regulates Wnt signaling in
spermatogonial cells through p68/Ddx5 RNA helicase. Mrhl RNA is present in the chromatin fraction of mouse
spermatogonial Gc1-Spg cells and genome wide chromatin occupancy of mrhl RNA by ChOP (Chromatin oligo affinity
precipitation) technique identified 1370 statistically significant genomic loci. Among these, genes at 37 genomic loci
also showed altered expression pattern upon mrhl RNA down regulation which are referred to as GRPAM (Genes
Regulated by Physical Association of Mrhl RNA). p68 interacted with mrhl RNA in chromatin at these GRPAM loci. p68
silencing drastically reduced mrhl RNA occupancy at 27 GRPAM loci and also perturbed the expression of GRPAM
suggesting a role for p68 mediated mrhl RNA occupancy in regulating GRPAM expression. Wnt3a ligand treatment of
Gc1-Spg cells down regulated mrhl RNA expression and also perturbed expression of these 27 GRPAM genes that
included genes regulating Wnt signaling pathway and spermatogenesis, one of them being Sox8, a developmentally
important transcription factor. We also identified interacting proteins of mrhl RNA associated chromatin fraction which
included Pc4, a chromatin organizer protein and hnRNP A/B and hnRNP A2/B1 which have been shown to be
associated with lincRNA-Cox2 function in gene regulation. Our findings in the Gc1-Spg cell line also correlate with the
results from analysis of mouse testicular tissue which further highlights the in vivo physiological significance of mrhl
RNA in the context of gene regulation during mammalian spermatogenesis.

Introduction

The mammalian genome is pervasively transcribed to pro-
duce a huge repertoire of RNA molecules. Over recent years,
high throughput analyses of the transcriptome have revealed a
substantial number of transcripts that lack protein coding
capacity and are called non coding RNAs (ncRNAs). In addi-
tion to the housekeeping ncRNAs (tRNAs and rRNAs), these
ncRNAs also comprise of regulatory small ncRNAs like micro-
RNAs (miRNAs), small interfering RNAs (siRNAs) and piwi-
interacting RNAs (piRNAs).1,2 Long ncRNAs (lncRNAs) are
arbitrarily classified as ncRNAs longer than 200 nucleotides
and have been described in human,3,4 mouse,5-7 fruitfly,8

nematode9 and zebrafish.10 Many studies have demonstrated
the regulatory role of lncRNAs in diverse processes like dosage
compensation (Xist and roX),11,12 genomic imprinting (Air
and Kcnq1ot1),13,14 pluripotency (Evx1as and Hoxb5/6as),15

nuclear architecture (NEAT1)16 etc. LncRNAs employ diverse

mechanisms for their biological function(s) which include
translation inhibition (lincRNA-p21),17 mRNA degradation
(1/2-sbs RNAs),18 RNA decoys (Gas5),19 recruitment of chro-
matin modifiers (Mistral, HOTTIP)20,21 etc. Many lncRNAs
require interaction with regulatory protein or protein com-
plexes which include RNA binding proteins and chromatin
modifying or chromatin associated proteins for their func-
tional manifestations.22 Some lncRNAs also recruit specific
protein complexes at chromatin loci thereby functioning as
elements responsive to developmental cues or signaling path-
ways.23-25

Recently, our laboratory has discovered mrhl RNA, a
2.4-kb mouse lncRNA which is transcribed from the 14th

intron of the Phkb gene located in a meiotic recombination
hotspot locus (mrhl) on chromosome 8.26 It is a polyadeny-
lated and unspliced RNA transcript expressed in liver, kidney,
spleen and testis. The 2.4 kb mrhl RNA primary transcript is
nuclear restricted and gets processed to an 80 nt intermediate
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RNA by the Drosha machinery.27 Through a series of experi-
ments we have recently demonstrated that mrhl RNA func-
tions as a negative regulator of Wnt signaling in mouse Gc1-
Spg cells (derived from mouse B type spermatogonia).28 Fur-
thermore Wnt3a ligand treatment of Gc1-Spg cells resulted in
Wnt signaling activation as demonstrated by TOP-FOP lucif-
erase reporter assay. Under the same conditions, mrhl RNA
expression was downregulated suggesting a close relationship
between mrhl RNA expression and Wnt signaling activation in
these Gc1-Spg cells and that negative regulation of Wnt sig-
naling by mrhl RNA is biologically relevant. Mrhl RNA also
interacts with p68 (Ddx5 helicase) in the nucleus and down
regulation of mrhl RNA resulted in cytoplasmic translocation
of p68 that triggered nuclear translocation of b catenin. TCF4
is a key transcription factor of the Wnt signaling pathway and
is activated by the nuclear translocated b catenin.29 The b cat-
enin-TCF4 complex binds at the Wnt Responsive Elements
(WRE) in the target gene promoters modulating their expres-
sion by recruiting co-activators or co-repressors. Thus, p68
plays an important role in the regulation of Wnt signaling by

mrhl RNA. In our previous study we observed that upon
siRNA mediated down regulation of mrhl RNA, many genes
belonging to various functional categories are perturbed in
addition to Wnt signaling pathway associated genes
(GSE19355).28 Our initial experiments also showed that mrhl
RNA is associated with the chromatin fraction of Gc1-Spg
cells which prompted us to identify the genome wide chroma-
tin occupancy of mrhl RNA to understand the broader role of
mrhl RNA in gene regulation at the chromatin level in sper-
matogonial cells. For this purpose, we have now carried out a
detailed analysis of genome wide occupancy of mrhl RNA by
the Chromatin Oligo affinity precipitation (ChOP) tech-
nique23 and have also queried whether p68 is necessary for its
interaction with the chromatin. Among a total of 1370 statisti-
cally significant genomic loci we identified a subset of 37
GRPAM genes as target loci of mrhl RNA mediated gene reg-
ulation out of which expression of 27 genes was also depen-
dent on p68 protein. We have also analyzed the proteins
associated with mrhl RNA bound chromatin fraction by mass
spectrometry.

Results

Mrhl RNA and p68 are
associated with chromatin
of Gc1-Spg cells

Mrhl RNA is a nuclear
restricted RNA and interacts
with the p68/Ddx5 helicase
protein. In order to deter-
mine the localization of mrhl
RNA and p68 within the
nucleus, Gc1-Spg cell nuclei
were fractionated into nucle-
oplasm and chromatin frac-
tions and scored for the
presence of mrhl RNA and
p68 protein by RT-PCR and
Western blot analysis respec-
tively. Both the mrhl RNA
and p68 protein could be
detected in the nucleoplasm
and chromatin fractions
(Figs. 1A and 1B). We have
used histone H4 and laminin,
a nucleoplasmic marker to
authenticate the purity of
chromatin and nucleoplasm
fraction respectively.30 Fur-
ther, we also examined the
association of mrhl RNA and
p68 with the nucleosomal
chromatin by performing
chromatin immunoprecipita-
tion of histone H3 (H3ChIP)

Figure 1. Association ofmrhl RNA and p68 (Ddx5) helicase with spermatogonial cell (Gc1-Spg) chromatin. (A) West-
ern blot showing the presence of p68 in the nucleoplasm and chromatin. Histone H4 and Laminin confirmed the
purity of nucleoplasm and chromatin fractions respectively. The Ponceau staining pattern of the total proteins in
these 2 fractions is given below the Western blot. (B) RT-PCR analysis showing the presence of mrhl RNA in both
nucleoplasm and chromatin fractions. (C) Histone H3 ChIP showing co-immunoprecipitation of p68 with histone
H3 (Western blot) and association of mrhl RNA with histone H3 ChIP chromatin (RT-PCR), thus demonstrating the
presence of p68 and mrhl RNA in the oligo nucleosomal chromatin. Asterik (*) denotes the band corresponding to
antibody heavy chain at 55kDa.
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and scoring for p68 and mrhl RNA to be co-precipitated with his-
tone H3. It is clear that both p68 and mrhl RNA co-precipitated
with histone H3 as monitored byWestern blot and RT-PCR anal-
ysis respectively (Fig. 1C), demonstrating their association with
oligo nucleosomal chromatin of Gc1-Spg cells.

Mrhl RNA associates with several genomic loci
on the chromatin

From the above data it is clear that mrhl RNA interacts with
the oligo nucleosomal chromatin. We were then interested in
identifying and characterizing the genomic sites occupied by
mrhl RNA on chromatin. For this purpose, we used the now well
established technique of chromatin oligo-affinity precipitation
assay (ChOP).23 In this technique, mrhl RNA associated chroma-
tin was affinity purified using biotin labeled oligonucleotides
complementary to mrhl RNA. The process of ChOP assay is
schematically depicted in Fig. S1A. The 3 different regions of
mrhl RNA to which the antisense biotinylated oligonucleotides
were designed are shown in Fig. S1B. Biotin labeled scrambled
oligonucleotides were used as a control (Detailed procedure is
given in Materials and Methods). Deep sequencing of the ChOP
DNA showed that mrhl RNA occupies thousands of loci on the
chromatin. The highly significant sequence reads were selected

on the basis of fold enrichment over the input DNA (Fold
enrichment more than 4) and P value (p < 0.01). This exercise
resulted in a total of 1370 genomic loci that were associated with
mrhl RNA (Table S1). The chromosome wise distribution of the
sequence reads enriched in mrhl RNA ChOP as compared to
input DNA is shown in Figure 2. The absolute values of fold
enrichment of the ChOP sequence reads were in the range of 4
to 66 fold. It is interesting to note that these loci are distributed
on all the mouse chromosomes except the Y-chromosome. We
analyzed the locations of the sequence reads on the chromosomes
and examined whether the reads lie in the promoter of a particu-
lar gene (promoter bound) or within the body of a gene (intra-
genic) or between 2 genes (intergenic). Such topological
classification of the 1370 sequence reads revealed that 45, 645
and 680 genomic loci belonged to promoter, intragenic and
intergenic classes respectively (Fig. 3A). We also carried out a
motif search analysis of the entire 1370 ChOP reads. Two high
scoring motifs were obtained with motif 1 being represented in
779 genomic loci and motif 2 in 900 genomic loci with very
high statistical significance (Fig. 3B). The total number of loci
having either motif 1 or 2 or both was 1065 out of a total of
1370 genomic loci. We also carried out gene ontology analysis
for all the genes corresponding to the 1370 sequence reads which

Figure 2. Chromosome wise distribution of 1370 mrhl RNA ChOP sequence reads. Each read shows at least fold4- enrichment over the input DNA with a
statistical significance of P < 0.01. The sequences were found to be located across the length of most of the mouse chromosomes except the
Y-chromosome.
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is represented graphically (Fig. 3C). Assuming that mrhl RNA
occupied chromatin loci might regulate the nearby genes by long
range interactions and looping mechanism, we took the genes
that are the nearest neighbor (either upstream or downstream)
corresponding to the intergenic reads for gene ontology analysis.
The genes were classified into a broad range of categories like
transcription (97), cell cycle (98), development and differentia-
tion (383), Wnt signaling (41), apoptosis (63), metabolism
(357) etc.

Regulatory targets of mrhl RNA
The results presented above clearly identified 1370 genomic

loci associated with mrhl RNA with high statistical significance.
We next asked the question whether mrhl RNA regulates the
expression of genes which are physically associated or in physical
proximity with mrhl RNA in cis at these loci. For this purpose
we compared only the annotated genes in the 2 data sets namely

a. Gene loci occupied by mrhl RNA (1220 genes in ChOP data-
set, from the present study) and b. Genes perturbed upon mrhl
RNA down regulation (435 genes, GSE19355). The genes com-
mon to these 2 data sets represent the ones that are bound by
mrhl RNA and also perturbed upon mrhl RNA down regulation.
Hence, these genes might represent the most probable regulatory
targets of mrhl RNA in the Gc1-Spg cells. This exercise resulted
in a subset of 37 genes and we termed them as Genes Regulated
by Physical Association of Mrhl RNA (GRPAM). This overlap
set of 37 genes is highly significant as revealed by hyper geometric
test performed using the entire mouse genome as the background
set (p=0.0004). Based on the location of binding of mrhl RNA,
we classified these GRPAMs into promoter bound, intragenic
and intergenic categories. The list of GRPAMs along with their
gene ontology has been summarized in Table 1. The occupancy
of mrhl RNA at these 37 GRPAM loci was further experimentally
validated by performing ChOP, independently using 3

Figure 3. Genomic topological distribution of mrhl RNA ChOP sequence reads and gene ontology analysis. (A) The 1370 sequence reads were classified
on the basis of their position in the mouse genome with respect to a particular gene as follows 1) Promoter reads (upto 1.5 kb upstream of a gene) 2)
Intragenic reads (within the body of the gene) 3) Intergenic reads (1.5 kb–2.5 Mb Upstream or downstream to a particular gene). (B) Motif analysis of
mrhl RNA bound ChOP sequences. Two enriched motifs were identified by the DREME software relative to random sequence control. E value measures
the significance threshold for motifs. E < 0.05 indicates statistical significance. Both the motifs show very high statistical significance. (C) Gene Ontology
(GO) analysis of the genes associated with the ChOP sequence reads using the REViGO software. Data is represented as a 2D-scatterplot of biological pro-
cess. Circles are color coded based on GO p-value. The number besides each functional term denotes the number of genes involved in that particular
function (pathway).
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oligonucleotides binding to 3 different regions of mrhl RNA.
Subsequent ChOP-PCR using sequence specific primers and
ChOP DNA as the template showed amplification for all the 37
loci when oligonucleotides complementary to mrhl RNA were
used for ChOP experiment but not in the scrambled oligonucleo-
tide ChOP experiment (Fig. 4). Mrhl RNA occupancy at the 37
GRPAM loci was also verified by quantitative ChOP-PCR
(Fig. S2).

p68 interacts with mrhl RNA in the chromatin and is
necessary for mrhl RNA occupancy at GRPAM loci

We have shown above that both mrhl RNA and p68 are pres-
ent in the nucleoplasm and chromatin fraction. We next sought
out to examine first whether mrhl RNA and p68 interact with
each other in the chromatin context. For this purpose, mrhl
RNA was pulled down from the chromatin by the ChOP proce-
dure using biotinylated oligonucleotides. The associated proteins

Table 1. List of GRPAM genes and their ontology

Gene Ontology Wnt Signaling
Location of ChOP
read w.r.t gene

Gene regulation on
mrhl RNA silencing

Odz4 Wnt signaling, Embryonic Development, differentiation, Genic Downregulated
Lamb3 Wnt signaling, differentiation Genic Downregulated
Tsc22d1 Wnt signaling, Tgf b signaling, 51.5 kb upstream Downregulated
Prickle1** Wnt signaling, differentiation, development 63.4 kb upstream Upregulated
Znrf3 Negative regulation of Wnt signaling, stem cell proliferation,

tumor supressor
132.3 kb upstream Upregulated

Ostm1* Activator of Wnt signaling, differentiation. 22.2 kb upstream Downregulated
Spermatogenesis

Sox8 Sertoli cell function, germ cell differentiation (Also in Wnt
signaling)

Promoter Upregulated

Rarg Retinoic acid signaling, spermatogenesis (Also in Wnt
signaling)

11.1 kb upstream Upregulated

Spag16 Spermatogenesis Genic Upregulated
Mael Spermatogenesis, piRNA pathway, differentiation 33 kb downstream Upregulated
Spam1 Spermatogenesis, sperm maturation 27 kb upstream Downregulated
Mageb16 testis specific (adult), regulates differentiation in mouse ESCs 122.5 kb upstream Downregulated
Npepps*,** Spermatogenesis, antigen processing. 14.7 kb downstream Upregulated

Cell Adhesion and Transport
Lrba Oncogenesis, endosomal transport, Promoter Upregulated
Gabrg2 Ion channel transport, post embryonic development Genic Upregulated
Kcnq5 Ion transport Genic Downregulated
Grik2 Ion transport, apoptosis 440 kb upstream Downregulated
Kcnh7 Ion transport 276 kb upstream Downregulated
Cdh9** Cell adhesion 180.2 kb upstream Upregulated
Nrxn1 Cell adhesion, angiogenesis Genic Downregulated

Signaling
Palm cAMP signaling, cytoskeleton Genic Upregulated
Rab40b** Signaling, Protein transport, Genic Downregulated
Ksr1 Ras/MAPK signaling, TNF signaling Genic Upregulated
Ssx2ip Regulation of Rac signaling, Cell adhesion, Genic Downregulated
Adamts20 Integrin signaling, Proteolysis, apoptosis, 696 kb downstream Downregulated
Sla2 Calcium signaling, transcription, endocytosis 0.54 kb downstream Downregulated
Thbs4 PDGF and PI3K/Akt signaling, Focal adhesion, 25.5 kb downstream Downregulated
Il1rapl1* JNK pathway activation, RhoA signaling, differentiation, ion

transport
Genic Downregulated

Ppargc1a* Signaling, differentiation 183.8 kb downstream Downregulated
Other Functions

Serpinb8 Regulation of proteolysis 0.7 Mb upstream Downregulated
Bach2 Cell cycle control, transcriptional repressor, differentiation Genic Upregulated
Zfp455* Metal ion binding 24.7 kb downstream Upregulated
Mrpl32** Ribosomal, translation 75.75 kb downstream Downregulated
Hhipl2 Carbohydrate metabolism 581 kb downstream Upregulated
Myo18b* Vasculogenesis, cardiac development Genic Downregulated
Stox2 Not Annotated Genic Upregulated
H28 Interferon induced Promoter Downregulated

Genes that are physically associated with ChOP sequence reads and also showing perturbation of their expression following mrhl RNA down regulation in
Gc1-Spg cells (GRPAM). These genes were identified by comparing the genes associated with the ChOP sequence reads (present study) and the transcrip-
tome data from GSE19355. The physical position of occupancy of mrhl RNA with each of the GRPAM (total 37) and its functions are also given. Asterik (*)
indicates the GRPAM loci which are not bound by p68. ** indicates the GRPAM loci wheremrhl RNA occupancy is not perturbed upon p68 silencing.
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were resolved on SDS-PAGE and the presence of p68 was
checked by Western blot analysis. p68 is present both in the
input and also in the mrhl ChOP fraction but not in the ChOP
chromatin fraction isolated by using biotinylated scrambled oli-
gonucleotides (Fig. 5A). We also carried out the reverse experi-
ment to validate the interaction of mrhl RNA and p68.
Chromatin fraction was immunoprecipitated with anti-p68 anti-
body and the total RNA was extracted from the immunoprecipi-
tate. The presence of mrhl RNA was scored by RT-PCR. Mrhl
RNA could be scored in both the input as well as the p68 pull
down chromatin fraction but not in the pre immune IgG chro-
matin IP fraction (Fig. 5B). These results show that p68 and
mrhl RNA do interact with the same chromatin fragments. In
order to determine whether there is a physical interaction
between mrhl RNA and p68, the chromatin fraction was treated
with DNase and then the pull down experiments were per-
formed. Western blot upon mrhl RNA pull down with ChOP
oligonucleotides showed the presence of p68 (Fig. 5C) while
RT-PCR analysis showed the presence of mrhl RNA upon
immune pull down of p68 (Fig. 5D) which confirmed the physi-
cal interaction between mrhl RNA and p68 on the chromatin
template. However, we cannot conclude from this experiment
whether p68 and mrhl RNA complex interacts directly with the

chromatin or the interaction is mediated through a complex or a
bridge protein. We subsequently asked the question whether p68
has a role in the mrhl RNA occupancy at GRPAM loci. To begin
with, we first checked whether p68 also binds at these GRPAM
chromatin loci. For this purpose we performed quantitative p68
ChIP-PCR which shows that p68 binds to 31 out of 37 GRPAM
loci (Fig. 5E). p68 does not bind to Il1rapl1 and Myo18b (intra-
genic) and Zfp455, Npepps, Ppargc1a and Ostm1 (intergenic)
genomic loci which are represented with * in Table 1. For p68
ChIP-PCR we used the same set of primers that were used for
mrhl RNA ChOP-PCR. This experiment clearly demonstrated
that p68 binds at the same 31 chromatin loci which are bound
by the mrhl RNA. We then carried out p68 silencing experiment
and checked for the mrhl RNA occupancy at these 31 GRPAM
loci. We knocked down p68 in Gc1-Spg cells by using siRNAs
targeting 4 different regions of p68 mRNA. All 4 siRNAs were
used together for the silencing of p68 gene expression. The down
regulation of p68 was checked by qRT PCR (Fig. 6A) as well as
by Western blot (Fig. 6B). The levels of mrhl RNA and p72
(which is homologous to p68) do not show any significant
change under these experimental conditions (Fig. 6C). The chro-
matin occupancy of mrhl RNA at the GRPAM loci was then
scored by ChOP-PCR and the results were expressed as fold

Figure 4. Validation of mrhl RNA occupancy at the GRPAM loci by ChOP-PCR. ChOP DNA isolated from chromatin fraction by using 3 different ChOP oli-
gonucleotides that are complementary to 3 different regions ofmrhl RNA (Fig. S1B). Each locus was scored for enrichment in the ChOP DNA by PCR anal-
ysis using the primers specific for each of the 37 sequence reads (Primer sequences are given in Table S2). Positive PCR amplification signal was
observed in all the 37 GRPAM loci. Promoter region of b-actin gene was used as a negative control. In: Input; m1, m2, m3: complimentary mrhl oligos 1,
2, 3 ; scr: scrambled oligo.
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enrichment over input under control scrambled siRNA and p68
siRNA treated conditions (Fig. 6D, 6E). It is very clear from
these results that p68 is necessary for the occupancy of mrhl
RNA at majority of these GRPAM loci with the exception of
Rab40b (intragenic GRPAM) and Cdh9, Mrpl32, Npepps and
Prickel1 (intergenic GRPAM) which are represented with ** in
Table 1. Thus we conclude that 27 GRPAM loci genes show
p68 dependent occupancy of mrhl RNA in Gc1-Spg cells.

Expression analysis of GRPAM genes upon p68 silencing in
Gc1-Spg cells

Since the occupancy of mrhl RNA on GRPAM loci was
drastically reduced upon p68 silencing, the next step was to
find out whether this reduced mrhl RNA occupancy caused

any perturbation of the expression of GRPAM genes. The
expression levels of the 27 GRPAM genes upon p68 silencing
were then compared with their perturbation in expression
observed upon mrhl RNA silencing (data from GSE19355)
(Fig. 7A and 7B). All the 27 GRPAM genes showed pertur-
bation of their expression upon p68 silencing; suggesting that
p68 mediated recruitment of mrhl RNA at these GRPAM
loci regulates their expression. Interestingly, we do find oppo-
site trend of perturbation of expression (up or down regula-
tion) of some of the genes upon p68 or mrhl RNA down
regulation. These genes are Ksr1, Lamb3, Ssx2ip, Stox2 (intra-
genic class) and Mageb16, Thbs4 (intergenic). The remaining
21 genes showed unidirectional perturbation of expression
upon p68 or mrhl RNA down regulation.

Figure 5. p68-mrhl RNA interaction on chromatin and occupancy of p68 at GRPAM loci (A) Western blot analysis with anti p68 antibody probed on the
ChOP chromatin fraction. p68 signal was observed only with the chromatin fraction isolated from mrhl ChOP oligonucleotides but not scrambled oligo-
nucleotides. (B) RT-PCR analysis showing the association ofmrhl RNA with the p68-ChIP chromatin fraction isolated by using anti p68 antibody. No signal
was observed with pre-immune IgG. (C) Western blot analysis with anti p68 antibody probed on DNase treated ChOP chromatin fraction. p68 signal was
observed only with the chromatin fraction isolated from mrhl ChOP oligonucleotides but not scrambled oligonucleotides. (D) RT-PCR analysis showing
the association of mrhl RNA with the DNase treated p68-ChIP chromatin fraction isolated by using anti p68 antibody. No signal was observed with pre-
immune IgG. (E) Quantitative ChIP-PCR analysis to examine the occupancy of p68 on the 37 GRPAM loci. p68 occupies 31 of the 37 GRPAM loci bound
by mrhl RNA. Promoter region of b-actin gene was used as a negative control. Data is an average of 4 independent biological replicates and error bars
represent standard deviation.
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Expression analysis of GRPAM genes in Gc1-Spg cells upon
Wnt3a treatment

We have previously shown that Wnt3a treatment of Gc1-Spg
cells down regulates mrhl RNA expression.28 Wnt signaling is an
important pathway implicated in the regulation of spermatogene-
sis.31 Therefore we examined the expression levels of the 27
GRPAM genes in Gc1-Spg cells upon Wnt3a treatment and
compared it with that upon mrhl RNA silencing (Figs. 8A and
B). Among these, 21 GRPAM genes showed the same kind of
perturbation in expression (up or down) upon Wnt 3a treatment
as compared to that upon mrhl RNA silencing while 6 GRPAM
genes showed the opposite trend (Intragenic: Kcnq5, Nrxn1,
Odz4, Ssx2ip and intergenic: Kcnh7, Tsc22d1).

Proteins associated with mrhl RNA in the chromatin
Our previous study and all the results presented here do indicate

that p68/Ddx5 helicase is one of the mrhl RNA interacting protein
partners which is necessary for the regulatory function ofmrhl RNA
in spermatogonial cells. There is an increasing list of long non

coding RNAs that carry out chromatin templated functions through
different protein complexes.22 Therefore we were curious to find
out the nature of the proteins that are present in themrhl RNA asso-
ciated chromatin fraction. For this purpose we pulled down mrhl
RNA associated chromatin fraction using biotinylated oligonucleo-
tides and resolved the proteins by SDS-PAGE. The coomassie
stained gel pattern shows numerous protein bands present in mrhl
RNA pull down fraction from the chromatin but not in the scram-
bled oligonuclotide ChOP-chromatin fraction (Fig. 9A). Protein
elutes from the mrhl RNA pull down fraction were subjected to
mass spectrometry (nano LC-MS).We could identify many proteins
in this analysis and the list of proteins, their molecular masses and
identified peptide sequences along with their known biological func-
tion(s) are given in Table 2. Among these we further validated the
presence of 7 proteins in the mrhl RNA associated chromatin frac-
tion (Pc4, Hmgb2, Rbm3, hnRNPA1, hnRNP A2/B1, hnRNP A/
B. p68 was used as a positive control.) by Western blot analysis with
the corresponding protein specific antibodies (Fig. 9B). Histone
chaperone Npm1 was used as a negative control in this analysis.

Figure 6. p68 is required for the association ofmrhl RNA with GRPAM loci. (A) Real Time PCR showing about 80% down regulation of p68 mRNA in siRNA
transfected cells. (B) Western blot showing drastic reduction of p68 protein levels upon p68 silencing by siRNA. (C) Real Time PCR showing no significant
change in the expression of mrhl RNA and p72 mRNA upon p68 silencing. (D&E) Real Time PCR analysis scoring for the occupancy of mrhl RNA at the
GRPAM loci (promoter, intragenic, intergenic) upon p68 silencing.mrhl RNA occupancy is drastically reduced on most of the GRPAM loci upon p68 silenc-
ing. Each data is an average of 4 independent biological replicates. Error bars in Figure 6A, C, D, and E represent standard deviation. *** (P � 0.0005), **
P � 0.005), * P � 0.05) (t test). N.S (not significant).
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hnRNP proteins are involved
in various aspects of RNA
function like transcription
and RNA processing.32-34 In
this list, it is also comforting
to note that all the 4 nucleoso-
mal core histones are
also present thus serving as an
internal control for the chro-
matin fraction.

In vivo occupancy of
GRPAM loci by mrhl RNA
and p68 in mouse testicular
chromatin and inverse
correlation of nuclear b
catenin and mrhl RNA
expression

The findings presented so
far demonstrate the role of
mrhl RNA in gene regula-
tion in a cell culture system.
In order to substantiate the
physiological relevance of
our work, we performed cer-
tain key experiments in the
mouse testicular tissue. Since
Gc1-Spg is a spermatogonial
cell line, we selected testis of
7 day old (P7) mice for our
further experiments because
of the predominance of sper-
matogonia at that age. We
performed mrhl ChOP in
the testicular chromatin of
P7 mice and checked for the
occupancy of mrhl RNA at
the GRPAM loci. Similar to Gc1-Spg cells, we could also score
for the occupancy of mrhl RNA at the GRPAM loci (34 out of
37) by quantitative ChOP-PCR (Fig. 10A). The physical interac-
tion of mrhl RNA and p68 also holds true in the P7 mouse testic-
ular chromatin (Fig. 10B and 10C) and also the p68 occupancy
at 31(out of 37) GRPAM loci as seen in Gc1-Spg cells
(Fig. 10C). We also confirmed the association of chromatin pro-
teins with mrhl RNA since we could validate the association of
the 7 proteins (Pc4, Hmgb2, hnRNP A/B, hnRNP A2/B1,
hnRNP A1, Rbm3 and p68) by Western blot upon mrhl RNA
ChOP in P7 mouse testicular chromatin (Fig. 11A). Earlier, we
reported the down regulation of mrhl RNA expression upon
Wnt signaling activation.28 We further validated this finding in
the mouse testicular tissue. P21 mouse testis predominantly con-
tains spermatocytes as opposed to P7 mouse testis which have
mostly spermatogonia. Wnt signaling is activated in spermato-
cyte population and P21 mouse testis as demonstrated by nuclear
localization of b catenin.35,36 We compared the expression pat-
tern of mrhl RNA in P7 and P21 testis and there was a drastic

reduction of mrhl RNA expression in P21 testis compared to P7
testis (Fig. 11B). The Western blot with nuclear extracts of P7
and P21 testis show nuclear b catenin only in P21 testis
(Fig. 11C) confirming the Wnt signaling activation status in the
P21 testis.

Discussion

Long non coding RNAs (lncRNAs) are emerging as key play-
ers in the regulation of diverse cellular functions in the context
of development and disease. LncRNAs are also shown to be
responsive to signaling pathways as well as function as their reg-
ulators. Mrhl RNA is one such RNA that interacts with p68/
Ddx5 helicase in the nucleus and negatively regulates Wnt sig-
naling in Gc1-Spg cells (derived from B type spermatogonia).
Mrhl RNA is the first lncRNA shown to regulate Wnt signaling.
Wnt signaling plays a very important role in the regulation of
mammalian spermatogenesis.31 Yeh et al. have shown that Wnt

Figure 7. Expression analysis of the GRPAM genes upon silencing of p68 and its comparison with expression levels
observed upon down regulation of mrhl RNA (data taken from microarray data GSE 19355). (A) Expression analysis
of promoter and intragenic class of GRPAM genes (B) Expression analysis of intergenic class of GRPAM genes. Each
data point in 7A and 7B is an average of 4 independent biological replicates and the error bar represents standard
deviation.
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signaling is suppressed in spermatogonial stem cells and undif-
ferentiated spermatogonia while it is activated in differentiated
meiotic spermatocytes.35 Thus, an in depth understanding of
the mechanism of mrhl RNA function in spermatogonial cells is
crucial to elucidate the biological function of this lncRNA in
the broader context of spermatogenesis and in more particular
the differentiation of spermatogonial cells into meiotic sperma-
tocytes. Toward this direction, we embarked upon mapping the
genome wide chromatin occupancy of mrhl RNA on Gc1-Spg
cell chromatin to get an insight into the role of mrhl RNA in
global gene regulation. There are very few reports in the litera-
ture that document the genome wide occupancy of
lncRNAs.37,38 The key observations of our present study can be
summarized as follows: 1) Occupancy of 1370 genomic loci by
mrhl RNA in mouse spermatogonial cell chromatin. 2) Among
these, 37 GRPAM loci represent the most probable regulatory
targets of mrhl RNA. 3) Most GRPAM loci are occupied by
mrhl RNA in a p68 dependent manner. 4) Regulation of
GRPAM expression is physiologically relevant in the context of
spermatogenesis and Wnt signaling.

One of the significant
observations made in the
present study is the identifi-
cation of 27 genes among
the 37 GRPAM loci where
mrhl RNA occupancy is
dependent on p68 and
whose expression is per-
turbed following mrhl RNA
down regulation. We con-
sider these genes to be bio-
logically important genomic
loci (GRPAM loci) whose
regulation is modulated by
the occupancy of mrhl RNA
in the context of cellular
biology of spermatogonial
cells. We had shown earlier
that down regulation of mrhl
RNA resulted in cytoplasmic
translocation of phosphory-
lated form of p68 triggering
the stabilization of b catenin
in the cytoplasm and the
subsequent activation of
TCF4 mediated gene expres-
sion in the nucleus. From
these results, we had pro-
posed that mrhl RNA nega-
tively regulates Wnt
signaling by altering the
dynamics of p68 in the
nucleus and the cytoplasm
which is intimately associ-
ated with the b catenin/
TCF4 mediated regulation

of Wnt target genes. The results presented in this communication
have shown further that mrhl RNA does play a direct positive role
in modulating gene expression by directly associating with spe-
cific chromatin loci which is again dependent on p68 protein.
Among the 27 GRPAM genes (Table 1), several genes belonged
to Wnt pathway and spermatogenesis categories. Sox8 is a tran-
scription factor required for mammalian Sertoli cell function and
germ cell differentiation.39 Sox proteins are also known to func-
tion as regulators of Wnt signaling.40 Rarg (retinoic acid receptor
gamma) protein is necessary for retinoic acid signaling and differ-
entiation of spermatogonia into meiotic spermatocytes.41,42 Mael
protein (maelstrom homolog) is essential for spermatogenesis
and transposon repression during meiosis.43 Mageb16 is a testis
specific gene,44 while Spag16 is a male germ cell nuclear speckle
protein important during spermatogenesis.45 Among the genes
related to Wnt signaling, recent studies have shown the role of
Odz4 in induction of embryonic mesoderm by activation of Wnt
signaling and Lamb3 is shown to be downregulated by Wnt5A
signaling in breast cancer cells.46,47 Znrf3 is an Wnt antagonist
as it promotes Wnt receptor turnover, while Tsc22d1 is an

Figure 8. Expression analysis of the GRPAM genes in Gc1-Spg cells upon Wnt3a treatment in comparison with their
expression levels observed upon mrhl RNA down regulation (GSE19355) (A) Expression analysis of promoter and
intragenic class of GRPAM genes (B) Expression analysis of intergenic class of GRPAM genes. Each data point in 8A
and 8B is an average of 4 independent biological replicates and the error bar represents standard deviation.
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enhancer of Tgf b signaling
but is also induced upon
Wnt signaling activation in
human fibroblasts.48,49

Among the 27 GRPAM
genes, 3 genes belonged to
promoter class which
includes Sox8, Lrba and
H28. Lrba is a lipopolysach-
haride inducible gene and
has been shown to be part of
the nuclear interactome of
the Notch1 ligand.50

Homologues of Lrba in Dro-
sophila and C. elegans are
also shown to be involved in
Notch signaling path-
way.51,52 H28 or Ifi441 pro-
tein is a minor
histocompatibility antigen
and is induced in response
to interferon. While it may
be easier to conceptualize
the mrhl RNA mediated reg-
ulation of gene expression of
the promoter class of
GRPAM genes, the mecha-
nism of gene regulation of
intragenic and intergenic
classes may be much more
complex. It is quite likely
that mrhl RNA occupancy at
these loci may alter the chro-
matin structure to either
activate or repress the
expression of these genes, as
in the case of Xist RNA53 or
it may involve long range
DNA interactions through looping of DNA.38 The biological
relevance of regulation of 27 GRPAM genes is further supported
from the data obtained from Wnt3a ligand treated Gc1-Spg cells.
Wnt3a is a natural ligand of spermatogonial cells and it does
bring about the down regulation of mrhl RNA, in turn its occu-
pancy at GRPAM loci and consequent perturbation of gene
expression. A careful examination of the nature of perturbation
of GRPAM genes reveals that it is not uni-directional, but some
genes are induced and some genes are repressed following p68
silencing and Wnt3a treatment. Such a biphasic nature of gene
expression regulation indicates a complex mode of regulation at
these chromatin loci and possibly depends on the recruitment of
either co-activators or co-repressors.54

Our analysis of the 1370 ChOP sequence reads also resulted
in the identification of 2 motifs within them (Fig. 4B). However,
the actual mechanism by which mrhl RNA interacts with the
genomic chromatin can be any one of the following. a. Direct
Watson Crick base pairing55 b. DNA-DNA-RNA triple helix

formation (For example DHFR lncRNA).56 c. Facilitate interac-
tion with specific loci through protein complexes.19, 57 Since
lncRNAs can regulate gene expression by virtue of the proteins
that they associate with, we tried to identify the proteins that are
co-purified in the mrhl ChOP fraction. We observed proteins
that are known to be associated with chromatin templated tran-
scription functions. hnRNP A1 and Srsf2 have been reported to
regulate splicing and ultimately gene expression in association
with p68.58 hnRNP A/B and hnRNP A2/B1 have recently been
shown to be important for function of lincRNA-Cox2 resulting
in either gene activation or repression.59 hnRNP class of proteins
are also important for chromatin mediated function of lncRNA.
For example, hnRNP U is shown to be essential for chromosomal
localization of Xist RNA and lncRNA-p21 along with hnRNP K
function in p53 dependent gene repression in response to DNA
damage.32,33 In addition to hnRNP proteins, chromatin orga-
nizer proteins like PRC2 complex and CoREST have also been
shown to associate with lncRNA function.60 In this context, we

Figure 9. Validation of proteins identified by Mass Spectrometry in the ChOP chromatin by Western blot analysis.
(A) Coomassie staining showing the differential proteins associated with mrhl RNA from the chromatin fraction.
(B) Validation of association of 7 proteins (Pc4, Rbm3, hnRNP A1, Hmgb2, hnRNP A/B, hnRNP A2/B1 and p68) with
mrhl RNA after pull down of mrhl RNA from the chromatin fraction by Western blot analysis. Histone Chaperone
Npm1 was used as a negative control.
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do find chromatin organizer protein Pc4 to be associated with the
mrhl associated chromatin fraction. Pc4 protein is a non histone
protein involved in chromatin organization and plays a dual role
(activation or repression) in gene regulation.61,62 Recently, Pc4
has also been shown to activate Luteinizing Hormone (LH) gene
transcription by binding to its promoter.63 Among the other pro-
teins identified by our mass spectrometry analysis, Hmgb2 regu-
lates transcription and formation of nucleoprotein complexes
through chromatin and is required for spermatogenesis as well as
regulation of Wnt signaling.64,65 We would like to mention here
that the protein analysis of mrhl RNA associated chromatin

fraction probably reflects an average picture of the protein com-
ponents of all the 1370 genomic loci that we have identified.
However, identifying the protein complexes associated more spe-
cifically at the 27 GRPAM loci would decipher the regulation of
GRPAM expression.

Mrhl RNA and p68 physically interact with each other and
co-occupy most of the GRPAM loci even in the spermatogonial
cells of mouse testicular tissue. This in vivo correlation along
with the inverse correlation between mrhl RNA expression and
nuclear b catenin possibly suggests that mrhl RNA mediated reg-
ulation of Wnt signaling is an important biological feature of

Table 2. Interacting proteins of mrhl RNA from chromatin

No. Protein UniProtK B
Mol

wt (kDa)
Total

peptides Peptides Protein Function

1 hnRNP A/B Q99020 30.8 9 (K)IFVGGLNPEATEKK(I), (K)EVYQQQQYGSGGR(G), (K)
FGEVVDCTIK(M), (K)MFVGGLSWDTSKK(D),

Regulation of transcription,
lncRNA function, splicing

2 Pc4 P11031 14.4 6 (R)DDNMFQIGK(M), (K)EQISDIDDAVR(K), (K)
QSSSSRDDNMFQIGK(M), (R)EYWMDSEGEMKPGR(K), (R)
EYWMDSEGEMKPGRK(G)

Transcription coactivator

3 Actg1 P63260 41.7 16 (K)SYELPDGQVITIGNER(F), (K)EITALAPSTMK(I), (R)
HQGVMVGMGQK(D), (R)AVFPSIVGRPR(H), (R)GILTLK(Y)

Cell Migration,
SignalingTranscription
elongation

4 Histone H4 P62806 11.8 4 (R)ISGLIYEETR(G), (R)TLYGFGG(-), (R)DNIQGITKPAIR(R), (K)
VFLENVIR(D)

Nucleosomal component

5 Rbm3 O89086 16.6 2 (R)YSGGNYRDNYDN(-), (R)GFGFITFTNPEHASDAMR(A) Regulation of
translationProduction of
miRNAs

6 H2B1F P10853 14 2 (R)LLLPGELAK(H), (K)ESYSVYVYK(V) Nucleosomal component
7 hnRNP-DL Q9Z130 33.5 7 (R)FGEVVDCTIK(T), (R)FGEVVDCTIK(T), (K)DLTEYLSR(F), (K)

DAASVDKVLELK(E),
Regulation of transcription

8 H2A3 Q8BFU2 2 (R)AGLQFPVGR(V), (Q)FPVGR(V) Nucleosomal component
9 Annexin A1 P10107 38.7 12 (K)ILVALCGGN(-),(R)FLENQEQEYVQAVK(S), (K)

TPAQFDADELRGAMK(G), (K)TPAQFDADELR(G)
Apoptosis, cell cycleCell

proliferation
10 Srsf2 Q62093 25.4 4 (R)DAEDAMDAMDGAVLDGR(E), (R)GFAFVR(F), (R)VGDVYIPR

(D), (F)AFVR(F)
RNA spilicngmRNA

processing
11 hnRNP A1 P49312 34.1 4 (K)IEVIEIMTDR(G), (R)SSGPYGGGGQYFAKPR(N), (R)

GGGFGGNDNFGR(G), (R)SHFEQWGTLTDCVVMR(D)
RNA spilicngmRNA

processing
12 Histone H3.2 P84228 15.4 6 (K)STELLIR(K), (R)YRPGTVALR(E), (K)RVTIMPK(D), (K)STELLIR(K) Nucleosomal component
13 Nucleolin P09405 76.7 18 K)GFGFVDFNSEEDAK(A), (R)SVSLYYTGEK(G), (K)GIAYIEFK(S),

(K)NDLAVVDVR(T),
Transcription, p53

pathwayregulation of
growth

14 hnRNP A2 B1 O88569 37.4 4 (R)GGNFGFGDSR(G), (R)GGGGNFGPGPGSNFR(G), (K)
TLETVPLER(K), (K)IDTIEIITDR(Q)

Splicing, lncRNA function,
Transcription,
differentiation

15 Hmgb1 P63158 24.9 5 (K)YEKDIAAYR(A), (K)GKPDAAKK(G), (K)KHPDASVNFSEFSK(K),
(K)IKGEHPGLSIGDVAK(K)

Transcription, DNA repair,
apoptosis, differentiation

16 Myl6 Q60605 16.9 6 (R)HVLVTLGEK(M), (K)ILYSQCGDVMR(A), (R)
ALGQNPTNAEVLK(V), (K)EAFQLFDR(T)

Adhesion, migration,
signaling

17 Annexin A2 P07356 38.6 9 (R)TNQELQEINR(V), (K)LMVALAK(G), (R)QDIAFAYQR(R), (R)
SEVDMLK(I)

Protein phosphorylationPoly
(A) RNA binding

18 hnRNP D0 Q60668 38.3 6 (K)IFVGGLSPDTPEEK(I),(K)FGEVVDCTLKLDPITGR(S), (R)
EYFGGFGEVESIELPMDNK(T), (K)EQYQQQQQWGSR(G)

mRNA processing, mRNA
stability

19 Alyref2 Q9JJW6–2 23.6 3 (R)SLGTADVHFER(R), (K)QQLSAEELDAQLDAYNAR(M), (K)
QQLSAEELDAQLDAYNAR(M)

RNA splicing

20 Hmgb2 P30681 24.1 11 (K)YEKDIAAYR(A), (K)SKFEDLAK(S), (K)IKIEHPGLSIGDTAK(K),
(K)KLGEMWSEQSAK(D)

Spermatogenesis, Wnt
signaling, Nucelosomal
histone binding

List of interacting proteins of mrhl RNA from ChOP chromatin fraction identified by Mass Spectrometry (nano LC/MS). The peptide sequences obtained for
each of the protein are listed. The peptides with high score are also listed for each of the protein where more than 4 peptides were identified. The biological
function of each of the protein is given in the last column.
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differentiation of spermatogonial cells into meiotic spermato-
cytes. The major findings from this study have been summarized
schematically in Figure 12. Although we have addressed only 37
GRPAM loci in present study, it is likely that the remaining mrhl
RNA bound genomic loci may have Wnt signaling independent
function in a context dependent manner during mammalian
spermatogenesis.

Materials and Methods

Cell line, Antibodies, siRNA, other chemicals
Gc1-Spg cell line (type B spermatogonia) was obtained from

the American Type Culture Collection (ATCC) and was cultured
in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% fetal bovine serum (Invitrogen) and 100units/ml peni-
cillin-streptomycin solution (Sigma) at 37oC in a humidified 5%
CO2 atmosphere.

Anti p68 antibody was raised in rabbit against full length
recombinant p68 protein. Anti Pc4 and anti Npm1 antibodies
were kindly provided by Prof Tapas Kundu, JNCASR. Following
antibodies were obtained from Abcam (catalog number in brack-
ets): Anti Rbm3 (ab134946), Anti hnRNP A/B (ab94593), Anti
hnRNP A1 (ab5832), Anti hnRNP A2/B1 (ab31645), Anti His-
tone H3 (ab46765), Anti Histone H4 (ab31830), Anti Hmgb2
(ab67282).

Four siRNAs against p68 mRNA were obtained from Sigma.
The siRNA ID are: SASI_Mm01_00096788, SASI_Mm01_
00096789, SASI_Mm01_00096792 and SASI_Mm01_
00096793.

All chemical reagents were of AR grade and were purchased
from Sigma. Protein A agarose beads (15918–014) and streptavi-
din agarose beads (15942–050) were purchased from Invitrogen.
DNAseI (MO303) was purchased from New England Biolabs.

The list of genes perturbed under mrhl RNA down regulation
was available from the GEO dataset (GSE19355).28

Figure 10. (A) Quantitative ChOP-PCR for examining the occupancy of mrhl RNA at 37 GRPAM loci in P7 mouse testis chromatin. mrhl RNA occupies 34
out of 37 GRPAM loci. (B) Western blot analysis with anti p68 antibody probed on DNase treated ChOP chromatin fraction of P7 mouse testis. (C) RT-PCR
analysis showing the association ofmrhl RNA with the DNase treated p68- ChIP chromatin fraction of P7 mouse testis isolated by using anti p68 antibody.
(D) Quantitative ChIP-PCR analysis to examine the occupancy of p68 on the 37 GRPAM loci in P7 mouse testis chromatin. p68 occupies 31 of the 34
GRPAM loci bound by mrhl RNA. Each data point in 10A and 10D is an average of 4 independent biological replicates and the error bar represents stan-
dard deviation.
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Chromatin fractionation
Nuclei of Gc1-Spg cells were fractionated into nucleoplasm

and chromatin as described before with some minor modifica-
tions.66 Gc1-Spg cell pellet (grown to confluence) was resus-
pended in 5–6 volumes of buffer N250 (15 mM Tris HCl, pH
7.5,15 mM NaCl, 60 mM KCl, 10 mM MgCl2, 1 mM CaCl2,
250 mM sucrose, 1mM DTT, 0.5 mM PMSF and 75 units/ml
RNasin) and incubated on ice for 10 minutes. Equal volume of
buffer N250 containing 0.6%NP-40 was then added to cells, sus-
pension was gently mixed and further incubated on ice for
20 minutes. Nuclear pellet was separated from the cytoplasm by
centrifugation at 2400 X g for 10 min at 4oC. Nuclei were
washed once in buffer N250 and then lysed in Pipes-EDTA
buffer (10mM Pipes buffer, pH 6.5, 10 mM EDTA, pH
8, 0.5 mM PMSF and 75 units/ml RNasin). Nucleoplasm was
obtained in the supernatant and chromatin in the pellet after cen-
trifugation at 6400 X g for 20 min at 4oC. Chromatin pellet was
resuspended in sonication buffer (20mM Tris HCl, pH 7.5, 150
mM NaCl, 3mM MgCl2, 0.5 mM PMSF and 75 units/ml
RNasin), sonicated for 5 min and supernatant chromatin was
obtained by centrifugation at 18,000 X g for 10 minutes.

For RNA isolation, the
nucleoplasm and chromatin
fractions were treated with
DNaseI (10 units/ml) for
45 min and then Proteinase
K (80 mg/ml) treatment for
30 min followed by phenol-
chloroform extraction and
ethanol precipitation. 1mg
RNA was used for cDNA
synthesis reaction.

Chromatin Oligo
Affinity precipitation
(ChOP) and DNA
sequencing analysis

The ChOP assay was per-
formed as described before
with minor modifications.23

Gc1-Spg cells were cross
linked using 1% formalde-
hyde for 10 min at room
temperature. Glycine was
used at final concentration of
0.125 M for quenching.
Cells were washed with PBS,
resuspended in 1ml of buffer
A (3 mM MgCl2, 10 mM
Tris HCl, pH 7.4, 10 mM
NaCl, 0.5%v/v NP-40,
0.5 mM PMSF and 75
units/ml RNasin) and incu-
bated on ice for 15 minutes.
Nuclei were harvested by
centrifugation and resus-

pended in 800 ml of buffer B (50 mM Tris HCl, pH 7.4,
10 mM EDTA, 0.5% Triton X-100, 0.1%SDS, 0.5 mM PMSF
and 75 units/ml RNasin) and incubated on ice for 30 minutes.
An equal volume of buffer C (15 mM Tris HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM
PMSF and 75 units/ml RNasin) was then added and incubated
on ice for 10 minutes. Samples were then sonicated using a Bio-
ruptor sonicator (Diagenode). Sonicated DNA was found to be
enriched in the range of 200–500 bp. After centrifugation the
chromatin was pre cleared for 30 min using streptavidin-agarose
beads. 1 mg of mrhl complementary oligo or 1mg of control
scrambled oligo was added to the chromatin solution along with
yeast tRNA (100 mg/ml), salmon sperm DNA (100 mg/ml) and
BSA (500 mg/ml) and incubated overnight at 4oC (For identifica-
tion of the mrhl RNA associated proteins, BSA was excluded and
all the 3 mrhl complementary oligonucleotides were added).
Samples were then incubated with streptavidin agarose beads for
2.5 hrs followed by one wash with Low salt buffer (20 mM Tris
HCl, pH7.9,150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Tri-
ton X-100, 0.5 mM PMSF and 75 units/ml RNasin) and one
wash with high salt buffer (20 mM Tris HCl, pH7.9, 500 mM

Figure 11. (A) Validation of association of 7 proteins (Pc4, Rbm3, hnRNP A1, Hmgb2, hnRNP A/B, hnRNP A2/B1 and
p68) with mrhl RNA after pull down of mrhl RNA from the chromatin fraction of P7 mouse testis. Npm1 was used
as a negative control. (B) Real Time PCR analysis showing significant reduction in mrhl RNA expression in P21
mouse testis compared to P7. (C) Western blot analysis showing the presence of b catenin in the nuclear extract of
P21 mouse testis but not P7. Lamin and GAPDH Western blots show the purity of the nuclear extracts. *** P �
0.0005) (t-test).
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NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.5 mM
PMSF and 75 units/ml RNasin). The beads were then incubated
with elution buffer (1%SDS, 100 mM NaHCO3) for 30 min
with intermittent mixing for 30 min followed by Proteinase K
(80 mg/ml) digestion and phenol chloroform extraction method
for DNA isolation. ChOP-DNA sequencing was performed
using Illumina GAII analyzer (single end sequencing, 37 bases
reads). Sequence reads were aligned individually to each chromo-
some using BOWTIE 0.9.8.1 while peak finding was performed
using ERANGE 3.1. Total 1370 sequence reads were considered
as significant based on the cut off values of fold enrichment over
input DNA (>4 ) and p value (p < 0.01). For ChOP-Seq valida-
tion, PCR was done using sequence specific primers under stan-
dard conditions for 30 cycles. Primers used for ChOP PCR are
listed in Table S2.

For ChOP experiment performed with DNase treatment, the
sonicated chromatin was diluted fold5- with buffer A to reduce

the EDTA concentration to 1mM and then DNaseI was used at
concentration of 100 units/ml and incubated for 1.5 hrs at 37�C
followed by inactivation of DNaseI by increasing EDTA concen-
tration to 10 mM. Complete DNA degradation was monitored
by agarose gel electrophoresis.

For identification of mrhl RNA associated proteins, the pro-
tein complex from the Streptavidin agarose beads was eluted in a
buffer containing 15 mM Hepes-KOH, pH7.4, 3 mM MgCl2
and 15 mM KCl with intermittent mixing at 55�C.

Chromatin immunoprecipitation (ChIP), p68 silencing and
qRT-PCR

ChIP was performed using the same method as described pre-
viously.28 6 mg of p68 antibody or 6 mg pre immune IgG was
used for p68 ChIP while 4 mg of histone H3 antibody or 4 mg
pre immune IgG was used for H3 ChIP. p68 ChIP with DNase
treatment was performed by same way as described in the ChOP

Figure 12. Summary of the relationship between chromatin occupancy of mrhl RNA and regulation of gene expression in the context of Wnt signaling in
spermatogenesis. (A) Overlap set of mrhl RNA silencing (microarray data) and mrhl RNA ChOP leading to 37 GRPAM genes and their classification based
on location of ChOP sequence reads. Number in brackets indicates the number of GRPAM of that particular category. (B) Hypothetical mechanisms of
gene regulation by mrhl RNA-p68 complex at GRPAM loci. Oval circles indicate different proteins associated with mrhl RNA which can include co-activa-
tors or co-repressors or chromatin modifiers. ? indicates that the nature of interaction of p68-mrhl RNA complex with chromatin template is not clear at
present. Regulation of promoter class of GRPAM can be through recruitment of co-activators or co-repressors while intragenic and intergenic GRPAM
can be regulated through alteration of chromatin structure and long range interactions respectively. (C) Down regulation of mrhl RNA and perturbation
of GRPAM gene expression in Gc1-Spg spermatogonial cell line upon Wnt3a treatment. ? indicates that the status of p68 genome wide occupancy and
expression of p68 upon Wnt3a treatment is not known. (D) Inverse correlation between Wnt activated state (as demonstrated by nuclear b catenin) and
mrhl RNA expression levels between spermatogonia (Repressed Wnt signaling, higher expression of mrhl RNA) and differentiated spermatocytes (Wnt
activation and decreased levels ofmrhl RNA ). b: b catenin, Fzd: Frizzled, Lrp: Low-density lipoprotein receptor-related protein.
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method section. p68 silencing using siRNA and qRT-PCR were
carried out using the same method as described previously.28

In-silico Motif discovery

Mrhl RNA bound 1370 genomic sequences were obtained
from the UCSC table browser and were used for de novo motif
identification using DREME v4.9.1 from MEME suite of
tools.67,68 TOMTOM motif comparison tool was used to iden-
tify nearest matches of motifs identified from DREME using
JASPAR CORE database.69 Control data sets of 1370 random
sequences, from mouse were extracted from RSAT tools and con-
ducted motif analysis to validate the motifs predicted from
ChOP sequence data.70

Gene ontology analysis of ChOP data
Gene ontology enrichment analysis of the genes associated

with mrhl RNA bound 1370 genomic loci was performed
using GO term finder.71 Terms were considered significant at
a p-value <0.01. The GO terms were passed on to REVIGO
web server to reduce the redundancy and the functional clas-
sification was visualized as scatter plot.72

Liquid chromatography–mass spectrometry analysis
The proteins associated with mrhl RNA in the chromatin frac-

tion were processed for mass spectrometric analysis. Tryptic pep-
tides generated were analyzed by nano LC–MSE using a Nano
Acquity UPLC system (Waters Corporation) coupled to a
Q-TOF, SYNAPT-HDMS (Waters Corporation). The nano-LC
separation was performed using a BEH- C18 reversed phase col-
umn (1.7 mm particle size) with an internal diameter of 75 mm
and length of 150 mm (Waters Corporation). The binary solvent
system used comprised 99.9% water and 0.1% formic acid
(mobile phase A) and 99.9% acetonitrile and 0.1% formic acid
(mobile phase B). Peptides were initially pre concentrated and
desalted online at a flow rate of 5 mL/min using a Symmetry
C18 trapping column (internal diameter 180 mm, length
20 mm) (Waters Corporation) with a 0.1% B. After each

injection, peptides were eluted into the Nano Lock Spray ion
source at a flow rate of 300 nL/min using a gradient of 2–40% B
for 35 min, then the column was washed and equilibrated. For
lockmass calibrant peptide standard, 600 fmol/mL glu-fibrino-
peptide B, was infused into the Nano Lock Spray ion source at a
flow rate of 300 nL/min and was analyzed at 30 s intervals. The
mass spectrometer was operated in V-mode at a resolution of
approx 9000 (FWHM) with an alternating 1 s scans of low
(4 V) or high (20¡40 V) collision energies are used to generate
either intact peptide ions (low energy) or peptide product ions
(high energy). For peptide mass analysis, PLGS and MASCOT
softwares were used.
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