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Chapter 1

Introduction

Regulation of gene expression is the fundamental aspect of biological phenom-
ena such as responses to environmental conditions, development of multicellular
organisms, cellular differentiation, morphology and disease. Gene regulatory pat-
terns are extraordinarily diverse, yet the regulation of each gene is very precise
both temporally as well as spatially. Gene regulation is also remarkably flexible
to accommodate rapid changes in response to new conditions and evolutionary

demands.

Molecular mechanisms underlying regulation of cellular functions were estab-
lished over 50 years ago, where the central dogma of molecular biology was defined
as follows. The genetic information that is stored as DNA is transcribed into a
transient messenger RNA and it is decoded on ribosomes with the help of adapter
tRNASs to produce a functional protein. Thus, RNA was not believed to play more
than an accessory role and proteins were regarded as the ultimate functional en-
tity of the cell. However this model is now challenged to a large extent due to

the presence of huge repertoire of RNAs that do not code for proteins and display
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remarkable properties more than what is known for mRNA, tRNAs or rRNAs [1].

1.1 Ribonucleic Acid (RNA)

RNA is a ubiquitous biopolymer [2]. It is involved in many aspects of mainte-
nance, processing and transfer of genetic information. It can base pair specifically
according to the standard Watson and Crick base pairing. RNAs can assume
complex folded conformations that can participate in various cellular processes,
independently (RNA) or bound to proteins (RNPs). Higher order structure for
many RNAs is largely unknown and the mechanisms of action are poorly under-
stood. Scientists have only recently started appreciating the remarkable structural
and functional versatility of RNA. Despite containing only four major nucleotides
along with other modified nucleotides, RNA can fold into variety of complex sec-
ondary and tertiary structures analogous to proteins [3]. Many fascinating discov-
eries from the recent past, and the identification of large number of new functional
RNAs led to the hypothesis of primordial RNA world where both information and

enzymatic functions are carried out by the RNA molecules [4,5].

1.2 Classification of RN A

Cellular RNAs could be broadly classified into protein coding and protein non-
coding RNAs. Messenger RNA qualifies as the only privileged member of protein
coding RNAs. The protein non-coding RNAs are further classified into house-
keeping RNA and regulatory RNA [6]. Transfer RNA, ribosomal RNA, snRNA,

snoRNA, RNase P etc., are the members of the class of housekeeping RNAs that



RNASs

Protein coding RNA Protein Nonl-coding RNA
mRNA House keepinlg RNA Rlegulatory
rRNA . . ,
tRNA Small Non-coding Long Non-coding
snoRNA RNA RNA
Ribozymes 22-33ntin AIIRNAs >200nt
length inlength

Figure 1.1: Classification of cellular RNAs.

function in day to day activities of the cell and are indispensible for cellular sur-
vival. The other class of protein non-coding RNA are the regulatory RNAs that
function in fine tuning of genetic network and gene regulation. They are further
sub classified into long non-coding RNAs and the short non-coding RNA. Long
non-coding RNAs are more than 200 nt in length whereas the short RNAs are
anywhere between 22-33 nt in length. The examples of each of these RNAs are
briefly described in Figure 1.1, which summarizes the classification of the different

cellular RNAs.

1.3 Messenger RNA

Messenger RNAs are the transient RNA, which converts the genetic blue print
to a chemical blueprint to encode a protein. They are the exclusive members of
protein coding RNAs and account for about 2% of total genomic transcription.
They are formed in the cell nucleus by post transcriptional processing of primary

transcripts. The primary transcripts, also known as heterogenous nuclear RNAs
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are transcribed by RNA polymerase II which then undergo extensive post tran-
scriptional modification to generate a mature mRNA that is transported to the
cytoplasm and translated to proteins. The post transcriptional modifications in-
clude, 5’ capping, addition of poly A tails in the 3’ end of the RNA and splicing, a
process by which the introns are removed from the coding sequence. The process
of intron removal from the coding sequence itself involves the participation of ncR-
NAs such as snRNA which will be discussed shortly. Some mRNAs also undergo

a process called RNA editing.

1.4 Non-Coding RNA

The term non-coding RNA (ncRNA) is commonly employed for RNA that does
not encode a protein. Originally, the term ncRNAs referred exclusively to the tran-
scripts that are poly adenylated and are transcribed by polymerase 11 carrying a 7
methyl Guanosine cap structure and lacking an ORF. Nowadays, this designation
is extended to all the RNAs that are devoid of protein coding capacity [6]. The
huge class of regulatory ncRNAs remained unnoticed untill recent past where sci-
entists have uncovered surprisingly large numbers of regulatory ncRNAs. These
results have fuelled speculation that ncRNAs might be important in understanding
the increased complexity observed in mammals [7]. Figure 1.2 shows the genomic
space for the discovery of novel ncRNA in higher eukaryotes. Estimated sizes of
RNA fractions of representative bacterial or eukaryal genomes which are either
protein coding or non protein coding are given as percentages of the total size of

respective genome. From the Figure 1.2 it is obvious that as the complexity of



Percent

Transcribed and translated
Transcribed but not translated

Predicted to be transcribed
No evidence of transcription

i00N

E coli S cerevisiae C.elegans D melanog. M musculus H.saprens

Figure 1.2: Transciptional profile of lower to higher organisms showing percentage of
coding Vs non-coding proportion of the genome. Adapted from Huttenhofer et al. [7].
the organisms increases the percentage of coding vs. non-coding increases dra-
matically. In lower prokaryotes while 90% of the genome codes for proteins, the
percentage of protein coding genes in higher eukaryotes drops down to as low as
2% while almost 60% of the genome is still transcribed. The recent attempt to
identify the functional elements in the human genome the ENCODE project con-
sortium has projected the transcription output of the human genome to be 98%,
after analyzing 1% of the total genome [8].

Much of the recent attention has been devoted in understanding two large
classes of regulatory RNAs such as long and short non-coding RNAs which will
be discussed in detail later. The housekeeping RNAs which also contributes to its

share of ncRNAs will be discussed briefly below with few examples of each class.

1.4.1 Housekeeping RNA

These are the huge class of nc RNAs that participate in the infrastructural roles

of the cells [2]. They constitute more than 75% of total cellular transcripts with
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rRNA and tRNA constituting up to 90 percent.

1.4.1.1 Ribosomal RNA

Ribosomes are the work benches of protein synthesis. It is a huge ribonucleopro-
tein complex that consists of four ribosomal RNAs in eukaryotes, the 28S, 18S, 5S
and 5.8S. The 28S, 18S and 5S rRNA are the product of RNA polymerase I tran-
scription in the nucleolus. The 5.8S rRNA is transcribed by RNA polymerase III.
Originally, it was believed that the RNA fraction of the ribosomes are involved in
the scaffolding process where it can orient the ribosomal proteins for the catalysis
of peptide bond formation [9]. However, with the progression of time, the idea
that ribosomal RNAs might participate directly in protein synthesis became en-
tirely credible. The functional importance of rRNA in the peptide bond formation
could be best appreciated looking at the active centre of the ribosomes which is
purely made up of rRNA rather than the protein. This is well established in the
recent past with bulk of information that was obtained with the different crystal
structures of ribosomes with its substrate [10].The catalytic activity of rRNA is
however astounding, which only further ensures a role of such non-coding RNA in

varied cellular function.

1.4.1.2 Transfer RNA

tRNA is the information adapter molecule. It is the direct interface between
amino-acid sequence of a protein and the information in mRNA. Therefore, it
decodes the information in mRNA. There are > 20 different tRNA molecules.
All are between 75-95 nt in length. There are 4 arms and 3 loops, namely the

acceptor, D, T pseudouridine C and anticodon arms, and D, T pseudouridine C



and anticodon loops. Sometimes tRNA molecules have an extra or variable loop.
Transfer RNA is synthesized in two parts. The body of the tRNA is transcribed
from a tRNA gene. The acceptor stem is the same for all tRNA molecules and is
added after the body is synthesized. It is replaced often during lifetime of a tRNA

molecule.

1.4.1.3 Small nuclear RNA (snRNA)

The removal of the most abundant class of introns requires five major spliceo-
somal small nuclear ribonucleoprotein particles (snRNPs; Ul, U2, U4, U5 and
U6) [11]. The spliceosomes recognize 5’ and 3’ end splice sites which are located
at the intron exon boundaries [12]. Each snRNP consists of a uridylic acid-rich
small nuclear RNA (U1, U2, U4, U5 and U6 snRNAs) that is post-transcriptionally
modified [13]. The 2,2,7-trimethyl guanosine (m3G) capped Ul, U2, U4 and U5
snRNAs (Sm snRNAs) contain an Sm site (RAU3-6GR, where R is a purine)
flanked by stem-loops, which collectively constitute domain A [14]. The intra-
nuclear trafficking of snRNPs has also been documented, in particular with respect
to several organelles, such as Cajal-Bodies, nucleoli and nuclear speckles, which
are currently thought to orchestrate several aspects of their maturation, assembly
and storage [15].

The central role played by the spliceosomal RNAs in splicing has led to the
hypothesis that, like the ribosome, the spliceosome is an RNA-centric enzyme and
a relic from the RNA world. Recent structural studies have provided the first
glimpses of the structural features of spliceosomal RNAs; and mutational analyses
in vivo and in vitro have uncovered new functional roles for a catalytically essential

domain. An emerging model for the active site of group II introns, a closely related



8 Chapter 1.

class of natural ribozymes, is likely to provide a wealth of insights on structure
and function of the active site of the spliceosome [16].

Atleast two splieceosomal RNAs U2 and U6 have been shown to bind to RNA
substrate containing the sequence of the intron branch site and promote a splicing
related reaction in the absence of any of the numerous spliceosomal proteins. The
reaction product is not the natural branch consisting of nucleotide forming both
2’-5" and 3’-5" phosphodiester bonds but instead a new product consistent with a

phosphor triester [17].

1.4.1.4 Ribonuclease P

RNase P, found in all cells, catalyses site specific hydrolysis of precursor RNA
substrates including tRNA and 5S RNA and signal recognition particle RNA [18,
19]. RNAse P is an RNA protein complex whose activity resides within the RNA
component. Typically they are 300-400 nucleotides in length and comprises of
two domains containing the substrate recognition site and the ribosome active site
respectively [20]. Recently they have also been shown to play a role in maturation

of intron encoded box C/D snoRNA as well [21].

1.4.1.5 Small Nucleolar RN A

The nucleolus is rich in snoRNAs, most of which are ~ 70-250 nt in length.
Some snoRNAs have roles in ribosomal RNA processing, but most of them func-
tion in rRNA modification [4]. On the basis of weak sequence similarities almost
all snoRNA fall into two families: C/D box snoRNA, and the H/ACA snoR-
NAs [22,23]. The C/D box snoRNAs use base complimentarity to guide site
specific 2" O ribose methylation to rRNA, whereas the H/ACA snoRNAs use base



complementarity to guide site specific pseudouridylation to rRNA. Initially, the
targets for snoRNA mediated modification appeared to be restricted to rRNA and
their only known subcellular location was nucleolus. However, recently the range
of targets has been extended to snRNA and tRNAs where the snoRNAs targeting
snRNAs have been found to localize to the Cajal Bodies. In addition, there is ev-
idence for a growing number of orphan snoRNAs which might function distinctly
such as guiding modification of other cellular RNAs. Example in this context is
the brain specific snoRNA which was proposed to target protein coding mRNA,

the serotonin receptor 5-HT2c [24].

1.4.1.6 Telomerase RN A

Maintenance of telomeres by the enzyme telomerase is essential for genomic sta-
bility and cell viability in ciliates, vertebrates and yeast. The minimal components
of telomerase required for catalytic activity are the telomerase reverse transcrip-
tase (TERT) protein and the template-containing telomerase RNA (TER) [25].
TERs are highly divergent among different species, varying in both size and se-
quence composition, from 150 nt in ciliates and 450 nt in vertebrates to 930-1300
nt in the budding yeasts. In addition to the template, all TERs contain a 50bp
template boundary element (TBE) and a large loop that includes the template,
a potential pseudoknot and a loop-closing helical region. In vertebrates, this core
domain is required for activity together with TERT, to reconstitute a minimal
functional enzyme [26]. Telomerase has been the focus of intense study because
of its aberrant up-regulation in the majority (90%) of cancer cell lines and its role
in preventing chromosomal instability. Telomerase activity is low or undetectable

in most somatic cells, and consequently telomeric DNA repeats are eroded over
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successive rounds of DNA templated DNA synthesis, ultimately resulting in short-
ening of the telomeres below a critical length, which leads to telomere fusion and
loss of cell viability. Mutations in TER RNA cause a rare inherited disorder known

as Dyskeratosis Congenita (DC) and Aplastic Anemia (AA) [27,28].

1.4.2 Regulatory Non-Coding RNA

Many of the non-coding RNAs that we have seen till now fulfilled much of the
generic functions of the cell such as translation, splicing, RNA modification etc.
However, regulatory role for non-coding RNAs had been proposed as early as 1960
where Jacob and Monod [29] who defined the basic principles underlying bacterial
gene regulation. They clearly established two types of genes, namely the structural
genes that produce the protein coding mRNA and the regulatory genes that might
produce regulatory RNA. Though it was later proven that the regulatory gene at
least in the case of Lac operon was protein, nevertheless, the concept that RNA
could regulate gene expression was quite familiar at that time.

As mentioned previously regulatory non-coding RNA are further classified into
two major classes, the small non-coding RNA and the large non-coding RNAs.
Each of these families of regulatory RNA is explained fairly in detail in the following

sections of this chapter.

1.4.3 Long non-coding RNA

Long non-coding RNAs are those that are greater than 200nt in length and lack
an open reading frame greater than 100bp. Long non-coding RNAs were originally

identified from large scale full length ¢cDNA library sequencing from mouse. It is
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now apparent that such a kind of long non-coding RNAs do exist in all species and
is present in large numbers in higher eukaryotes. Given their unexpected abun-
dance, long ncRNAs were initially thought to be spurious transcriptional noise
resulting from low RNA polymerase fidelity [30]. However, the expression of many
long ncRNAs is restricted to particular developmental contexts and large numbers
of mouse ncRNAs are specifically expressed during embryonic stem cell differentia-
tion [31] and in the brain, often exhibiting precise subcellular localization [32].The
binding of transcription factors to non-coding loci, together with evidence of puri-
fying selection acting on ncRNA promoters, suggests that this type of expression

is explicitly regulated [33,34].

Nevertheless, with many signatures of functionality, the non-coding RNAs for
a very long time were considered as a product of spurious transcription, due to ex-
tremely poor conservation across species as compared to protein-coding sequence.
One interpretation of this is that, considerably more nucleotide substitutions are
deleterious in a protein-coding sequence compared with a non-coding sequence.
This would not be too great a surprise given the stringent thermodynamic, struc-
tural and functional constraints on protein sequences compared to non-coding RNA
sequence. However, this argument now barely holds true for the following reasons.
First, it ignores many examples that are conserved, and a recent study ascribes
functional roles to a high proportion of such ncRNAs [35]. Second, long ncRNAs
are likely to exhibit different patterns of conservation in contrast to protein-coding
genes, which are subject to strict functional constraints and must preserve an ORF.
By contrast, long ncRNAs can exhibit shorter stretches of sequence that are con-

served to maintain functional domains and structures. Indeed, many long ncRNAs
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with a known function, such as Xist, only exhibit high conservation over short sec-
tions of their length [36]. Third, rather than being indicative of non-functionality,
low sequence conservation can also be explained by high rates of primary sequence
evolution of long ncRNAs, like promoters and other regulatory elements, that are
more plastic in structure-function constraints than proteins [37]. Many conserved
regions of the human genome that have been subject to recent and rapid evo-
lutionary change are transcribed into long ncRNAs, including HAR1, a ncRNA
expressed in Cajal-Retzius neurons in the developing neocortex [38]. Moreover,
the adaptive radiation of non-coding (that is, regulatory) sequences is likely to
specify most of the phenotypic differences between, and within, species [39]. An-
other explanation to the poor conservation of these RNAs is that the process rather
than the product of transcription that is actually functional. An example of this
case is the non-coding RNA that is transcribed from the fbpl+ promoter in yeast,
which is associated with the progressive opening of the promoter and allows the

accessibility of transcription factors and RNA polymerasell [40].

A long non-coding RNA can be placed into one or more of five broad cate-
gories:(1) sense, or (2) antisense, when overlapping one or more exons of another
transcript on the same, or opposite strand, respectively; (3) bidirectional, when
the expression of it and a neighboring coding transcript on the opposite strand is
initiated in close genomic proximity, (4) intronic, when it is derived wholly from
within an intron of a second transcript (although these, as noted above, sometimes
may represent pre-mRNA sequences), or (5) intergenic, when it lies within the ge-
nomic interval between two genes [41]. An example representing all these origins
of the long non-coding RNA is illustrated from the Pax6 locus. Figure 1.3 shows

the origin of long ncRNA from the locus, that spans several kbs and easily reflects
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Figure 1.3: Origins of non-coding RNA from Pax 6 locus. The Blue bars are the protein
coding transcripts whereas the orange ones are the protein non-coding transcripts which
might be involved in regulation of Pax 6 gene. Adapted from Mercer et al. [37].

the over lapping expression of protein non-coding RNA with respect to its protein

coding transcript of the locus [37].

The long ncRNAs, which are transcribed by RNA polymerase II, spliced and
polyadenylated, like Xist, Tsix, Air, H19, Rox, are implicated in variety of regula-
tory processes, such as imprinting, X-chromosome inactivation, DNA methylation,
transcription, RNA interference, chromatin-structure dynamics and antisense reg-
ulation [42,43]. In addition, long mRNA-like ncRNAs such as MALAT-1, BC-1 and
BC-200 serve as prognostic markers for cancer, whilst the prion-associated RNAs
LIT-1, SCA-8 etc. are implicated in a number of neurological disorders [44]. A
recent addition to this group of non-coding RNA is the NAT (Natural Antisense
Transcripts) that acts in cis and regulate sense /antisense transcripts. They are
generally coexpressed with their targets and involved in competitive transcriptional
interference [45]. Though the mechanism of many regulatory processes mediated
by RNA of different lengths still remains a mystery, it is now becoming clear that
RNA is an important cellular regulatory molecule having array of functions within

the cell. Some of the process mediated by non-coding RNAs and well studied
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examples in the class is explained in the later sections.

1.4.4 Small Non-coding RNA

Since the discovery in 1993 of the first small silencing RNA [46], an array of
small RNA classes have been identified, including microRNAs (miRNAs), small
interfering RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs). These classes
differ in their biogenesis, their modes of target regulation and the biological path-
ways they regulate. There is a growing realization that, despite their differences,
these distinct small RNA pathways are interconnected, and that small RNA path-
ways compete and collaborate as they regulate genes and protect the genome from
external and internal threats. The defining features of small silencing RNAs are
their short length (~ 20-30 nucleotides), and their association with members of
the Argonaute family of proteins, which they guide to their regulatory targets,
typically resulting in reduced expression of target genes. Beyond these defining
features, different small RNA classes guide diverse and complex schemes of gene
regulation. These different classes of regulatory RNAs also differ in the proteins
required for their biogenesis, the constitution of the Argonaute-containing com-
plexes that execute their regulatory functions, their modes of gene regulation and

the biological functions in which they participate [47].

Although many classes of small RNAs have emerged, various aspects of their
origins, structures, associated effector proteins, and biological roles have led to the
general recognition of three main categories: short interfering RNAs (siRNAs),
microRNAs (miRNAs), and piwi-interacting RNAs (piRNAs). These RNAs are

only known to be present in eukaryotes, although the Argonaute proteins that
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Name Organism Length(nt) Proteins Source of trigger Function
miRNA Plants, algae, animals, ~ 20-25 Drosha (animals only) Pol Il transcription Regulation of mRNA
viruses, protists and Dicer (pri-miRNAs) stability, translation
casiRNA Plants 24 DCL3 Transposons, repeats Chromatin
modification
tasiRNA Plants 21 DCL4 miRNA-cleaved RNAs from  Post-transcriptional
the TAS loci regulation
natsiRNA Plants 22 DCL1 Bidirectional transcripts Regulation of
24 DCL2 induced by stress stress-response genes
21 DCL1 and DCL2
Exo-siRNA  Animals, fungi, protists  ~21 Dicer Transgenic, viral or other Post-transcriptional
exogenous dsRNA regulation, antiviral
Plants 21and 24 defense
Endo-siRNA  Plants, algae, animals,  ~21 Dicer (except secondary  Structured loci, convergent  Post-transcriptional
fungi, protists siRNAs in C. elegans, and bidirectional regulation of
which are products of transcription, mRNAs transcripts
RdRP transcription, paired to antisense and transposons;
and are therefore not pseudogene transcripts transcriptional gene
technically siRNAs) silencing
piRNA Metazoans excluding  24-30 Dicer-independent Long. primary transcripts?  Transposon regulation,
Trichoplax adhaerens unknown functions
piRNA-like  Drosophila 24-30 Dicer-independent Inago2 mutantsin Unknown
(soma) melanogaster Drosophila
21U-RNA  Caenorhabditis elegans 21 Dicer-independent Individual transcriptionof ~ Transposon regulation,
piRNAs each piRNA? unknown functions
26G RNA Caenorhabditis elegans 26 RdRP? Enriched in sperm Unknown

Figure 1.4: Different classes of small non-coding RNAs identified till date in different
species and their functions. Adapted from Ghildiyal et al. [47].

function in eukaryotic silencing can also be found in scattered bacterial and ar-
chaeal species. The detailed table of small RNAs from different eukaryotic species
is enlisted in the Figure 1.4. The following sections will discuss in detail about
three well studied class of small RNAs namely the miRNA, siRNA and piRNA and

their biogenesis pathways and the protein complexes that modulate their activity.

1.4.4.1 Micro RNA

The first miRNA to be discovered, lin4, was identified in a screen for genes
that are required for postembryonic development in C. elegans. The ling locus
produces a 22-nucleotide RNA that is partially complementary to sequences in the

37 UTR of its regulatory target, the linl4 mRNA [46]. In 2001, tens of miRNAs
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were identified in humans, flies and worms by small RNA cloning and sequencing,
thereby establishing miRNAs as a new class of small silencing RNAs. miRBase
(release 12.0), the registry that coordinates miRNA naming, now lists 1,638 dis-
tinct miRNA genes in plants and 6,930 in animals and their viruses [48]. Micro
RNAs are the small 20-22 nt RNA that are involved in post transcriptional reg-
ulation of messenger RNAs. They are endogenous gene product and are involved
in regulation and fine tuning of expression of genes involved in various cellular
processes at mRNA level [49].

Biogenesis of miRNAs

miRNAs are derived from the precursor transcripts called primary miRNAs
(pri-miRNAs), which are typically transcribed by RNA polymerase II (RNA Pol
IT), however there are polymerase III transcribed miRNAs as well which has been
reported [50-52]. Several miRNA genes are present as clusters in the genome
and probably derive from a common pri-miRNA transcript. Generating a 20-24-
nucleotide miRNA from its pri-miRNA requires the sequential action of two RNase
IIT endonucleases, assisted by their dsSRNA-binding domain (dsRBD) partner pro-
teins. First, the pri-miRNA is processed in the nucleus into a 60-70-nucleotide
pre-miRNA by Drosha, acting with its dsRBD partner - DGCRS in mammals and
Pasha in flies. The resulting pre-miRNA has a hairpin structure: a loop flanked
by base-paired arms that form a stem [53-55]. Pre-miRNAs have a two-nucleotide
overhang at their 3’ ends and a 5’ phosphate group, which are indicative of their
production by an RNase III. The nuclear export protein Exportin 5 carries the pre-
miRNA to the cytoplasm bound to Ran, a GTPase that moves RNA and proteins
through the nuclear pore [56].

In the cytoplasm, Dicer and its dsRBD partner protein, TRBP in mammals
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and loQS in flies, cleaves the pre-miRNA, Dicer, like Argonaute proteins but un-
like Drosha - contains a PAZ domain, presumably allowing it to bind the two-
nucleotide 3’-overhanging end generated by Drosha [57]. Dicer cleavage generates
a duplex containing two strands, termed miRNA and miRNA*, corresponding
to the two sides of the base of the stem. These correspond to the guide and
passenger strands and thermodynamic criteria influence the choice of miRNA ver-
sus miRNA*., miRNAs can arise from either arm of the pre-miRNA stem, and
some pre-miRNAs produce mature miRNAs from both arms, whereas others show
such pronounced asymmetry that the miRNA* is rarely detected even in high-
throughput sequencing experiments [47]. In flies, worms and mammals, a few
pre-miRNAs are produced by the nuclear pre-mRNA splicing pathway instead of
processing by Drosha. These pre-miRNA-like introns, termed mirtrons, are spliced
out of mRNA precursors. The spliced introns first accumulate as lariat products
that require 2’-5’ debranching by a lariat-debranching enzyme. Debranching yields
an authentic preemiRNA, which can then enter the standard miRNA biogenesis
pathway [58,59]. In plants, DCII fills the roles of both Drosha and Dicer, con-
verting pri-miRNAs to miRNA-miRNA* duplexes. DCI1, assisted by its dsRBD
partner Hyll, converts pri-miRNAs to miRNA-miRNA* duplexes in the nucleus,
after which the miRNA-miRNA* duplex is thought to be exported to the cytoplasm
by HASTy, an Exportin 5 homologue. Unlike animal miRNAs, plant miRNAs are
2’-O-methylated at their 3’ ends by HEN1. HENI protects plant miRNAs from
3’ uridylation, which is thought to be a signal for degradation. HEN1 probably
acts before miRNAs are loaded into AGO1, because both miRNA* and miRNA
strands are modified in plants [60,61]. Figure 1.5 summarizes the entire miRNA

pathway.
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Figure 1.5: Pathway of miRNA biogenesis.

Target regulation by miRNAs

The mechanism by which a miRNA regulates its mRNA target reflects both
the specific Argonaute protein into which the small RNA is loaded and the extent
of complementarity between the miRNA and the mRNA [62,63]. A few miRNAs
in flies and mammals are nearly fully complementary to their mRNA targets which
directs endonucleolytic cleavage of the mRNA [64]. Such extensive complementar-
ity is considered the norm in plants, as target cleavage was thought to be the main
mode of target regulation in plants. However, in flies and mammals, most miR-
NAs pair with their targets through only a limited region of sequence at the 5" end
of the miRNA called the ’seed region’; these miRNAs repress translation of their

mRNA targets. The seed region of all small silencing RNAs contributes most of
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the energy for target binding [65]. Thus, the seed is the primary specificity deter-
minant for target selection. The small size of the seed means that a single miRNA
can regulate many, even hundreds, of different genes [66]. Intriguingly, recent data
suggest that the nuclear transcriptional history of an mRNA influences whether a
miRNA represses its translation at the initiation or the elongation step [67].

Major Players of miRNA pathway

Cleavage of dsRNA by enzymes of the RNaselll family, including Drosha and
Dicer, yields products with characteristic termini, with a monophosphate group
at the 5 ends, and a two-nucleotide overhang at the 3’ ends. These enzymes
consist of an RNaselll domain, which has the catalytic activity, and (generally)
a dsRNA-binding domain (dsRBD), and they function as homodimers. The two
RNaselll domains of the dimer associate to form a single processing centre, with
each catalytic domain responsible for the hydrolysis of one strand in the duplex.
By contrast, both Drosha and Dicer are monomeric and contain two tandemly
arranged RNaselll domains and a single dsRBD [68].

The endonuclease Dicer processes dsRNA substrates (long dsRNAs and pre-
miRNAs) into short dsRNA fragments (siRNAs and miRNAs) of defined length,
typically 21-25 nucleotides [69]. In addition to two copies of the conserved RNaselll
domain and a dsRBD in the carboxyl terminus, Dicer enzymes usually have an
amino-terminal DEXD /H-box domain, followed by a small domain of unknown
function (the DUF283 domain) and a PAZ domain. The PAZ domain, which is
also found in Argonaute proteins, binds specifically to the 3’ end of single-stranded
RNA (ssRNA) [70,71].

The RNaselll-family member Drosha catalyses the initial processing of pri-

miRNAs, yielding pre-miRNAs, which are hairpins with phosphorylated 5 ends
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and 3’ dinucleotide overhangs [51]. Drosha is a nuclear protein, and its domain
structure consists of a proline-rich region and an arginine- and serine-rich region at
the N terminus, followed by two RNaselll domains and a dsRBD. Purified Drosha
cleaves dsRNA nonspecifically; specific cleavage of pri-miRN As requires association
with a protein known as DGCRS (also known as PASHA in invertebrates) in a
complex called the microprocessor. DGCRS binds to the base of the pri-miRNA
hairpin, positioning Drosha to cleave the pri-miRNA stem at a distance of 11 base
pairs from the junction between the duplex stem and the flanking ssRNA regions.
Thus, DGCRS8 seems to be a trans-acting specificity determinant, analogous to the

PAZ domain of Dicer, which acts in cis [72].

The common feature of RNAi and all related small-RNA-mediated silencing
pathways is the association of a small silencing RNA with a protein of the Arg-
onaute family [73]. The resultant protein-RNA complex forms the minimal core
of the effector complex known as the RISC. Within the RISC, the small RNA
functions as a sequence-specific guide that recruits an Argonaute protein to com-
plementary target transcripts through base-pairing interactions. The target tran-
scripts, typically mRNAs, are then either cleaved or prevented from being trans-
lated by ribosomes, leading to their degradation. Argonaute proteins are multido-
main proteins that contain an N-terminal domain, and PAZ, middle (MID) and
PIWI domains. Crystal structures of prokaryotic Argonaute proteins have revealed
a bilobate architecture, with the MID and PIWI domains forming one lobe, and
the N-terminal and PAZ domains constituting the other. PIWI domain of an Arg-
onaute protein adopts an RNaseH fold and suggests that Argonaute proteins are
responsible for the ’slicer” activity of the RISC [74]. Similarly to the requirements

for RNaseH activity, RISC-catalysed RNA cleavage requires divalent metal ions
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and yields a 5 product, which has a free 3’ hydroxyl group, and a 3’ product,

which carries a 5’ phosphate group [68].

Like transcription factors, miRNAs regulate diverse cellular pathways and are
widely believed to regulate most biological processes in plants and animals, ranging
from housekeeping functions to responses to environmental stress, development and
disease. Some of the well understood functions of few animal miRNA are described

in the section on functions of non-coding RNA.

1.4.4.2 Small interfering RNA (siRNA)

The discovery of RNAi in 1998 by Fire and Mellow established dsRNA as
a silencing trigger for genes in C. elegans [75]. In worms and other animals,
siRNA-mediated silencing is termed as RNAi. Remarkably, RNAi is systemic in
both plants and nematodes, spreading from cell to cell. In C. elegans, RNAi
is also heritable: silencing can be transferred to the progeny of the worm that
was originally injected with the trigger dsRNA. Viral infection, inverted-repeat
transgenes or aberrant transcription products all lead to the production of dsRNA
[76]. dsRNA is converted to siRNAs that elicit RNAi. siRNAs were discovered
in plants and were later shown in animal extracts to serve as guides that direct
endonucleolytic cleavage of their target RNAs. siRNAs can be classified according
to the proteins involved in their biogenesis, their mode of regulation or their size,
to siRNAs induced by exogenous agents and the endo siRNA [47]. The siRNA

biogenesis is schematically represented in Figure 1.6.
siRNAs induced by exogenous agents

Early examples of RNAi were triggered by exogenous dsRNA. In these cases,
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long exogenous dsRNA is cleaved into double stranded siRNAs by Dicer, a dsRNA-
specific RNase III family ribonuclease [77]. siRNA duplexes produced by Dicer
comprise two ~ 21 nucleotide strands, each bearing a 5’ phosphate and 3’ hydroxyl
group, paired in a way that leaves two-nucleotide overhangs at the 3’ ends. The
strand that directs silencing is called the guide, whereas the other strand, which
is ultimately destroyed, is the passenger [78,79]. Target regulation by siRNAs
is mediated by the RNA induced silencing complex (RISC), which is the generic
name for an Argonaute-small RNA complex [80]. In addition to an Argonaute
protein and a small RNA guide, the RISC might also contain auxiliary proteins
that extend or modify its function. For example, some proteins that redirect
the target mRNA to a site of general mRNA degradation such as P bodies [81].
Mammals and C. elegans each have a single Dicer that makes both microRNAs
(miRNAs) and siRNAs, whereas Drosophila species have two Dicers: DCR-1 makes
miRNAs, whereas DCR-2 is specialized for siRNA production. In Drosophila,
siRNA pathway is activated upon viral infection, where viral RNAs are targeted
and eliminated [51]. R2D2 is a dicer partner that senses the thermodynamic
stability between the passenger and the guide strand before loading to RISC and
gives preferential signal to Ago2 to cleave the passenger strand [82]. The mature
RISC which now contains single stranded guide RNA and is 2’0 methylated in its

3’ end and this mature RISC targets complementary mRNA for degradation.
Endo-siRNAs

The first endo-siRNAs were detected in plants and C. elegans and the recent
discovery of endo-siRNAs in flies and mammals suggests that endo-siRNAs are
ubiquitous among higher eukaryotes [76]. In plants there are different classes

of endo siRNAs, the CASi RNA are the Cis Acting siRNAs that orginate from



23

the transposons, repeat elements and rDNA repeats [83]. They are involved in
heterochromatin formation and DNA silencing by methylation and whereas the
TASi RNA that are Trans Acting siRNAs, are generated through miRNA or siRNA
pathway where an RNA dependent RNA polymerase enzyme R2D2 copies and
amplifies the siRNAs or miRNAs that are generated by the specific pathway [84].
Another class of endo siRNAs in plants are the Natural antisense transcript-derived
siRNAs (natsiRNAs) that are produced in response to stress in plants. They are
generated from a pair of convergently transcribed RNAs: typically, one transcript
is expressed constitutively, whereas the complementary RNA is transcribed only

when the plant is subject to an environmental stress [85].

Since most of the endo siRNA generation atleast in plants and C.elegens is
dependent on RDRP, it was believed that such RNAs do not exist in mammals as
the enzyme is absent. However, the first mammalian endo-siRNAs to be reported
corresponded to the long interspersed nuclear element retrotransposon (L1 repeats)
and were detected in cultured human cells [86]. Full-length L1 contains both sense
and antisense promoters in its 5 UTR that could, in principle, drive bidirectional
transcription, producing overlapping complementary transcripts to be processed
into siRNAs by Dicer. However, the precise mechanism by which transposons

trigger siRNA production in mammals remains unknown.

Fly endo-siRNAs are derived from transposons, heterochromatic sequences,
intergenic regions, long RNA transcripts with extensive structures and they require
both dcr2 and ago2 and are involved in transposon and repeat elements silencing
in Drosophila [87]. Some of the endo siRNA that are derived from structured loci
require additional protein factors such as loquacious. Endo-siRNAs have also been

identified in mouse oocytes. As in flies, mouse endo siRNAs are 21 nucleotides,
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Dicer-dependent and derived from a variety of genomic sources. The mouse endo
siRNAs are bound to AGo2, the only mammalian Argonaute protein thought to
mediate target cleavage. However the exact process that triggers the production

and their function is unknown at present [88,89].

1.4.4.3 PIWI interacting RNNAs or PiRNA

piRNAs are one of the recently discovered class of small RNAs and, as their name
suggests, they bind to the Piwi clade of Argonaute proteins [90,91]. The Piwi clade
comprises Piwi, Aubergine (AuB) and AGo3 in flies, MIII, MIwl and MIwI2in mice
and HIII, HIwI1, HIwI2 and HIwI3 in humans. piRNAs are long 27-35 nt RNA and
was initially identified in Drosophila, where it was involved in silencing of repeat
elements. It was then named as RASi RNAs or the repeat associated silencing
RNAs. Now these are renamed as piRNAs due to their association with PIWI
proteins rather than derl or der2 [90].

Mammalian piRNAs can be divided into pre-pachytene and pachytene piR-
NAs, according to the stage of meiosis at which they are expressed in developing
spermatocytes [92]. Like piRNAs in flies, pre-pachytene piRNAs predominantly
correspond to repetitive sequences and are implicated in silencing transposons,
such as L1 and intracisternal A-particle (IAP). In male mice, gametic methy-
lation patterns are established when germ cells arrest their cell cycle 14.5 days
post-coitum, resuming cell division 2-3 days after birth [93,94]. Both MIII and
MIwI2 are expressed during this period, and Miwi2- and Mili-deficient mice lose
DNA methylation marks on transposons. The pre-pachytene piRNAs, which bind
MIwI2 and MIII, might serve as guides to direct DNA methylation of transposons.

In contrast to pre-pachytene piRNAs, the pachytene piRNAs mainly arise from
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unannotated regions of the genome, not transposons, and their function remains
unknown.

The current model for piRNA biogenesis was inferred from the sequences of
piRNAs that are bound to Piwi, AuB and AGO3. piRNAs bound to Piwi and
AuB are typically antisense to transposon mRNAs, whereas AGO3 is loaded with
piRNAs corresponding to the transposon mRNAs themselves. Moreover, the first
10 nucleotides of antisense piRNAs are frequently complementary to the sense
piRNAs found in AGO3. This unexpected sequence complementarity has been
proposed to reflect a feed-forward amplification mechanism - ‘piRNA ping-pong’
- that is activated only after transcription of transposon mRNA [95]. The mecha-

nism of piRNA biogenesis is given in Figure 1.6.

1.5 Functions of non-coding RNA

Though the mechanism of many regulatory processes mediated by RNA of
different lengths still remains a mystery, it is now becoming clear that RNA is an
important cellular regulatory molecule having array of functions within the cell.
Some of the process mediated by non-coding RNAs and well studied examples in

the class is explained briefly below.

1.5.1 Chromatin Modification

The DNA and proteins are closely intertwined to assume a compact structure
within the nucleus, known as the chromatin. Nucleosome is the fundamental re-
peating subunit of chromatin which is made up of histones upon which the DNA is

wound. The chromatin by itself is a very dynamic entity and the mere presence of
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Figure 1.6: Small RNA biogenesis pathways. (A) siRNA biogenesis pathway. (B) Ping
pong mechanism of piRNA biogenesis. Adapted from Ghildiyal et al. [47].



27

different states chromatin such as heterochromatin and euchromatin adds further
to the complexity of higher order chromatin and thereby to the organism itself [42].
The role of RNA in these chromatin changes had been elusive for a quite some
time until recently when scientists have really started appreciating the involvement
RNA in various epigenetic states of chromatin. This involves various posttrans-
lational modifications of histones and also deposition of different variant histones
on chromatin. Long ncRNAs can also mediate epigenetic changes by recruiting
chromatin remodeling complexes to specific genomic loci [37]. The chromatin as-
sociated RNA are primarily involved in processes such as genomic imprinting and
dosage compensation, although processes where in the ncRNAs act in trans to

establish long range chromatin interaction has also been documented.

Dosage compensation

In Drosophila dosage compensation is accomplished by hyper transcription in
male. The transcription from the single male X chromosome in Drosophila is
doubled in order to ensure equal levels of X linked genes in males and females [96].
A ribonucleoprotein complex is involved in this process which is known as DCC
or the Dosage Compensation Complex, that consists of atleast 5 core proteins
generally known as MSL (Male Specific Lethal) proteins: MSL1, MSL2, MSL3,
MLE (maleless, an RNA helicase), MOF (chromodomain containing histone acetyl
transferase). Two RNAs namely RoX1, and RoX2 (RNA on X chromosome) plays
an important role in dosage compensation and essential components of DCC [97].
The expression of these RNAs is male specific and they are functionally redundant.
The Rox RNAs associates with the Dosage Compensation Complex (DCC) and is

essential for targeting the DCC to the X chromosome and brings about chromatin
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modification by hyperacetylation of the H4 Lys 16 by MOF [98].

The epitome of dosage compensation process is seen in mammals, where the
dosage compensation between XX females and XY males is achieved by inactiva-
tion of one of the two X chromosomes during early female embryogenesis. The
role of non protein coding RNA in the process of X chromosome inactivation
(XCI) was well established with the discovery of 17.4 kb functional Xist and 40 kb
Tsix antisense transcript in mouse [99,100]. Mammalian X chromosome inactiva-
tion is controlled by multilayered silencing pathway involving both short and long
non-coding RNA which differentially recruit the epigenetic machinery to establish
chromatin asymmetries. In pre XCI ES cells Xist and TSix the non-coding sense
and antisense transcript pair are bilaterally transcribed [101]. During ES cell dif-
ferentiation the X chromosome inactivation is initiated by upregulated expression
of Xist on the future inactive X chromosome and Tsix becomes restricted to the
future active X chromosome [102,103]. The high level transcription of Xist on fu-
ture Xi and coating of the transcript along the length of chromosome leads to the
adoption of heterochromatic configuration devoid of any RNA polymerase 1T [104].
Xist also recruits heterochromatin factors such as PRC2 complex on the Xi [105].
Apart from the long RNA transcripts small RNA are also formed from the XCI
locus known as XiRNA for their X inactivation centre origin. These RNAs range
from 25 to 35 nt in length and are believed to be formed due to the formation of
Xist and Tsix duplex [106]. A recent investigation by Lee and colleagues suggests
that the transient heterochromatic configuration of Xist promoter on the future Xi
is mediated by the targeted recruitment of the PRC2 complex by 1.6 kb transcript
Rep A. This RNA is encoded from an internal promoter of Xist transcript sense

strand and covers the A rich repeat region [107]. It is now very obvious that the
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X chromosome inactivation itself is brought out by the interplay of many different
species of non-coding RNA molecules that originate from the X inactivation cen-
tre [99]. All of these RNA dependent pathways however converge on recruitment
of chromatin remodeling factors to establish long range repression of genes that
are present in the Xi either by marking with repressive histone modification or by

replacement of or with histone variants such as macro H2A [108].

Genome imprinting

Another chromatin-associated phenomenon that closely resembles the dosage
compensation is the genomic imprinting. It is a process by which modification of
one of the two parental alleles of a gene results in preferential silencing of the allele
from one parent [109]. In several cases it has been demonstrated that the activity
of non-coding RNA genes is essential. H19 is a non-coding RNA that represses
maternally derived allele of Igf2 [110,111]. Similarly, IPW (Imprinted in Prader
willi syndrome) is a RNA that regulates transcription in cis in an imprinted region
associated with Prader willi syndrome [112]. Another transcript AIR (Antisense
to Igf2 receptor) is an 108 kb non-coding RNA that is responsible for imprint-
ing of Igf2R in mouse [113]. Recently genomic imprinting in the Kenglotl locus
has been demonstrated [114-116]. Recent emerging evidence indicates that long
ncRNAs such as Kenglotl and Air which map to the Kengl and Igf2r imprinted
gene clusters, respectively, mediate the transcriptional silencing of multiple genes
by interacting with chromatin and recruiting the chromatin modifying machin-
ery [99]. There are about 500 genes in mammals that are believed to be imprinted
and around 50% of them are silenced by RNA mediated process. Loss of these

imprinting associated RNA have also been found in many of the genetic disorders
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like Prader willi, Angelman syndromes etc ( [117].

Chromatin remodeling

Long ncRNAs can also mediate epigenetic changes by recruiting chromatin
remodelling complexes to specific genomic loci. For example, hundreds of long
ncRNAs are sequentially expressed along the temporal and spatial developmental
axes of the human homeobox (Hox) loci, where they define chromatin domains
of differential histone methylation and RNA polymerase accessibility [118]. One
of these ncRNAs, Hox transcript antisense RNA (HOTAIR), originates from the
HOXC locus and silences transcription across 40 kb of the HOXD locus in trans by
inducing a repressive chromatin state, which is proposed to occur by recruitment
of the Polycomb chromatin remodelling complex PRC2 by HOTAIR 21 [37,118].

RNA mediated heterochromatin formation suggests that small RNA could
bring about massive down regulation of target genes. The phenomenon of RNAi
for the formation of heterochromatin was first studied in the fission yeast cen-
teromeric silencing [119]. RNAi like mechanisms are now known to play a critical
role in mediating heterochromatic gene silencing and prevent mobilization of repet-
itive transposable elements [120,121] in many other organisms as well. A number of
protein components of RITS (RNA Induced Transcriptional Silencing Complex)
have been purified including their RNA counter parts that includes Argonaute,
Dicer and RDRP a novel RNA Dependent RNA polymerase and helicases that
collectively bring about the gene silencing at the chromatin level [122].

In some lower organisms such as ciliated protozoans Tetrahymena and Parame-
cium RNA1 have shown to play a role in a process called DNA elimination. These

organisms rearrange their genome during their sexual phase of development [123].
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This remarkable downsizing of the genome has been shown to be brought about

by RNAI like mechanism [124].

1.5.2 Transcriptional silencing

Non-coding RNAs have been shown to bring about transcriptional gene silenc-
ing by several mechanisms. Both long and short non-coding RNAs have been

implicated in the process of transcriptional gene silencing.

SiRNAs targeted against promoter have been shown to bring about transcrip-
tional gene silencing. Similarly, the endo siRNA are also involved in many cases
of silencing of repeats and transcription of transposable genetic elements as in the
case of piRNAs. Transcriptional gene silencing has been very well documented in
Drosophila, where HP1 and HP2 proteins are recruited by RNAi mediated pro-
cess, and causes H3K9 methylation pattern which silences the active genes and
hetrochromatin marks are acquired [125]. Apart from the generalized roles of
these small RNA in transcriptional silencing, some long nc RNA play some role in

transcriptional gene silencing by targeting specific gene locus.

Proximal promoters can be transcribed into long ncRNAs that recruit and in-
tegrate the functions of RNA binding proteins into the transcriptional programme,
as exemplified by the repression of cyclin D1 transcription in human cells [126,127].
Long ncRNAs also act as co-factors to modulate transcription factor activity. For
example, in mice, the ncRNA Evf2 is transcribed from an ultraconserved distal en-
hancer and recruits the binding and action of the transcription factor DIX2 to this
same enhancer to induce expression of adjacent protein-coding genes [128]. Some

non-coding RNA such as the one that is transcribed from DHFR promoter forms
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tritiplex in the promoter region thereby regulating its gene expression [129,130].
Another example of global gene regulation by non-coding RNA is shown by the
pol III transcribed Alu RNA that binds to pol II and regulates pol II dependent

transcription [131].

1.5.3 Post transcriptional gene regulation

MicroRNAs and siRNA are classical small RNA that are involved extensively
in post transcriptional gene regulation by binding to their cognate mRNAs and
target it to repression or degradation. Many microRNAs have been identified in the
recent past which have shown to regulate mRNA that are involved in development,
differentiation, cell cycle, ES cell differentiation, cancer etc. Apart from miRNA
and siRNA long nc RNA such as Zeb2 antisense transcript has been shown to play
a role in translational regulation through retainment of intron which is efficiently
translated dependent on IRES mediated mechanisms [132,133]. Figure 1.7 gives

an outline of different modes of gene regulation by non-coding RNA.

1.5.4 Regulation by localisation

Many non-coding RNAs are important constituents of subcellular organelles and
they are localized to specific cellular compartments thereby regulating the cellular
activity. In Drosophila hsrw is a non-coding RNA which is upregulated upon stress
condition such as heat shock. The hsrw gene has been demonstrated to be crucial
for proper development and viability of flies [134]. The long hsrw transcripts are
localized to specific subnuclear compartments, w speckles, with various hnRNP

proteins [135,136]. The w speckles have been suggested to be the storage site of
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Figure 1.7: Different modes of target gene requlation by non-coding RNA. Few exam-
ples of each type such as chromatin remodeling, transcriptional and post transcriptional
silencing are represented. Adapted from Mercer et al. [37].

hnRNPs, and mutant larval cells lacking functional hsrw transcripts do not form w
speckles, resulting in a diffuse nuclear distribution of the hnRNPs [135]. It has been
suggested that the hsrw RNA plays the role of an organizer molecule by regulating
the intranuclear trafficking and availability of hnRNPs [134,135]. Similar to hsrw,
non-coding RNAs are also formed from human sat III repeats of chromosome 9 that
gets accumulated as large foci as nuclear stress bodies consisting of many RNA
binding proteins as well [137,138]. Neat is a non-coding RNA that is enriched
in nuclear speckles. NEAT1 RNA, a highly abundant 4 kb ncRNA, is retained
in nuclei in approximately 10 to 20 large foci that are shown to be completely
coincident with paraspeckles, the nuclear domains implicated in mRNA nuclear
retention. Depletion of NEAT1 RNA via RNAI eradicates paraspeckles, indicating
the importance of this RNA in the formation of subnuclear architecture [139,
140]. CTN, another RNA expressed in humans that regulates its protein coding
counterpart mCAT-2 mRNA by nuclear retention. CTN is 8 kb RNA and is
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enriched in nuclear speckles and believed to regulate its protein coding counterpart

through its A to I editing and association with speckle proteins [43,141].

1.5.5 Disease manifestations

Apart from many functional roles that have been attributed to non-coding
RNAs, some of the ncRNAs have also been shown to play a role in disease man-
ifestations. BC1 (150 nt) and BC200 (200 nt) ncRNAs were identified as two
cytoplasmic ncRNA transcripts expressed in the mouse and human nervous sys-
tem, respectively [142,143]. Interestingly, BC1 RNA is specifically targeted to
dendritic domains in neurons. BC1 RNA has been found to interact with the
Fragile X mental retardation protein (FMRP) [144]. FMRP is an RNA-binding
protein, and mutations associated with the absence of FMRP or altered expression
of FMRP lead to fragile X syndrome [145,146]. Another RNA namely MALAT1

was found to be upregulated during the metastasis [147,148].

Defects in normal cell processes such as differentiation, proliferation, and apop-
tosis are all well-known to be involved in cancer pathogenesis. One of the reasons
for the connection between miRNA and cancer was initially made because miR-
NAs were found to be involved in many of these processes [149] This connection
initiated research which further reinforced the correlation between miRNAs and
cancer development. Researchers discovered that there is aberrant miRNA expres-
sion when comparing various types of cancer with normal tissues [150]. The first
direct evidence for the key role of miRNAs in cancer came from a study in human
chronic lymphocytic leukemia (CLL). Two miRNAs, miR-15 and miR-16 were at-

tributed to disease pathogenesis. Additional investigation of these two miRNAs
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revealed that they both showed a significant reduction in expression when com-
pared to their normal tissue counterparts [151] during CLL. Some miRNAs are
thought to have oncogenic activity while others have tumor suppressor activity
and these are known as oncomiRS [152]. It is important to note that these dis-
tinctions may not be so strict and that some miRNAs may express either activity,
depending on the situation and tissue type. Recently microRNA expression pro-
filing showed difference in expression in different grades of Glioma allowing them

to act as prognostic markers for early detection [153].

1.6 RNA Binding Proteins

RNAs in cells are associated with RNA-binding proteins (RBPs) to form ribonu-
cleoprotein (RNP) complexes. The RBPs influence the structure and interactions
of the RNAs and play critical roles in their biogenesis, stability, function, trans-
port cellular localization and regulation [154]. Ribonucleoproteins constitute a
huge class of cellular proteins. They possess distinct domains that participate in
variety of cellular processes bound to different classes of RNA and proteins. The
dynamic association of these proteins with RNA defines the lifetime, cellular local-
ization, processing and the function of the RNA. Although all RBPs bind RNA,
they do so with different RNA-sequence specificities and affinities. This activity is
mediated by a relatively small number of RNA-binding scaffolds whose properties
are further modulated by auxiliary domains. The auxiliary domains can also medi-
ate the interactions of the RBP with other proteins and, in many cases, are subject
to regulation by post-translational modification [155,156]. Nearly 2% and 5-7%

of coding genes of yeast and Drosophila respectively encodes for the RNA binding
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proteins [157-159]. Figure 1.8 illustrates the different functional roles participated

by the RNA binding proteins along with its active RNA component.

Many of the RNA binding proteins are modular in nature which confers to
its unique substrate specificity and increased propensity to different RNA binding
[154]. There are different families of RNA binding proteins, some well-characterized
RNA-binding domains include the following: RNA-binding domain (RBD, also
known as RNP domain and RNA recognition motif, RRM); K-homology (KH) do-
main (type I and type II); RGG (Arg-Gly-Gly) box; Sm domain; DEAD/DEAH
box; zinc finger (ZnFdouble stranded RNA-bindingdomain (dsRBD); cold-shock
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domain; Pumilio/FBF (PUF or Pum-HD) domain; and the Piwi/Argonaute/Zwille
(PAZ) domain [154,156]. Some of the proteins harbouring dsRBD such as the RNa-
selll enzymes and the Piwi/argonaute/PAZ domains in the RNAi processes have
been described earlier. The next few sections describe in detail about one such

family of RNA binding proteins known as DEAD box helicase.

1.6.1 DEAD Box Helicases

The DExD/H box family of proteins is distinguished by the presence of several
conserved motifs, which include the characteristic 'DExD/H’ sequence (where x
can be any amino acid) and are highly conserved in proteins from viruses and
bacteria to humans [160]. The DExD/H box family of proteins includes a large
number of proteins that play important roles in RNA metabolism. Members of
this family have been shown to act as RNA helicases or unwindases, using the
energy from ATP hydrolysis to unwind RNA structures or dissociate RNA-protein
complexes in cellular processes that require modulation of RNA structures [161—
163]. Apart from the helicase activity they also modulate other activities that

allow it to function as “RNA chaperones” [164].

These proteins are known to play important roles in all aspects of RNA syn-
thesis and function, including pre-mRNA processing, ribosome biogenesis, RNA
turnover, RNA export and translation, processes that involve multi-step associa-
tion/dissociation of large RNP complexes as well as the modulation of complex
RNA structures. Recently it is also implicated in RNA interference and in micro
RNA biogenesis [164]. Apart from its functions that are helicase and unwindase

dependent, these proteins have also been implicated in many other functions such
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as transcription activation or repression which may or may not require the ATP
dependent helicase activity. It is believed that DExD /H helicases may be function-
ing in transcription, through acting as adaptor or bridging factors to recruit tran-
scription factors or to stabilize transcriptional initiation complexes. The emerging
understanding about these classes of proteins is that they are multifunctional and
participate in a variety of cellular processes and in regulation of gene expression.
DExD/H box helicase consist of two subclasses namely the DExH box that con-
sists of helicases such as Dhx9 and the nuclear DNA helicase. The DEAD box sub
family consist of Gemin 3, Ddx5 (p68), Ddx17 (p72) etc. Here, the properties and
functions of one of the members of DEAD box family namely the p68 or Ddx5 has

been briefly reviewed.

1.6.2 p68/Ddx5 Dead box helicases

p68 (Ddx5) is one of the prototypic members of the DEAD box family of
proteins and was one of the first proteins to be shown to exhibit RNA helicase
activity in vitro [165,166]. A very closely related protein to p68 is the p72 that
exhibits 90% identity in its core region and variation only in their N terminal and
C terminal region [167]. They are believed to function together where they are
found as heterodimers, p68, although have shown to have independent functions
as well [168]. The expression of p68 was shown to be growth and developmentally
regulated and to correlate with organ maturation/differentiation [169,170]. It is
highly expressed during embryonic stages and is also a proliferation associated
nuclear protein. p68 is a nuclear protein and it is distributed throughout the

nucleus and specifically localizes to nucleolus during S phase [171]. p68 knockouts
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are embryonic lethal suggesting a vital role for this DEAD box helicase. p68
functions in plethora of cellular processes. Initially p68 was identified as a splicing
protein and it was purified from spliceosomal complex where it was shown to
interact with Ul SnRNA 5’site duplex [172]. Several reports have implicated
both p68 and p72 in pre-mRNA processing and alternative splicing, and the yeast
p68/p72 (Dbp2) was found to be important for ribosomal RNA processing [173].
More recently, both proteins were found to be components of the mouse Drosha
complex and to be required for some if not all primary miRNA (microRNA) and

ribosomal RNA processing in mammals [174,175].

1.6.3 p68 role in transcriptional regulation

A study of the Drosophila p68 orthologue (Rm62) demonstrated a function
for p68 in clearance of mRNA transcripts from transcription sites and suggested
that p68 was required to facilitate release of RNA to allow the chromatin to be
reset to an inactive state, resulting in gene deactivation [176]. This was the first
report suggesting a role for p68 in transcription per se. Recent literature evi-
dences also gives insight into this protein playing both transcriptional activation
as well as repression that is promoter dependent. The first indication that p68
may function in transcription in mammals came from a report showing that p68
interacts with and specifically co-activates ERa. This function was totally in-
dependent of its helicase activity [177]. Later on, it was shown that p72/p68
together coactivate ER alpha which is dependent on steroid receptor co activator

and SRA (steroid receptor RNA activator) a non-coding RNA [89,178,179]. A
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chromatin immunoprecipitation-based study demonstrated the cyclical, combina-
torial, recruitment of cofactors to the promoter of the ERa-target gene pS2 in
response to oestrogen, p68 was found to be recruited to this promoter in the first
transcriptionally productive cycle together with ER« and the transcription factors
TBP (TATAbox-binding protein) and TFIIA (transcription factor ITA), consistent
with a key role in transcription initiation [180]. p68 has also been shown to co
activate pb53 tumor suppressor gene. p68 can bind to pb3 in vitro as well as in vivo
and activates genes that are p53 dependent [181]. A recent study has shown that
p68 and p72 synergize with SRA to activate MyoD transcriptional activity [182].
In another study, p68 was shown to interact with and to co-activate Runx2, and
was found to be recruited to a region of the osteocalcin promoter that contains a
Runx-binding element [183]. Another function implicated for this group of pro-
teins is that the role as transcriptional repressors where it can bind to HDAC and
repress transcription in a promoter specific manner [184].

Apart from transcriptional coactivator function, p68 has been shown to play a
role in cellular signaling events as well. During epithelial mesenchymal transition
that is induced by PDGF stimulation, p68 which gets phosphorylated in tyro-
sine 305 was shown to translocate to the cytoplasm where it stabilizes [-catenin
and subsequently p68-(-catenin translocates back to the nucleus bringing about

downstream transcriptional regulation [185].

These findings, coupled with previous reports of p68 interactions with compo-
nents of the transcriptional machinery have suggested models in which p68 and p72
may be important for the recruitment of specific components of the transcription
machinery, including chromatin remodeling factors, and may facilitate formation

and stabilization of the initiation complex. The recent identification of its role in
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cellular signaling process such as wnt has given more insights into varied function

of this protein that needs to be explored further.

1.7 Developmental signaling pathways

Thus it is evident from the above discussion, that non-coding RNAs and the
RNA binding proteins are indeed a major determinant factor in disease condi-
tions by targeting many cellular signaling processes. Cell signaling is part of a
complex system of communication that governs basic cellular activities and coor-
dinates cellular functions. The ability of cells to perceive and correctly respond to
their microenvironment is the basis of development, tissue repair and immunity
as well as normal tissue homeostasis. Errors in cellular information processing
are responsible for diseases such as cancer, autoimmunity, and diabetes. There
are different types of cell signaling events in response to various physiological and

environmental conditions.

Many cellular signaling events are mediated through their receptors that are
coupled to enzymatic activity, steroid hormones, or heterotrimeric G protein. The
examples of which include the TGF( signaling, MAPP kinase signaling, the sig-
naling that involves receptor tyrosine kinases, or the JakStat signaling in response
to immunoregulatory stimulus. Apart from the ones mentioned above there are
signaling pathways that are intrinsically coupled to cellular development and differ-
entiation. They are the Wnt signaling, Notch signaling, sonic hedgehog signaling.

The wnt signaling is described fairly in detail in the following sections.
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1.7.1 Wnt signaling

Wnt is an extremely conserved developmental signal pathway. Wnt proteins are
secreted signal molecules that act as local mediators to control many aspects of
development in all animals. They were independently identified in flies and mice.
In Drosophila, the wingless gene came to light because of its role in wing devel-
opment while in mouse Intl gene,was found because it promoted the development
of breast tumor when integration of a viral DNA next to it. The Wnt-(-catenin
pathway regulates cell adhesion, morphology, proliferation, migration and struc-
tural remodeling [186,187].

Wnt signaling activates several distinct intracellular pathways, which are im-
portant for cell proliferation, differentiation, and polarity. In the canonical wnt
signaling wnt proteins, interacts with the transmembrane receptor Frizzled. Fol-
lowing the interaction with Frizzled, the downstream effect of the most widely
studied Wnt pathway is stabilization and nuclear translocation of the cytosolic
protein, (-catenin. There also exist two other types of wnt signaling independent
of [-catenin: 1) Wnt/planar cell polarity (PCP), a Wnt pathway that signals
through the small GTPases, Rho and Rac, to promote changes in the actin cy-
toskeleton, and 2) Wnt/Ca2+, a Wnt pathway that promotes intracellular calcium

levels and negatively regulates the Wnt/g-catenin pathway [186, 188].

1.7.2 Canonical Wnt Signaling

The best understood Wnt signal transduction cascade is the Wnt-/3-catenin
pathway. When this path way operates within a homeostatic range, it regulates

cell fate, proliferation and self-renewal of stem and progenitor cells throughout the



44 Chapter 1.

lifespans of metazoa. The importance of staying in such a short range is emphasized
by the evidence that links hyperactive or hypo active signaling to various diseases
[189]. The canonical Wnt signal transduction pathway is schematically illustrated
in Figure 1.10.

In the absence of Wnt ligand, intracellular levels of §-catenin are regulated by
a multiprotein complex encompassing kinases such as GSK3b (glycogen synthase
kinase-3b) and CK1 (casein kinase 1), and the scaffolding proteins APC (adeno-
matous polyposis coli), Axinl and Axin2 (conductin). This ‘destruction complex’
binds and phosphorylates 3-catenin at serine and threonine residues, thus targeting
it for ubiquitination and proteolytic degradation. In the presence of Wnt ligands,
co-activation of the Frizzled and LRP (low-density lipoprotein receptor-related
proteins) receptors leads to inhibition of the destruction complex and the conse-
quent stabilization of g-catenin. Intracellular f-catenin accumulation eventually
results in its nuclear translocation. In the nucleus, §-catenin binds to members
of the TCF/LEF family of transcription factors, thus modulating expression of a
broad range of target genes. The components of the signaling pathway are briefly

outlined below [186,188].

1.7.2.1 Extracellular inhibitors

At least three classes of Wnt antagonists are reported in Xenopus, and in humans.
However, none of them have been identified in Drosophila or C. elegans.
The first class, secreted frizzled-related proteins (sFRPs), are also called as se-
creted apoptosis-related proteins (SARPs). The sFRPs thus compete with the Fz
proteins for binding to secreted Wnt ligands and antagonize the Wnt function.

However, a contradictory effect of the sFRPs has also been described, in which
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the sFRPs enhance the Wnt activity by facilitating the presentation of the ligand
to the Fz receptors [190]. Wnt-inhibitory factor-1 (WIF-1) represents the second
class of secreted Wnt antagonists, and in Xenopus WIF-1 binds to Wnt proteins
and inhibits their activities by preventing access to cell surface receptors [191].
The third type of secreted antagonists, Dickkopf (Dkk), includes four known hu-
man proteins namely DKK1, 2, 3 and 4 [192]. In Xenopus, Dkk does not inhibit
Wnt ligands directly, but interacts with the Wnt co-receptor, LRP, and prevents
formation of an active Wnt-Fz-LRP receptor complex [193]. Recently, it was found
that Kremenl and Kremen2 worked as Dkk receptors [194] and a ternary complex
between Kremen2, Dkk1 and LRP6 lead to endocytosis and thus removal of LRP6

from the plasma membrane [194].

1.7.2.2 Ligands and receptors

Wnt ligands belong to a family of proto-oncogenes expressed in several species
ranging from the fruit fly to man. This large family of secreted glycoproteins
is considered to be one of the major families of signaling molecules. The first
Wnt gene, mouse Int-1, was identified by its ability to form mammary tumors in
mice when activated by integration of the mouse mammary tumor virus (MMTV)
[195]. Int-1 was later renamed Wnt-1 due to the relationship between this gene
and the Wg gene in Drosophila [196]. At present, 19 human WNT genes are
characterized (http://www.stanford.edu/ rnusse/wntwindow.html). Although the
individual members of this family are structurally related, they are not functionally
equivalent and each may have distinct biological properties [197].

In Drosophila, the Fz genes play an essential role in development of tissue polar-

ity. The Fz genes code for seven-trans membrane proteins and evidences show that
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Fz proteins function as receptors for Wg in Drosophila [198]. Several mammalian
homologues have been identified (http://www.stanford.edu/ rnusse/wntwindow.html).
Both the extracellular cysteine rich domain and the transmembrane segment are
strongly conserved, but nevertheless, the Fz proteins differ in both function and
ligand specificity [199]. Although it is known that the Wnts interact with the Fz

receptor, the mechanism of Fz signaling is not fully understood [190].

Arrow (Drosophila)/LRP (in vertebrates) is required during Wnt signaling,
possibly by acting as a co-receptor for Wnt [200-202]. The LRP gene encodes a
long single-pass transmembrane protein, and the extracellular domain binds Wnt
directly making a ternary complex with the Fz receptor [201]. Recently, it was
observed that the intracellular part of LRP binds Axin [193]. Two mammalian
homologues have been described, LRP5 and LRP6 [203].

1.7.2.3 Downstream of the receptor complex

Dsh in Drosophila and Dvl in vertebrates encode a cytoplasmic phosphoprotein
and is a positive mediator of Wnt signaling [204]. In the human genome, three
homologues have been described, DVL1-3 [205,206]. Dsh/Dvl works downstream
of Fz receptor, but upstream of S-catenin [190]. However, its exact mechanism of
action remains unknown, but several binding partners have been detected. The
DIX domain of Dvl binds Axin. This binding inhibits Axin promoted GSK-3b
dependent phosphorylation of -catenin [207]. Upon Wnt stimulation, Dsh/Dvl
binds CK1. This binding probably inhibits phosphorylation of the serine (Ser)
45 site in [-catenin causing stabilization of F-catenin and activation of the Wnt

pathway [208,209]. However, the exact mechanism of this event is yet unknown.



48 Chapter 1.

In the absence of a Wnt signal, CK1 associates and cooperates with Axin, proba-
bly through diversin. This drives the phosphorylation and degradation cascade of
(-catenin, and subsequently inhibits the Wnt signaling pathway [209]. One theory
suggests that in the presence of a Wnt signal, Dvl recruits GBP to the multipro-
tein complex. GBP then titrates GSK-3b from Axin leading to accumulation of
[-catenin in the cytoplasm [210]. The human homologue of GBP is frequently re-
arranged in advanced T-cell lymphomas (FRAT). Newly, FRAT/GBP was shown
to contain a nuclear export sequence, leading to nuclear export of itself as well as
the bound GSK-3b. Thus, FRAT/GBP is involved in regulating the accessibility
of cytoplasmic GSK-3b [211].

1.7.2.4 The multiprotein complex

The stability of (-catenin (encoded by the gene CTNNBI1) is regulated by a
multiprotein complex consisting of (-catenin, Axin/Conductin, APC, and GSK-
3b [212]. In this scaffolding complex, GSK-3b phosphorylates primed [-catenin,
thus marking [-catenin for ubiquitylation and subsequent proteasome mediated
degradation. During the last few years, several novel players that interact with the
components of the multiprotein complex have emerged. Still, the exact mechanisms
of action of the multiprotein complex need further clarification.

[-catenin

(-catenin was first described in humans as a protein which interacts with the
cytoplasmic domain of E-cadherin and with a-catenin, anchoring the cadherin
complex to the actin cytoskeleton [213]. Subsequently, the homology between (-
catenin and the Armadillo (Arm) of Drosophila and (-catenin in Xenopus lead to

the discovery of an additional role for mammalian [-catenin, namely as the key
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mediator of Wnt signaling [214]. The primary structure of §-catenin comprises an
amino-terminal domain of approximately 130 amino acids, a central region of 12
imperfect repeats of 42 amino acids known as arm repeats (since they show homol-
ogy with repeats found in the Arm protein of Drosophila), and a carboxy-terminal
domain of 110 amino acids. The amino-terminus of [-catenin is important for
regulating its stability, whereas the carboxyl terminus works as a transcriptional
activator domain [215]. Interestingly, plakoglobin, also called g-catenin, shares
overall 70% amino acid identity with [-catenin and as much as 80% within the
arm repeat domain [216]. Plakoglobin binds E-cadherin, a-catenin, APC, Axin
and Tcf/Lef transcription factors, and is involved in cell adhesion as well as Wnt
signaling. However, differences between [(-catenin and plakoglobin in these pro-
cesses exist. [-catenin activity is controlled by a large number of binding partners
that affect the stability and localization of §-catenin. Binding of a-catenin to the
N-terminal region of f-catenin and E-cadherin to the arm repeat [216] connects

[-catenin to cell adhesion [150].

The arm repeat domain of -catenin mediates binding of cadherins, APC, Axin
and Tcf/Lef family of transcription factors [150]. E-cadherin, APC and Tecf/Lef
interact with this domain of (-catenin in an overlapping and mutually exclusive
manner [215]. Two ubiquitin-mediated degradation systems are involved in the
catabolism of f-catenin. Both F-box proteins, b-TrCP and Ebi, recognize and bind
to the same sites on the N-terminal domain of S-catenin [217]. However, unlike b-
TrCP, Ebi probably does not require phosphorylation of S-catenin for recognition.
Ebi works in complex with STAH-1, a TP53 induced protein, linking activation of
TP53 to the degradation of (-catenin [218]. Both the degradation systems require

an intact APC protein [217]. GSK-3b sequentially phosphorylates threonine (Thr)
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41, Ser 35, and Ser 33 of J-catenin after (-catenin has been primed (phosphorylated
at Ser 45) by CK1 [209,212]. In Drosophila, Legless (Lgs) and Pygopus (Pygo)
have recently been shown to be required for Arm to function as a transcriptional
co-activator in the Wg signaling pathway. Lgs encodes the homologue of human
BCL-9, whereas Pygo codes for a PHD (plant homology domain) finger protein
and two human homologues have been identified, hPYGO1 and hPYGO2 [219]. In
the mouse system, inhibitor of F-catenin and TCF-4 (ICAT) binds the C-terminal
domain of (-catenin and inhibits its interaction with TCF-4. J-catenin-TCF-4
mediated transactivation of Wnt target genes is then repressed [220].

APC

The first clue of the mode of action of APC came from studies showing that
APC binds f-catenin. Later it has been demonstrated that APC plays a central
role in regulating the [-catenin level in the Wnt signaling pathway in addition to
be involved in cell migration, cytoskeleton regulation, chromosome segregation and
in tumors. APC encodes a large protein consisting of several distinct conserved
domains interacting with a number of different proteins [221].

Axin

Axin works as a scaffold protein involved in forming the multiprotein com-
plex leading to phosphorylation and degradation of (3-catenin and thereby acts
as a negative regulator of Wnt signaling. Later, a homologue of Axin in mouse,
Conductin, and in rat, Axil, were identified [222]. Two human homologues also
exist, namely, AXIN1(the Axin homologue) and AXIN2(the Conductin/Axil ho-
mologue). Axin and Conductin share 45% amino acid identity. Interestingly,
Axin is ubiquitously expressed, whereas Conductin is more selectively expressed

in specific tissues. Recently, it was shown that Conductin is a downstream target
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gene of the Wnt pathway and might work in a negative feedback loop controlling
Wnt signaling activity [223]. GSK-3b is recruited to the multiprotein complex by
Axin [222] and then phosphorylates Axin and APC and thereby increasing their
interaction with [-catenin. Subsequently, primed [-catenin bound to Axin and
APC, is phosphorylated by GSK-3b, marking (-catenin for proteasome mediated
degradation.

GSK-3b

GSK-3b, zw3 or shaggy in Drosophila, is a member of the Ser/Thr family
of protein kinases. This protein is a key enzyme in the Wnt signaling pathway.
As outlined above, GSK-3b phosphorylates primed (-catenin prior to proteasome
degradation, and it phosphorylates Axin and APC and enhances their interaction
with [-catenin. Unlike most protein kinases, GSK-3b is constitutively active and
phosphorylation of GSK-3b leads to inhibition of its activity [224]. Two highly
related human homologues, GSK-3a and GSK-3b have been identified, and these
two isoforms are more than 95% identical in the protein kinase catalytic domain.
Consequently, GSK-3a can substitute for many, but not all of the functions of

GSK-3b in the Wnt signaling pathway [225].

1.7.2.5 Nuclear components of J-catenin signal

The stabilized cytosolic B-catenin gets translocated into the nucleus, but how (-
catenin enters the nucleus is not yet fully understood. Nuclear -catenin associates
with the family of Tecf/Lef transcription factors, and is therefore a key factor for
expression of Wnt downstream genes.

Tcf/Lef

The Tcf/Lef proteins are a class of related high mobility group (HMG)-box
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of transcription factors. Four human homologues of Tcf/Lef have been identi-
fied, namely LEF1, TCF1, TCF3 and TCF4. They all recognize the same DNA
sequences, however they display tissue specific expression patterns. Upon Wnt sig-
nal, Tcf/Lef acts in a complex with (-catenin, BCL-9, Pygo and CBP and target
genes like c-MYC, cyclin D1, WNT inducible signaling pathway protein (WISP)-3,
and matrix metalloproteinase (MMP)-7, are expressed. Without the presence of
Wnt stimulation, the Tcf/Lef proteins repress transcription of the Wnt target genes
by binding to co-repressors like Groucho and C-terminal binding protein (CtBP).
Recently it was also shown that Brgl(Smarca4) is also another nuclear component
in fB-catenin dependent transcription whereby, Brgl is required for the chromatin

remodeling activity in association with CBP and nuclear (-catenin [226,227].

1.7.3 Non canonical wnt signaling

The non canonical wnt signaling is essential for determining the cell polarity
in the lower as well as higher organisms and hence it is also known as planar cell
polarity pathway. The molecular and genetic dissection of the so-called noncanon-
ical Wnt/PCP pathway has been increasingly emerging, as this genetic pathway
is involved in several diverged processes that require the coordination of cell po-
larity and cell cohesion within a cluster of cells in vertebrates. These processes
include convergent extension (CE), neural tube closure, ear hair cell orientation,
ciliogenesis, and hindbrain neuron migration. Most recently, it has been suggested
that the PCP pathway is linked with human birth defects and diseases [228]. Non
canonical wnt signaling is activated upon binding of ligands such as wnt 5b, wnt11

and activation of disheveled, the key player in non canonical wnt signaling events.
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This would eventually activate the Rho/Rac GTPases that brings about actin
reorganization and establish epithelial cell polarity in higher vertebrates. Avail-
able evidence suggests that Frizzled is activated by the interaction between the
non classical cadherin-like cell adhesion proteins, Fat and Dachsous in Drosophila
and some mammalian protocadherins seems to be homologues of these Drosophila

proteins [150].

1.8 Aim and Scope of the Present Investigation

Eukaryotic genome encodes a huge repertoire of non-coding RNA molecules. A
number of new non coding RNAs are being discovered in the last few years and new
functions are being assigned to them. The discovery of these molecules has made
a tremendous impact in our understanding of the higher order genome regulation
and the complexity of an organism itself. The ENCODE project consortium which
aims in identification of functional elements in the genome has concluded that
almost 90% of any genomic output are non protein coding RNAs, in contrast to
protein coding part of the genome which is only 2% in higher mammalian species.
Though large proportion of this non-coding RNAs has been dismissed as spurious
transcription, it is becoming increasingly clear that the vast majority of these could
be functional transcripts.

Non-coding RNAs of varying sizes such as small and long non-coding RNA,
that were discussed above, have shown to participate in plethora of cellular pro-
cesses such as transcriptional and post transcriptional gene regulation, chromatin
remodeling, and regulation of protein function and so on and so forth. How-

ever, a systematic study in terms of characterizing these species and identification
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of functional roles for these RNAs is far from complete. Very few mammalian
non-coding RNAs have been extensively characterized with their functions partly
understood. Bulk of many other non-coding RNA species have been identified by
genome sequencing projects or discovered accidently, which needs much more de-
tailed characterization in terms of its properties and functional roles. This study
aims in understanding the role of one such non coding RNA from the mouse.

Earlier work from our laboratory that involved the study of a meiotic recom-
bination hotspots in mouse identified a novel hot spot locus [229]. This locus was
mapped to mouse chromosome 8 CD near to a meiotic DNA repair site. When
analyzed for the transcription property of this locus, it was serendipitously found
that the hotspot locus encodes a non protein coding RNA. The RNA was found
to be 2.4 kb in length. Initial analysis showed that the RNA lacked any open
reading frame and it was expressed in multiple tissues. Interestingly, the RNA
also assumed a very stable secondary structure when predicted using secondary
structure prediction programs such as mFold. It was also found to be a putative
RNA polymerase II transcription product.

In this present investigation we have undertaken a detailed study of this tran-
script with the following objectives in mind.

1. Characterization of the non-coding RNA.

2. Function role of the non-coding RNA in cellular context and
identification of the non-coding RINA interacting partners.

The following sections describe in detail on the experimental approaches un-

dertaken and the results obtained in addressing the objectives.
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Materials and Methods

2.1 Materials

All the fine chemicals that were used were purchased from Sigma Chemical
Company, St.Louis, MO, U.S.A. or from GIBCO BRL, Life Technologies Inc. MD,
U.S.A. Restriction enzymes used were obtained from New England Biolabs Inc.
MA, U.S.A. Thermostable Thermoscript reverse transcriptase was obtained from
Invitrogen Corp CA, U.S.A. Nylon membranes were obtained from Amersham
International, England. Taq DNA polymerase was obtained either from New Eng-
land Biolabs, Inc. MA, U.S.A. or from Bangalore Genei, Bangalore, India. Fast
Link DNA ligase was procured from Epicentre Biotechnologies, WI, and USA. The
primers used were synthesized from Microsynth, Switzerland or from Sigma, U.S.A.
All the bacterial growth media were obtained from Hi Media, Bangalore, India.
The Enhanced ChemiLuminscence (ECL) kit was purchased from Pierce, U.S.A.

The entire analytical grade chemicals were purchased from Ranbaxy Laboratories,

95
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India and Merck (India) Ltd. X-ray films for ECL were obtained from Kodak. 3°S-
cysteine methionine and o??*P-UTP, o*?P-dATP and o*?P-ATP were purchased
from BRIT-India. siRNAs designed for mrhl were purchased from Dharmacon,
U.S.A. SiRNA against Drosha were purchased from Qiagen, Germany. The modi-
fied nucleotides and enzymes used for in wvitro transcription were purchased from
Roche Life sciences. Cy3 and cyb labeled locked nucleic acid probes (LNA) were
procured from Exiqon, Denmark. 5" dideoxy oligonucleotides were procured from
Integrated DNA technologies IDT, U.S.A. All the reagents used for cell culture
studies were obtained from Sigma or Invitrogen. Fetal bovine serum was purchased
from Sigma or US Biologicals. Transfection reagents were obtained from Invitro-
gen. Recombinant Dicer enzyme was obtained from Ambion, USA. Antibodies
were obtained from Santa Cruz Biotechnology Corporation (Nucleolin, Lamin B),
Upstate (8-Catenin), Novus Biologicals (p68), Sigma Aldrich, U.S.A (Anti-Flag)
or Cell Signalling technologies (phosphor-tyr 100). Drosha antibody was a gift
from Narry Kim, Seoul National University. All the reagents, enzymes and buffers
used for microarray analysis were purchased from Affymetrix technologies. The

mouse 43.0K expression arrays were obtained from Affymetrix technologies.

2.1.1 Animals

The animals used in this study were male Balb/C mice or CD1mice. The animals

were procured from Animal Facility, JNCASR Bangalore, India.
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2.1.2 FE.colr Strains

DH5 o: F’endAl hsd R17 (r, mj) glnV44 thil recAl gyrA (Nal") relAl
A(laclZYA - argF) U169 deoR (¢80dlacA(lacZ M15)

XL1 Blue: endA1 gyrA96(nal®) thi-1recAl relAl lac gInV44 F’[::Tn10 proAB™
lacl? A(lacZ)M15] hsdR17(ry mj)

2.1.3 Cell lines

Cell lines used in this study were Gel-Spg mouse spermatogonia (type B),
RAG1 (Mouse Renal Adeno Carcinoma), HEK293T (Human embryonic kidney),
HeLa (Human Cervical Carcinoma), C6(Rat Glioma) all of which were obtained
from American Type Culture Collection (ATCC), U.S.A. All the cell lines were
maintained in DMEM high glucose supplemented with 10% fetal bovine serum
containing recommended concentration of antibiotics (Penicillin, Streptomycin and

Amphotericin B) and L.Glutamine was added to a final concentration of 1 mM.

2.1.4 Plasmids

1. pGem3Zf+ - Amp resistance - Full length mrhl RNA

2. pBlue Script - Amp resistance - 3.4 kb contig from mouse chromosome 8

3. pCK Drosha Flag - Kan resistance - Full length human Drosha with C terminal
flag

4. pCDNA3.1 - Amp resistance - Full length mrhl RNA

Full length mrhl RNA with 3’ slAptamer fusion
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2.2 Methods

2.2.1 Extraction of total RNA

DEPC treated water was used for all the RNA work. 0.01% DEPC was added
to autoclaved water. After 12 hours, it was autoclaved again and stored at -20
C. Trizol (Invitrogen Corp.) was used for RNA isolation from tissues and cell
lines. Initial homogenization of tissues was done in a TISSUE TEAROR (Biospec
Instruments Inc.). The protocol for RNA isolation was as follows. The tissue after
homogenization in TRIzol was (1 ml TRIzol for 100 mg tissue) was incubated
for 10 minutes at room temperature. Two hundred microlitres of chloroform was
added to the homogenate and mixed thoroughly. The mixture was spun at 12000
g for 15 minutes. The aqueous phase was separated and 500 ul of isopropanol was
added to the aqueous phase to precipitate the RNA. The RNA was collected after
spinning down at 12000 g for 15 minutes at 4 C. The clear RNA pellet was washed

once with 75% ethanol and then finally resuspended in nuclease free water.

2.2.2 Formaldehyde agarose gel

The formaldehyde agarose gel was prepared by melting agarose (GIBCO-BRL)
for a 1% gel in DEPC treated water and after cooling to 60 C, 5X formaldehyde
gel running buffer (0.1 M MOPS pH 7.0, 40 mM Sodium acetate, 5 mM EDTA
pH 8.0) and formaldehyde were added to a final concentration of 1X and 2.2M
respectively. The gel was cast and allowed to solidify for at least 30 minutes and

the gel was pre-run for 5 minutes at 50 volts in 1X formaldehyde gel running buffer.

Total RNA sample was prepared as follows for loading into the gel: RNA 4.5
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ul, 5X formaldehyde gel running buffer 2.0 ul, formaldehyde 3.5 pl and formamide
10.0 pl. The RNA was denatured by heating to 65 C for 15 minutes and then
chilled on ice for 5 minutes. Prior to loading, the 6X loading dye was added to
the RNA sample (50% glycerol, 1 mM EDTA pH 8.0, 0.25% bromophenol blue
and 0.25% xylene cyanol FF). The RNA sample was then loaded into the pre-run
gel and electrophoresed until the bromophenol blue dye reached the bottom of the

gel.

2.2.3 Synthesis of first strand of cDNA

About 3 ug of total RNA was reverse transcribed using the Thermoscript RT-
PCR system. In a 0.5 ml microfuge tube the total RNA and 1 ul of 10 uM 3’-gene
specific primer were mixed. The total volume was adjusted to 10 ul using DEPC-
treated water. The RNA and the primer were denatured by heating the mixture at
65 C for 5 minutes and then snap chilled. To the denatured template and primer,
1X ¢DNA synthesis buffer, 0.005 M DTT, 40 U of RNase inhibitor, I0 mM dNTP
mix and 15U of Thermoscript Reverse Transcriptase were added. The reaction
mixture was incubated at 65 C for 1 hour after adjusting the total volume to 20 ul
in a thermal cycler preheated to 65 C. The reaction was terminated by incubating
at 85 C for 5 minutes. The ¢cDNA synthesis reaction mixture was stored at -20
C or used for PCR immediately. When required, 1/10th of the reaction contents

were used for subsequent Polymerase chain reaction.
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2.2.4 Polymerase chain reaction (PCR)

In a typical PCR about 10 ng of DNA (1/10th of RT product, cDNA in the
case of RT-PCR), dNTPs to a final concentration of 200 uM, 10 uM stock of the
sense and antisense primers, 5 pl of 10X Taq DNA polymerase buffer, water to a
total volume of 50 ul and 1 unit of Taq polymerase were added. The PCR was
performed for 35 cycles and the cycling conditions were 94 C/1 minute to denature
the template, annealing temperature of 5 C below the Tm of the primer pairs for 1
minute and extension at 72 C for 1 minute/kb with a final extension at 72 C for 10
minutes. For cloning purposes the Phusion (New England Biolabs) or Platinum
Taq DNA polymerase-HiFi (Invitrogen corp.) was used and the manufactures

standard protocol was followed.

2.2.5 Synthesis of second strand of cDNA by PCR

In a typical second strand synthesis reaction only 10% of the first strand synthesis
reaction (2 ul) was used. To the first strand synthesis reaction, dNTPs to a final
concentration of 200 uM, sense and antisense primers to a final concentration 200
uM, 1X polymerase buffer, water to a total volume of 50 ul and the respective
polymerase were added. The PCR was performed for 30 cycles by following the
recommended thermal cycling conditions. The final PCR product was checked on

a 1% agarose gel with appropriate molecular weight markers.

2.2.6 Agarose gel electrophoresis

The flat bed agarose gel electrophoresis was conducted to visualize DNA samples.

The agarose gel of required percentage was cast in 1X TAE buffer (40 mM Tris
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acetate and ImM EDTA pH 8.0) containing 10 ug/100 ml of ethidium bromide.
DNA was mixed with 6X loading buffer (50% glycerol containing a pinch of either
bromophenol blue or Xylene cyanol) and loaded into the wells. Electrophoresis
was carried out at 80-100 volts for 1 hour and the DNA was visualized by placing
the gel on a UV trans-illuminator and photographs were taken using BioRad-Gel

documentation system 1000.

2.2.7 Restriction digestion of DNA

The plasmid DNA obtained by alkaline lysis method [230] or the PCR products
carrying the suitable restriction enzyme sites were digested with the respective
restriction enzymes for at least 2-3 hours at 37 C in their respective buffers. The
digested DNA was again separated on agarose gels. The digested PCR products
or vectors were separated on a 1% agarose gel and subsequently eluted for further

use.

2.2.8 Elution of DNA from agarose gels

Gel elution was performed using Qiagen Gel Elution Kit following manufacturer’s
protocol. The DNA pellet was air dried and resuspended in the required amount

of sterile water.

2.2.9 Ligation of digested DNA into plasmid vector

A typical ligation reaction was setup with gel-purified, digested vector and an
insert of interest at a molar ratio of 1:3, 1X ligation buffer containing 10 mM ATP

and 0.5 pl of Fast Link DNA ligase (15 units/ul - Epicentre Biotechnologies) in a
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total reaction volume of 15 ul. The reaction mix was incubated at 25 C over night.

2.2.10 Preparation of media

The medium used for the bacterial work was LB broth (10 g bactotryptone,
5 g yeast extract, 10 g NaCl for one liter; autoclaved at 15 lbs for 20 minutes).
To prepare LB-agar, bacteriological agar was added to the LB broth to a final
concentration of 1.5%. Before adding the appropriate antibiotic, the medium was

cooled to around 50 C. Ampicillin was used at a final concentration of 0.1 mg/ml.

2.2.11 Preparation of competent cells by and transforma-

tion of bacterial cells with plasmid DNA

Competent cells were prepared by one step protocol developed by Chung et
al. [231] with minor modifications. The F.coli strain DH5« or XL1 Blue was grown
overnight in 3 ml LB broth without ampicillin. A 200 ul aliquot of the overnight
culture was transferred into 50 ml of LB broth without ampicillin and incubated at
37 C with shaking. The cells were grown till an O.D600 of 0.3-0.4. The cells were
chilled, transferred to an Oakridge tube and pelleted at 2,500 g for 10 minutes at
4 C. After removing the supernatant, the pellet was gently resuspended in 2 ml
of filter sterilized ice cold 1X TSS (Transformation and Storage Solution) (1 ml
TSS was prepared by mixing 500 ul of 2X LB broth, 400 ul of 25% PEG 3350, 50
pl of 1 M MgCly and 50 pl of DMSO) and 200 pl aliquots were directly used for
bacterial transformation or frozen in liquid Ny for future use.

For transformation of ligation mix or positive transformation an aliquot of the

competent cells was thawed on ice and approximately 50 ng of DNA in minimal
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volume was added. The cells were kept on ice for 30 minutes and subjected to
heat shock for 90 seconds at 42 C. Immediately, the cells were placed on ice for 5
minutes and 0.8 ml of sterile LB broth without ampicillin was added and allowed
for recovery at 37 C for 45 minutes. The cells were pelleted at 2,500 g for 3 minutes.
at room temperature. The pellet was resuspended in 200 pul of the supernatant
and spread on LB-agar plate with appropriate antibiotic and incubated at 37 C

overnight.

2.2.12 Screening of recombinant clones by mini prepara-

tion of plasmid DNA by alkaline lysis method

The bacterial colonies obtained in the above protocol were randomly picked
and inoculated into 3 ml LB-broth with ampicillin and grown to saturation. The
culture was centrifuged at 12,000 rpm for one minute at 4 C. The cell pellet was
suspended in 100 pl of solution I (50 mM glucose, 25 mM Tris pH 8.0, 10 mM
EDTA pH 8.0) by vortexing. A 200 ul aliquout of freshly prepared solution IT
(0.2 N NaOH, 1% SDS) was added and mixed the contents of the tube gently and
the tubes were placed on ice for 5 minutes. 150 ul of solution IIT (3M potassium
acetate, pH 4.8) was added and after gentle mixing the tubes were placed on ice
for a further period of 10 minutes. The contents were spun at 11,000 g for 10
minutes at 4 C and the supernatant containing the plasmid was transferred to a
fresh microfuge tube. The nucleic acids were precipitated by adding equal volume
of isopropanol at room temperature for 20 minutes. The pellet was resuspended
in 50 pl of TIOE1. RNA was removed by digestion with RNase A (1 mg/ml) at

37 C for 20 minutes. The DNA was extracted twice with phenol:chloroform ratio
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and finally with chloroform. The extracted DNA was precipitated with one-tenth
the volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of ice-cold ethanol
and stored at -20 C for at least an hour. The DNA was pelleted by centrifuging
at 11,000 g for 10 minutes. at 4 C. The pellet was washed with 70% alcohol, dried
and resuspended in a minimum volume of autoclaved water. An aliquot of the
DNA was then digested with suitable restriction enzymes and checked for release

of the insert on a 1-1.5% agarose gel.

2.2.13 Purification of plasmid DNA by PEG precipitation

for sequencing

The plasmid DNA prepared by the alkaline lysis method after confirming for
the release of proper size insert by appropriate restriction enzyme digestion was
purified by PEG precipitation. The DNA pellet after the mini-preparation was
resuspended in 32 ul of autoclaved water. Subsequently 8 ul 4 M NaCl and equal
volume of 13% PEG 8000 were added and the tube was incubated on ice for at
least 1-2 hours. The DNA was centrifuged at 11,000 g for 15 minutes at 4 C
and the pellet was washed with 70% ethanol after aspirating the supernatant and
again centrifuged under similar conditions. The pellet was then dried, dissolved in
autoclaved water and an aliquot was checked on agarose gel to check the quality

of the DNA.

2.2.14 SDS poly acrylamide gel electrophoresis

Proteins were analyzed on SDS poly-acrylamide gels (SDS-PAGE). A 10% SDS-

PAGE were used for analyzing the proteins. The composition of the running gel
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and stacking gels is given for 10 ml.

2.2.15 Running gel composition

Water - 4.0 ml
29:1 Acrylamide-bisacrylamide mix - 3.3 ml
1.5 M Tris.Cl (pH 8.8) - 25ml
10% SDS - 0.1ml
10% Ammonium persulphate - 0.1ml
TEMED - 0.004 ml

2.2.16 Stacking gel composition

Water - 6.8 ml
29:1 Acrylamide-bisacrylamide mix - 1.7 ml
1.5 M Tris.Cl (pH 6.8) - 1.25 ml
10% SDS - 0.1ml
10% Ammonium persulphate - 0.1ml
TEMED - 0.01 ml

After polymerization, the gel was mounted in the electrophoresis apparatus and
electrophoresed in 1X Tris glycine SDS buffer (25 mM Tris/250 mM glycine pH
8.3/0.1% SDS) at 100 V till the bromophenol blue dye reached the bottom of the
gel. The samples were prepared in 50 mM Tris.Cl pH 6.8, 100 mM dithiothreitol,
2% SDS, 0.1% bromophenol blue/10% glycerol. After electrophoresis gels were
stained with 0.4% Coomassie Brilliant Blue in 40% methanol/10% acetic acid
for 4 hours. Destaining was carried out in the same solution without Coomassie

Brilliant Blue.
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2.2.17 Western blot analysis and detection

The protein bands resolved by 10% SDS-PAGE were transferred on to nitro-
cellulose membrane using Hoeffer semidry transfer apparatus. Before transfer,
the gel and nitrocellulose membrane were soaked thoroughly in the transfer buffer
(0.025 M Tris/0.192 M glycine/20% methanol). The proteins were transferred
using the above-mentioned apparatus electrophoretically at 2 mA /sq cm of cur-
rent for 90 minutes. After transfer, the membrane was blocked in the rinse buffer
(10 mM sodium phosphate, pH 7.2/0.9% NaCl/0.05% Tween 20) containing 5%
milk powder at room temperature for overnight. Subsequently the membrane was
rinsed with 3-4 changes of rinse buffer for 30 minutes. The membrane was then
incubated in the rinse buffer containing 1% milk powder and 1ug of appropri-
ate primary antibody for 2 hours at room temperature. After washing with rinse
buffer as before, it was incubated with 1:5000 diluted HRP-conjugated secondary
antibodies (Bangalore-Genei) at room temperature with gentle shaking for 90 min-
utes. The membrane was again washed with several changes of rinse buffer. The
detection of antibody reaction was done by Enhanced ChemiLuminescence (ECL)
of Amersham Biosciences following manufacturer’s protocol or using ECL kit of

Thermo scientific corporation.

2.2.18 Cloning of mrhl gene in pGEM3zf-+

The total RNA from mouse testis was reverse transcribed using oligo dT reverse
primer. The ¢cDNA generated was used as a template for PCR using mrhl gene
specific primers containing adapter sequences with restriction site.

mrhl F: 5 TACTGGATCCGTGACTTGCTCTTCATTAGAT 3’
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mrhl R: 5’ GTACCTCGAGTGGGGTAGTCTCTGGATAGT 3’

The pGem 3Zf+ was digested with BamHI and Sall and the amplified insert
DNA was digested with BamHI and Xhol. The respective digested products were
gel eluted and ligated in 1:3 molar ratio of vector to insert. The recombinant
clones were screened on LB Ampicillin plates after transformation in DH5« com-
petent cells. The clones containing the insert were verified using PCR, restriction

digestion and sequencing.

2.2.19 RNA isolation from nuclear and cytoplasmic frac-

tion

RNA was isolated from the nucleus and cytoplasm from liver and testis by the
following protocol. The tissue was homogenised in buffer A (10 mM Tris-Cl, 5
mM MgCly, 1 mM CaCly, 40 mM NaHSOg, 0.1 mM PMSF) containing 0.34 M
sucrose and 0.5 U/ul RNAsin and 2 mM Vanadyl Ribonuclease inhibitor complex
(VRC). The homogenate was spun at 1000 g to separate nuclear and cytoplasmic
fractions. The nuclear fraction was suspended in buffer A containing 2.3 M sucrose
and spun at 100,000 g for 1 hour. The nuclear pellet was washed once in buffer
A containing 0.34 M sucrose and the RNA was isolated using TRIzol reagent.
For cytoplasmic RNA isolation the supernatant after separating the nuclear pellet
was taken and the RNA was extracted by using phenol: chloroform followed by
addition of 2.5 volume of ethanol and was allowed to precipitate at -20 C overnight.
After incubation the RNA was precipitated by spinning down at 14,000 g for 30
minutes at 4 C. The RNA pellet was washed once in 75% ethanol and then finally

resuspended in nuclease free water. RNA obtained from fractionated tissues was
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used for RT PCR or northern analysis.

2.2.20 Subnuclear fractionation

Nuclei isolated from the tissues as described previously were resuspended in
buffer A and sonicated for 5 sec at 25 amplitude in a sonicator (Vibra sonics) and
layered on 30% sucrose cushion containing 2 mM VRC and centrifuged at 1000 g
for 20 minutes to fractionate it into chromatin and nucleoplasm. RNA was isolated
from both the fractions after digestion with RNase free DNAse (Sigma), by the
protocol described above. An aliquot of the input was also used for profiling the

protein composition to check the purity of the preparation.

2.2.21 In vitro coupled transcription/translation

The in vitro coupled transcription/translation was done using T7 rabbit retic-
ulolysate system (Promega). Briefly, the gene cloned downstream of the T7 pro-
moter in the pGem3Zf+ vector, was added to rabbit reticulolysate along with 35S-
methionine and incubated for 90 minutes at 30 C. The in vitro translated products
were separated in 15% SDS-PAGE. The gel was dried and exposed to phosphorim-
ager screen. RNA was also isolated from the same mixture after DNase treatment

using TRIzol and RT PCR was performed for the specific genes of interest.

2.2.22 In vitro transcription

The 2.4 kb mrhl cloned in pGem vector under T7 promoter was linearised using
Xhol, purified and used as a template for in vitro transcription. The template was

incubated with 1 mM each of ATP, CTP, GTP and UTP or o*P UTP and T7
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RNA polymerase in 1X transcription buffer. The reaction mixture was incubated
at 37 C for 2 hours and the in vitro transcribed RNA was purified using RNA easy
purification kit (Qiagen, Germany). For labeling the transcripts with biotin the
UTP concentration was reduced to 0.7 mM and biotin UTP was added to a final

concentration of 0.3 mM.

2.2.23 Urea PAGE

The small RNAs were separated in 15% PAGE containing 7M Urea as follows.
The ultrapure urea was weighed and added to 15% acrylamide /bis acrylamide
mix from a 40% stock solution. The urea was allowed to dissolve completely and
0.5X TBE( stock 5X) was added to the mixture. Then APS and TEMED were
added and the gel was allowed to set in the cast for atleast 2-3 hours. The gel was

prerun at 50 V for 30 minutes before loading the samples.

2.2.24 Random primer labeling

About 50 ng of PCR purified template DNA was subjected to random primer
labeling using NEB random primer labeling kit according to manufactures instruc-
tions. Briefly, the template was denatured at 95 C and snap chilled. To this 1mM
each of dGTP, dCTP, dTTP were added followed by addition of 10 pci of a*?PATP.
About 10 units of Klenow polymerase were added to the mixture along with the
buffer containing random hexamer. The reaction mix was incubated at 37 C for
1 hour and the reaction was inactivated by the addition of 0.2 mM EDTA. The
labeled DNA was separated from unlabeled free nucleotides using sephadex G 50

column.
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2.2.25 Small RNA Northern Hybridization

The small RNA PAGE was carried out as described by [232]. Approximately
30 pg of RNA in loading buffer was denatured at 65 C for 15 minutes and loaded
on the 15% PAGE containing 7 M Urea gel. The EtBr stained gel was used to
check the integrity and the quantity of RNA. The small RNAs were transferred
to Nylon membrane and immoblised under UV. The membrane was prehybridized
at 42 C for 2 hours in prehybridization buffer (7% SDS, 5X SSC, 2X Denharts
reagent, 0.2 M sodium phosphate and 100 g/ml of denatured single stranded DNA).
The amplified PCR product representing full length or part of the mrhl gene
was gel purified and was used for probe generation by Klenow labelling using
random primers. Alternatively RNA probes derived from in wvitro transcription
in the presence a*?PUTP were also used for strand specific northern analysis.
Hybridisation was carried out at 42 C overnight. The membrane was then washed
twice in 2X SSC/0.5% SDS at room temperature and once each in 1X SSC/0.1%
SDS at 42 C and 0.1X SSC/0.1% SDS at 42 C and exposed to phosphorimager

screeln.

2.2.26 Splinted Ligation

Splinted ligation was carried out as described by Maroney et al. [233]. The
sequence of the oligos used in the experiment is given below. The Linker oligo was
purchased from IDT, while the Bridge oligos were from Sigma.

Linker Oligo: 5’CGCTTATGACATTddC3’

Bridge mrhl 1: 5’GAATGTCATAAGCGAAGCACTTACTGTCACTTGAT-
GCA3’
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Bridge mrhl 2: 5’GAATGTCATAAGCGCAAAATTAAAACAGCTTCTAC-
CTCT3

Bridge Let 7: 5’GAATGTCATAAGCGAACTATACAACCTACTACCTCAY’

The ligation oligonucleotide was 5-end radiolabeled by incubating 20 pmol
DNA, 2.5 uM [y-32P]ATP (150 mCi/mL, Perkin-Elmer), 50 mM Tris-HCI (pH
7.5), 10 mM MgCl,, 5 mM dithiothreitol (DTT), 5% glycerol, and 20 units T4
poly nucleotide kinase (Promega) in a reaction volume of 20 pL for 30 minutes
at 37 C. The volume of labeled products was adjusted to 100 L. with RNase-free
water and was purified in a Sephadex G25 coloumn.

For ligation, all reactions consisted of 100 fmol bridge oligonucleotide, 100
fmol radiolabeled ligation oligonucleotide, total RNA sample(2-5 pg), 75 mM KCIl,
20 mM Tris (pH 8.0), 10 units T4 DNA ligase (Promega), and 1X ligation buffer
(Promega) in a reaction volume of 15 uL. Before adding T4 DNA ligase and Ligate-
I'T buffer, the reaction mixture was denatured at 95 C for 1 minute. After annealing
at 65 C for 2 minutes and 37 C for 10 minutes, the ligase and the buffer were
added to the reaction mixture and incubated at 30 C for 1 hour. Reactions were
terminated by heat inactivation at 75 C for 15 minutes and then treated with
1 unit of calf intestinal alkaline phosphatase (Promega) at 37 C for 15 minutes.
Reaction products were separated using denaturing 15% urea-polyacrylamide gels

and quantified using a PhosphorImager.

2.2.27 miRNA processing Assay

The miRNA-processing assay was carried out using mouse testicular total

cell lysates. Briefly, the testis was decapsulated and treated with collagenase IV
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(Sigma). The cell pellet was resuspended in buffer B (20 mM HEPES pH 7.9, 100
mM KCI, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 5% glycerol) and son-
icated to lyse the cells. The processing reaction was carried out as described by
Han et al. [234]. Briefly, 30 uL of processing reaction contained 15 uL of whole-cell
extract or the beads, 6.4 mM MgCl,, 1 U/uL of Ribonuclease Inhibitor (Sigma),
and the labeled transcripts of 1 x 10* to 1 x 10° cpm. The reaction mixture was
incubated at 37 C for 90 minutes. RNA was extracted from the reaction mixture

by phenol extraction and analyzed on a 10%-12.5% denaturing polyacrylamide gel.

2.2.28 In wvitro Drosha processing Assay

HEK293T cells were transfected with pCK Drosha Flag or pCK Flag. The cells
were harvested 48 hours post transfection and the pellet was suspended in buffer
B. The cells were sonicated on ice and centrifuged at 13,200 rpm for 15 minutes at
4 C. The supernatant was incubated with 10 pL of anti-Flag antibody conjugated
to agarose beads (anti-Flag M2 affinity gel, Sigma) with constant rotation for 90
minutes at 4 C. The beads were washed six times in buffer B, drained, and used

for in wvitro processing.

2.2.29 In vitro Dicer Assay

The in vitro transcribed sense (T7) or antisense (SP6) transcript of the purified
and labeled ~ 80 nt region was used for Dicer assay as per the manufacturers
protocol (Ambion). An aliquot of the reaction was taken at different time points

and resolved on a 15% Urea-PAGE. The gel was dried and autoradiographed.



73

2.2.30 Culturing of mammalian cells

The mammalian cells were maintained aseptically in DMEM supplemented with
10% FBS containing 2 mM L-Glutamine and concentration of 1 mg/ml Penicillin
and Streptomycin(Sigma 100 mg/ml stock) and 1 mg/ml Amphotericin B (Fun-
gizone, sigma 100 mg/ml stock)). The Cells were grown at 37 C at 5% COs in
water jacketed COq incubator (Binder) until it is 90% confluent. Passaging of cells
were carried out after removing the cells from the culture flask by trypsinisation
(0.25% Trypsin and 0.02% EDTA in DMEM). The trypsinisation was arrested by
the addition of complete DMEM containing and 10% FBS and the cells were re-
moved and pelleted at 200 g for 3 minutes. The cell pellet was resuspended in

appropriate amount of complete medium and replated in culture flasks.

2.2.31 Freezing of mammalian cells

The mammalian cells grown to confluency were washed once in PBS and
trypsinised and pelleted. To the cell pellet the ice cold freezing mix (90% serum
+ 10% DMSO) was added drop by drop and immediately transferred to cryovials
at a cell density of about 10° cells/Vial. The vials are stored at -80 C in a freeze

boy for 2 days and then transferred to liquid nitrogen.

2.2.32 Thawing of mammalian cells

The frozen stocks were thawed after incubating them for 2-5 minutes in a
circulating water bath set at 37 C. To the thawed cells 5ml of complete DMEM
was added and spun down at 200 g for 3 minutes. The cell pellet was resuspended

gently in complete DMEM and plated on to the tissue culture flasks.
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2.2.33 Over expression studies in cell lines

The day before transfection, cells were plated upto 80% confluency. The medium
was changed just 4 hours before transfection. Mrhl gene cloned in pCDNA 3.1
vector under CMV promoter was transfected into 80% confluent Gel-Spg cells
using lipofectamine 2000 as per manufacturer’s instructions. The concentration of

lipofectamine to DNA ratio is given below for different culture volume.

Surface area | Transfection volume | Lipofectamine | DNA concentration
concentration

24well plate 100 pl 2 ul 0.8 ug

6well plate 500 pl 6 pul 3 ug

90mm Dish 3 ml 35 pl 15 pg

The DNA and lipofectamine were added in respective volume of DMEM with-
out FBS and left for 5 minutes. After the incubation, the DNA and the lipo-
fectamine mixtures were mixed together and incubated for 20 minutes for DNA
lipofectamine complex formation. The complex was directly plated on the cells
grown on culture dishes. The cells were harvested at various time points post

transfection and RNA was extracted using TRIzol reagent.

2.2.34 Silencing experiments

The transfection of siRNAs was carried out as described above. Instead of plas-
mid constructs siRNAs were used for transfection with lipofectamine 2000. The
concentrations and time point of each siRNAs were titrated to obtain optimum
silencing efficiency. siRNA concentration of 100-150 nM were used for different

experiments. The cells were harvested 48hours post transfection and RNA was
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extracted using TRIzol reagent for checking the down regulation efficiency by RT-
QPCR. For western analysis the cells were harvested after 60 hours post trans-
fection and lysed in 1X RIPA buffer and loaded on SDS-PAGE gel for detection

using specific antibodies.

2.2.35 In situ RNA hybridisation with LNA probes

The LNA probes specific for the mrhl RNA and the processed transcript were
labeled with Cy3 and Cy5 (Exiqon) and hybridised in situ on mouse cell lines as
described by Prasanth et al. [141] with some modifications. Briefly, the cells grown
on the cover slips were washed once with PBS and fixed with 4% formaldehyde and
10% acetic acid for 10 minute at room temperature. The cells were dehydrated in
70% ethanol, subsequently rehydrated in PBS and permeablised in PBS with 0.01%
Triton X-100. After washing twice in PBS, the cells were prehybridised for about
1 hour in solution containing 10% dextran sulphate, 2 mM vanadyl ribonucleotide
complex, 0.2% BSA, 40 pug E.coli tRNA, 2X SSC, 50% formamide and 200 pg/ml of
sheared single stranded salmon sperm DNA. The prehybridisation was followed by
hybridisation with 10nM concentration of the probe in the same buffer at 50 C in
a moist chamber for 8hours. The cells were then washed twice in buffer containing
50% formamide and 2X SSC followed by once in 50% formamide in 0.5X SSC and
0.1% SDS. The cover slips were mounted subsequently on 60% glycerol in PBS
containing 10 pg/ul DAPL.

For immunofluorescence, the cells after hybridisation washes were once again
washed with PBS and appropriate dilutions of the primary antibody (mouse mon-

oclonal anti Nucleolin, Santa Cruz and rabbit polyclonal anti Drosha, a gift from
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Prof. Narry kim) was added and incubated for 1 hour at room temperature in a
moist chamber followed by three washes in PBS containing 0.1% Tween 20. This
was followed by incubation with appropriate secondary antibody conjugated with
Alexa fluor for 1 hour at room temperature in a moist chamber. The cells were
washed thrice in PBS containing 0.1% Tween 20 and dried. The cover slips were
mounted on 60% glycerol in PBS containing DAPI. The images were acquired in a
LSM 10 Meta confocal microscope (Carl Zeiss) and images were analysed by image

analysis software provided by Carl Zeiss.

2.2.36 Preparation of whole cell extracts from cultured

cells

For harvesting, cells were placed on ice and the media was removed by aspiration.
The cell monolayers were washed twice with 5 ml of ice cold PBS buffer. Cells
were removed by scraping using a cell scrapper in 5 ml of ice-cold PBS. Five ml cell
mixture was transferred to a sterile 15 ml centrifuge tube and centrifuged at 200 g
for 5 minutes at 4 C. The supernatant was removed by aspiration and 1 ml of ice
cold PBS was added and the cells were transferred to a 1.5 ml sterile centrifuge
tube and centrifuged briefly at 200 g at 4 C. The supernatant was removed by
aspiration and cells were lysed in 150 pl of Lysis solution (0.15 M Tris-HCI, pH
6.7/5% sodium dodecyl sulfate (SDS), and 30% glycerol) sonicated briefly and
then diluted 1:10 in PBS-0.5% Nonidet P-40 (NP-40) supplemented with complete
protease inhibitor (Sigma) and centrifuged at 16,000 g for 10 minutes at 4 C to

remove cellular debris.
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2.2.37 Northwestern blotting

The total, cytoplasmic or nuclear cell lysates that were separated on a 10% SDS
polyacrylamide gel was transferred to nitocellulose membrane.The proteins were
allowed to renature on the membrane by overnight incubation in the renaturation
buffer containing 10 mM HEPES pH 7.9, 40 mM KCI, 5% glycerol, 0.2% NP40, 3
mM MgCly, 0.1 mM EDTA, 1 mM DTT, 5 mg/ml BSA. After renaturation the
membrane was put in a RNA binding buffer (buffer C, 10 mM HEPES pH 7.9, 150
mM KCI, 5 mM MgCl,, 5% glycerol, 0.2 mM DTT, and 0.05% NP40 containing
50 pg/ml tRNA, 500 pg/ml Heparin) containing 50 000 cpm of probe prepared
by in wvitro transcription described previously. The membrane was incubated for
3 hours at 20 C and washed twice in buffer C. The membrane was then processed

for phosphorimager.

2.2.38 siRNA mediated silencing of mrhl RNA and mi-

croarray analysis

The Gel-Spg cells were grown a day prior to transfection to reach upto 70-80%
confluency. Cells were then transfected with 100 nM mrhl siRNA pool (Dharma-
con) using lipofectamine 2000 (Invitrogen). Cells were harvested 48 hours post
transfection, and the RNA was isolated using the TriZol method. The down regu-
lation of mrhl RNA expression was checked using RT QPCR method using specific
primers against mrhl. For control experiments scrambled siRNA pool were used.

Total RNA after silencing of mrhl expression along with the control RNA from
scrambled siRNA treated cells, of three independent experiments were subjected to

microarray expression profiling using Affymetrix mouse 43.0 K expression arrays.
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The entire protocol followed was as per the Affymetrix recommendation. The
arrays after hybridization and washes were scanned and the preliminary analyses
were done by using Array Assist software using PLIER algorithm. The genes were
grouped based on P value and fold change. Majority of the analysis were performed
using the genes that showed a P value of <0.05 and fold change >2. For some
analysis the genes that showed P value of <0.05 and fold change of >1.5 were also
taken. The biological functional analysis was done using DAVID EASE, GOTM.

Hierarchical clustering was done using JAVA Tree View software.
Gotm: http://bioinfo.vanderbilt.edu/gotm/
David ease: http://david.abcc.nciferf.gov/

Java tree view: http://jtreeview.sourceforge.net/

2.2.39 RNA affinity pull down

The in wvitro transcribed 2.4 kb RNA that was biotin labeled was denatured
at 65 C and slowly cooled to room temperature to facilitate gain of optimum
secondary structures. Freshly harvested Gcl-Spg cells were washed once in ice
cold PBS and lysed in lysis buffer containing 10 mM Tris pH 8.0, 150 mM NaCl,
5 mm MgCly, 0.1 mM EDTA, 1 mM DTT, 0.5% Triton X 100 and 5% glycerol
containing 1 mM PMSF and 1X Protease inhibitor cocktail (Sigma 1000X stock).
The cell lysate was precleared for about 1 hour at 4 C in streptavidin agarose beads
(Invitrogen) equilibrated in lysis buffer. The precleared cell lysate was incubated
with in vitro transcribed and biotynalated RNA along with 0.5 units/ul RNAse
inhibitor (Promega), 80 pg/ml tRNA for overnight followed by incubation with

equilibrated streptavidin agarose beads for 2 hours. The beads containing the
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RNA protein complex were washed thrice in the lysis buffer and the beads were

directly boiled in SDS-gel loading dye and loaded on a 10% SDS PAGE gel.

2.2.40 S1 Aptamer pull down

For in vivo RNA pull down experiments, the S1 aptamer approach as described
by Srisawat and Engelke [235] was followed. The S1 aptamer sequence was ligated
to the 3’ end of 2.4 kb mrhl by sticky end ligation after digestion with Xhol enzyme.
The pCDNA 3.1 vector containing mrhl was treated with calf intestinal alkaline
phosphatase (CIAP) and was purified by phenol:chloroform extraction followed by
ethanol precipitation. S1 aptamer digested with Xhol was purified and ligated to
CIAP treated pCDNA mrhl downstream of CMV promoter. The orientation of
the clones was checked by sequencing. The construct was transfected into Gel
Spg cells and 36 hours post transfection, the cells were harvested and lysed in
lysis buffer. The cell lysate along with RNAsin and tRNA were incubated with
equilibrated streptavidin beads for overnight and the washes were performed as
described above. The RNA bound proteins were subjected to 10% SDS PAGE

analysis.

2.2.41 Mass spectrometry

The SDS PAGE gel after separation of proteins was stained with EZ blue
(Sigma) or silver stained. The bands that were present were excised along with
control where no proteins were present. In gel tryptic digestion was performed
according to protocol provided by the Bruker. The tryptic digest was analyzed

in Bruker mass spectrometer. MALDI TOF was done initially to identify the
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peptide mass fingerprint. Specific peaks were lifted further to perform MS/MS
analysis to identify the peptide sequence. Proteins were identified using MAS-
COT software(http://www.matrixscience.com/). Carbamidation was set as fixed
modification and the methionine oxidation was set as variable modification. The
threshold cut off was set as 0.6 kDa. Proteins for which at least 2 peptides matched

were considered to be significant.

2.2.42 Cellular fractionations

The proteins from nuclear and cytoplasmic fractions were prepared by using NE-
PER reagent of Pierce as per the manufacturer’s protocol. The proteins isolated
from each of the fractions were subjected to western or immunoprecipitation using

appropriate antibodies.

2.2.43 Immunoprecipitation

Immunoprecipitation experiments were performed as described below. Briefly,
cells lysed in TP buffer (20 mM Hepes-KOH pH 7.4, 100 mM NaCl, 10% glycerol,
2 mM DTT, 5 mM MgCly, 0.1 mM PMSF 0.5% Triton X) was precleared and
incubated with primary antibody (rabbit poly clonal p68) or rabbit pre immune
sera for 4 hours, followed by incubation for 2 hours with protein A agarose. Im-
munoprecipitated proteins were separated in 10% SDS PAGE gel and transferred
to nitrocellulose membrane. The membrane after blocking in 5% skim milk in PBS
was incubated with primary antibody for 4 hours to overnight at 4 C. The mem-

brane was then washed thrice in PBST followed by incubation in HRP conjugated



81

secondary antibody. The blot after washes was subjected to chemiluminiscence us-

ing luminol as substrate. For detection of phospho proteins TBS was used instead

of PBS.

2.2.44 Immunofluroscence

For immunofluorescence experiments, the cells that were directly grown on cover
slips were washed with PBS. The cells were fixed in 1% formaldehyde and 10%
acetic acid mix for 10 minutes, followed by washes in PBS. The cells were blocked
in PBS containing 1% BSA for 45 minutes in a moist chamber. Appropriate
dilutions of the primary antibody (rabbit polyclonal (-catenin from Upstate or
rabbit polyclonal p68 from Novus Biologicals were added and incubated for 1
hour at room temperature in a moist chamber followed by three washes in PBS
containing 0.1% Tween 20. This was followed by incubation with appropriate
secondary antibody conjugated with Alexa fluor for 1 hour at room temperature
in a moist chamber. The cells were washed thrice in PBS containing 0.1% Tween
20 and dried. The cover slips were mounted on 60% glycerol in PBS containing 1
pg/ml DAPI. The images were acquired in a LSM 10 Meta confocal microscope

(Carl Zeiss) and analysed by image analysis software provided by Carl Zeiss.
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Chapter 3

Characterization of the

non-coding mrhli RNA

3.1 Introduction

An earlier study from our laboratory involved a detailed characterization of a
mouse meiotic recombination hotspot locus mapping to mouse chromosome 8CD
(Nishant et al. 2004) [229]. Transcriptional analysis of this region as probed by a
northern analysis for the total RNA from testis and liver revealed a positive signal
to one of the contigs at 2.4 kb region. The in silico analysis of this transcript
did not reveal any open reading frame that was greater than 100 base pairs. The
largest ORF also did not seem to have any Kozak sequences at its immediate 5’
proximal region. Thus it was concluded that this RNA could be a non-coding
transcript (Figure 3.1). The RNA was then subjected to secondary structure
prediction analysis by Mfold program and found to have considerable propensity

to form stable secondary structure at 37 C at physiological ionic strength (Figure

83
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3.2). Expression of this RNA was also studied by northern analysis on multiple
tissues, which showed that the mrhl RNA is expressed only in testis, liver, kidney
and spleen and it is absent in brain, lungs, heart, and skeletal muscles (Nishant et

al. 2004) (Figure 3.3) [229].
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Figure 3.1: Identification of 2.4 kb mrhl RNA. Chromosomal position of 17.2 kb mouse
meiotic hot spot locus from mouse chromosome 8 and the contig map (Nishant et al.

[229]).

Figure 3.2: Secondary structure prediction of mrhl RNA given by MFold program. The
folding was performed at 150 mM salt at 37 C. Optimum structure with mazximum 6 G
18 grven.

The bioinformatic analysis of the mrhl proximal promoter region showed the
presence of TATA box at -35 position and a CAAT box at -155 position. A

polyadenylation signal sequence was also found with a single nucleotide variation
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Figure 3.3: Multiple tissue northern blot. Northern hybridization of polyadenylated RNA
obtained from mouse multiple tissues using full length mrhl probe. Positive hybridization
signal is seen in Testis, spleen, kidney and liver where as the RNA is absent in other

tissues. [ actin in the bottom pane was the loading control.

at its 3’ end. Further downstream is the meiotic DNA repair site that was iden-
tified previously in our laboratory [236]. The characteristics promoter features
and polyadenylation of RNA shows that the mrhl is a putative polymerase II
transcribed product. Mrhl is also an unspliced RNA and lacks any introns. The

schematic of the proximal promoter elements is described in Figure 3.4.

CAGAAATCCGCCTGCCTTTGCCTCCCGAGTGCTGGGATCAAAGGTGTGCGCCACCACTTAARACTTTTTG
GAAACACGGTCAGCATAAGGGGTGCTTTACCAGATAATCGCTAATCATTTTTACTCTAGA CATTGGTCCT
AATAGCAGCTGACCATACTCTGATGTTTATTGCTGTAARAATGCTGGCATCACATTTAAATCTATTAATGTGAT
TGCTCTTCATTAGATCATTTCTATTTACATAATCCTCTGCTATTCCTAAATAAAAATATTTTATAGTATATAG

TSS
-155 35 Poly A

Meiotic repairsite

2.4 kb Transcribed region

Figure 3.4: Prozimal requlatory elements of mrhl RNA. The proximal promoter elements
of mrhl gene such as the TATA box, CAAT box and the polyA signal sequences are
represented in nucleotide sequence (top) as well as the schematic (bottom). The meiotc
repair site downstream of the mrhl gene is also highlighted.
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3.2 Cloning of mrhl in pGEM 3Zf+

The full length mrhl RNA was cloned from mouse testis cDNA. The mrhl
was amplified using specific adapters containing BamHI and Xhol site which was
cloned in the pGEM3Zf+ vector that was linearised with the enzymes BamHI and
Xhol. The recombinant clones that were grown in ampicillin containing LB plate
were confirmed by restriction digestion and PCR amplification. Figure 3.5 is the
restriction analysis confirmation and PCR amplification of full length mrhl from
pGmrhl plasmid. This plasmid was used for many of the downstream experiments

such as in wvitro transcription and transcription coupled translation etc.
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Figure 3.5: Cloning of mrhl gene in pGEM vector. (A) The vector map of pGEMSZf+
showing the restriction sites in the MCS which was used to clone 2.4 kb mrhl gene. (B)
Restriction digestion confirmation of the clone. (C) PCR amplification of mrhl from the
plasmid pGmrhl giving a specific amplicon of 2.4 kb.
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3.3 Mrhl RNA does not code for protein

In order to ensure that the RNA does not code for any protein, an in wvitro
coupled transcription and translation assay was carried out. The 2.4 kb non-
coding RNA gene that was cloned under a T7 promoter was used for the reaction
in the presence of *>S methionine using rabbit reticulolysate system. As shown in
Figure 3.6A, there was no protein product detected in the lane of pGmrhl, where
as the control plasmids that harbour luciferase and the mouse poly-pyrimidine
tract binding protein gave respective protein products. The negative control that
contained only empty vector also did not give any protein product. In order to
verify that the gene is indeed transcribed full length in the in vitro transcription
reaction, a RT-PCR was performed to amplify the mrhl transcript by isolating
RNA from the same reaction. Figure 3.6B shows the PCR amplification of the
gene product, which shows that the 2.4 kb RNA gene is indeed transcribed but
not translated in the in vitro coupled transcription and translation experiment. A
no RT reaction did not give any amplification, eliminating the possibility of the

plasmid getting amplified in the reaction.

3.4 Mrhl is poorly conserved across species

The conservation of mrhl RNA across many different species was performed by
BLAST against the different genome databases and significant homology of mrhl
was found only in the rat genome. In rat, the gene is located on chromosome 19 and
the gene shares about 80% homology to the mouse gene, and most interestingly was

absent in the human genome (Figure 3.7). An extensive bioinformatics search was
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Figure 3.6: In wvitro transcription coupled translation. (A) Lane 1, in vitro transcrip-
tion coupled translation assay of pGmrhl (2.4 kb RNA gene cloned into pGEMS3Z vector
downstream of T7 promoter); lane 2, positive control luciferace encoding 61 kDa pro-
tein; lane 3, empty vector negative control and lane 4, pGbktT7-mPTB encoding 58 kDa
mouse poly pyrimidine tract binding protein. (B) RT-PCR of RNA isolated from the in

vitro transcription coupled translation of pGmrhl in the presence and absence of RT. M
1s the 1kb DNA ladder.

carried out to identify the homologs of mrhl RNA in other species by looking at the
syntenic region across different organisms. In mouse, the mrhl RNA is adjacent
to the phosphorylase kinase beta (phkb) gene on chromosome 8. Analysed up to
100 kb region flanking the phkb gene was carried out in various species using low
stringency BLAST and also by using BLAST two sequence options. The extensive
search also did not identify any significant homologs in any other species except

in the case of rat genome.
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Figure 3.7: Mrhl is poorly conserved across species. (A) Schematic map of homology
between mouse and rat mrhl gene. (B) Position of mouse mrhl gene with respect to its
syntenic region harbouring phkb gene from mouse chromosome 8. (C) Percentage of
conservation of the mrhl and the syntenic region across different species.

3.5 The 2.4 kb mrhl RNA is nuclear localised

The sub cellular localization pattern of the mrhl RNA was then investigated
to study the preferential localization of mrhl in cellular compartments. The testis
and liver tissues from the mouse were fractionated to nucleus and cytoplasm by
differential centrifugation and the RNA was isolated. RT-PCR was done subse-
quently using the gene specific primers for the non-coding RNA. Figure 3.8 shows
the result where the amplification of mrhl RNAis seen in total RNA as well as in
the nuclear fraction but not in the cytoplasmic fraction. The § actin mRNA was
amplified in all the fractions as probed by single exonic primers. The Ul snRNA
was used to assess the purity of the nuclear and cytoplasmic fractions. It was
amplified only in the nuclear fraction but not in the cytoplasm. A no RT control
was also performed in order to eliminate any false amplification that might arise
due to DNA contamination. Thus the mrhl RNA appears to be nuclear restricted

and does not get transported into the cytoplasm. The nuclear localization of mrhl
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RNA was not surprising, as many non-coding RNAs have been shown earlier to
exhibit definite nuclear localization pattern mediating potent regulatory events
such as regulation of coding genes (CTN) [141], imprinting (H19, Air) [110,113],

and dosage compensation (Xist, roX) [97,108,109]

" 800b

BActin
| asobp

U1SnRNA
120bp

Figure 3.8: Mrhl is a nuclear restricted RNA. RT PCR of the mrhl RNA from testis
and liver total, nuclear and cytoplasmic RNA. The mrhl RNA was found to be restricted
to nuclear fraction and absent in cytoplasm. ( actin was used as positive control. Ul
snRNA was also used as a control to assess the purity of fractions. A no RT reaction
was used as a negative control to eliminate any false amplification from DNA.

3.6 The 2.4 kb mrhl RNA is processed further
to an intermediate RINA species

The 2.4 kb mrhl RNA showed an extensive secondary structure comprising of
stem loop and hairpin loops (Nishant et al. 2004) [229]. It is now well established
that many of the microRNAs are transcribed as a primary transcript by polymerase
1. This primary transcript posseses stem loop structure that will be recognized and
processed by nuclear RNase III enzyme Drosha in the nucleus and subsequently

to a 22 nt miRNA by Dicer in the cytoplasm [50,53,55]. Hence, it was examined
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Figure 3.9: Mrhl is processed to 80 nt intermediate RNA. Small RNA northern blot of
total RNA separated in 15% polyacrylamide-urea gel probed with 2.4 kb full length gene
(probe D) by Klenow labeling using random primers on mouse testis, (lane 1) and liver

total RNA, (lane 2). Bottom panel shows ethidium bromide stained pattern for loading
control.

whether the 2.4 kb non-coding RNA also gets processed further. For this purpose
total RNA was separated in 15% polyacrylamide urea gel and northern blot was
carried out on both testis and liver RNA. The blot was hybridised using body
labelled probe against purified 2.4 kb PCR product. Interestingly, a signal from
both the testis as well as the liver RNA at approximately 80 nt position was
observed (Figure 3.9).

In order to narrow down the region that actually generates the 80 nt product
we amplified different regions of the non-coding RNA gene and northern analysis
was carried out using each of them as a probe against total RNA extracted from
liver and testis. Figure 3.10A shows the different primer positions used in gener-

ating the amplicons of different regions of the transcript. Figure 3.10B shows the



92 Chapter 3.

autoradiogram of such a northern analysis. The blots showing the hybridisation
signal are derived from the amplicons that shared 380bp common region that has
been highlighted in Figure 3.10A. Hybridisation with probe E failed to show any
signal, as it does not overlap with the small region identified and represented the
far end of the gene. The signal that arises due to the presence of 380bp common
region was further confirmed by using that region (probe A) as a probe (Figure
3.11). Thus the region that gave signal was mapped to 380bp from the original
2.4 kb.

We further narrowed down the region corresponding to 80 nucleotides by car-
rying out northern blot analysis by using amplicons of 100bp fragment each. The
shorter regions from the 380bp fragment used for northern is shown in Figure
3.12A and the sequences in Figure 3.12B. The specific region of 96 bp was iden-
tified as the one giving rise to the signal in the northern analysis (Figure 3.12C).
However, one cannot rule out the possibility of few molecules of the 80 nt processed
RNA originating from other regions of the primary transcript that fall below the
level of detection by hybridisation. Additional northern hybridization experiment
was carried out using the identified small region by using radiolabelled RNA probe
transcribed either in sense or antisense direction. This would ensure that the signal
in the northern was truly arising from the same strand as the primary transcript.
Figure 3.13 clearly shows that the hybridization occurs with the antisense tran-
script as a probe but not with the sense probe confirming that in vivo the 80 nt

RNA is of the same strand and is the processed product of the primary transcript.
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Figure 3.10: (A) Scheme of different regions of mrhl used for probe generation and its
position. The highlighted region represents the sequence shared between probes B, C, D
giving positive signal. (B) Northern blot on liver, (lane 1) and testis RNA (Lane 2)
separated on 15% polyacrylamide Urea gel using each of the probes B, C, D, E. Bottom
panel shows the ethidium bromide stained pattern for loading control.
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Figure 3.11: Small RNA northern blot using probe A spanning the 380bp region that
corresponds to the hybridization signal. Lane 1 and 2 corresponds to testis and liver
RNA respectively. Bottom panel is the ethidium bromide stained pattern. M is the RNA
ladder (Ambion).

3.7 Drosha mediates processing of 2.4 kb mrhl
RNA

The microRNAs that are 22 nt RNA molecules regulating mRNA expression
post transcriptionaly are derived from a pre miRNA which are about 60 to 80 nt
in length by the action of Dicer [50,237]. The pre miRNA itself is a product of
cleavage of larger transcript by the enzyme Drosha [52] The basic requirements
in a particular RNA species to be processed by Drosha have been identified. The
RNAs to be processed by Drosha often fold back to give a stem loop structure with
a large stem, an internal bulge and a large loop region. Apart from this, Drosha
also requires flanking non-structured RNA for its cleavage [238]. Interestingly

the sequence of 2.4 kb when folded using a Mfold program also generated a stem
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TCTTCTGTAAGATAATTGCAGTCACTGGAARAGARAGTGTTGTTTGCTTTGC
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TTTTTAAATTTCATTTTTCACTTTTAAATGARAGTTTACAGAATCACTAA
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Figure 3.12: Northern of narrowed down transcript from mrhl. (A) Probes used for
identification of ~ 80 nt region within the narrowed down 380 bp region (Figure 3.11A).
(B) Small RNA northern blot of total RNA from testis (lanes 1, 5 and 9), liver (lanes
2, 6 and 10) and small RNAs enriched (Ambion miRNA isolation kit) from testis (lanes
3, 7 and 11) and liver (lanes 4, 8 and 12) using the probes F, G and H. Bottom panel
represents ethidium bromide stained pattern. (C) Sequence of the 380bp region that was
narrowed down from the 2.4 kb region is shown and highlighted is the 90nt region that
gave the signal in northern blots.

Sense Antisense

transcript transcript

Wil T L T L
—— -

80 nt

SP6

L _ Sense
s

SP6 Antisense

1 2 3 4

Figure 3.13: The 80 nt intermediate is derived from sense strand. Northern blot on
mouse testis and liver RNA by using sense probe (lane 1, 2) and antisense probe (lane
3, 4) derived from T7 and SP6 promoters respectively. The positive signal was obtained
only in antisense probe showing that in vivo the RNA is present in sense orientation.
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2.4 kb mrhl RNA

Figure 3.14: The 80 nt intermediate RNA assumes stem loop structure. (A) Secondary
structure predicted for 2.4 kb full length mrhl RNA. (B) Secondary structure of the
380 nt region showing stem loop structures predicted by Mfold that maps to the region
corresponding to hybridization signal. The inset is the ~ 80 nt region that possess the
stem loop structure which is also highlighted in the 2.4 kb full length transcipt.

loop structure with a large stem and an internal bulge and a loop region along
with flanking unstructured RNA (Figure 3.14). This region of the sequence also
corresponded to the ~ 80 nt fragment that we detected in vivo as shown in Figure
3.14B suggesting that the 2.4 kb transcript may serve as a substrate for the Drosha
machinery.

Subsequently, it was examined, whether the 2.4 kb transcript can generate the
80 nt fragment in an in vitro assay using a cell free system. For this purpose

the in wvitro processing assay was performed according to the method described
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Figure 3.15: MicroRNA processing assay. RNA processing assay of the 2.4 kb tran-
script derived from T7(sense) and SP6 (antisense) promoters using total testicular cell
lysate. Lanes 2 and 6 represent the primary 2.4 kb transcript obtained from T7 or SP6
polymerase mediated transcription respectively. Processing assay was carried out with

2 (lanes 3 and 7) 3 (lanes 4 and 8) and 4 units (lanes 5 and 9) of RNasin/ul. The
processed ~ 80 nt RNA was seen only in the lanes 3, 4 and 5 containing the sense
transcripts. M represents the molecular size marker.

for miRNA processing by Han et al. [234]. The gene cloned between the T7 and
SP6 promoters in pGmrhl was transcribed in both sense and antisense orientation
and were incubated with whole cell extract from testis. The processed RNA was
separated on a 15% polyacrylamide gel containing 7M urea. The results presented
in Figure 3.15 show an ~ 80 nt processed RNA band was seen only from the sense

transcript but not from the antisense transcript.

After establishing that the 2.4 kb transcript can be processed to generate an ~
80 nt fragment in a cell free extract, it was further examined whether this can be
demonstrated with Drosha (RNasen in mammals). For this purpose, an in wvitro

Drosha assay was carried out in which the plasmid pCK harboring Drosha Flag was
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transfected into HEK 293T and the Drosha flag complex was pulled down using
anti Flag agarose beads. It was essential that Drosha complexed with another RNA
binding protein DGCR8 was used, since the primary miRNA cleavage is brought
about by Drosha-DGCRS8 complex also known as microprocessor complex. The
beads containing the complex were directly used for Drosha assay using in vitro
transcribed sense or antisense mrhl 2.4 kb RNA as the substrate. A western
blot analysis using anti Drosha antibody confirmed the presence of Drosha in the
input cell lysates of Flag Drosha transfected cell line (Figure 3.16A). The mock
transfected cell line also showed the presence of endogenous Drosha. Western blot
analysis on the immunoprecipitated beads using anti Flag antibody detected the
Drosha Flag fusion protein at 140 kDa, only in the immuno pull down of pCK
Drosha Flag transfected cell line but not in the mock pCK flag transfected cell
line. Figure 3.16B shows the autoradiogram of processing assay and it can be seen
that, only sense transcript is cleaved by the Drosha complex to generate the ~ 80
nt fragment but not the antisense transcript. As a control, mock-transfected cells

were also used, which did not show any processed ~ 80 nt RNA product.

In order to unequivocally demonstrate that Drosha machinery is involved in the
processing of 2.4 kb mrhl RNA primary transcript in vivo, siRNA approach was
employed to down regulate Drosha and look for the ~ 80 nt processed intermediate.
This experiment was carried out on Gel Spg cell line of mouse spermatogonial cells.
Figure 3.17A shows the RT PCR analysis of the 2.4 kb RNA from the Gel-Spg
cell line in the presence and absence of RT where the signal was seen only in
the RT lane demonstrating that this cell line does express the 2.4 kb non-coding
RNA. A northern blot of RNA from the same cell line was also done in order

to confirm the presence of processed ~ 80 nt intermediate RNA. As can be seen
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Figure 3.16: In wvitro Drosha assay. Flag IP was performed from the HEK 293T cells
transfected with pCK-Drosha - Flag construct. Mock transfection contains the empty
vector pCK Flag without the insert. (A) The upper panel represents the western blot
of the input cell lysates using Drosha antibody while the bottom panel represent western
blot of Flag IP beads using flag antibody. Flag Drosha fusion protein at 140 kDa is seen
only in the IP beads from pCK drosha Flag transfected cell lysate but not from pCK Flag
transfected cell lysate. (B) Processing assay using the Flag immunoprecipitated beads
containing Drosha complex. Lanes 2 and 5 represent the input T7 and SP6 polymerase
derived RNA from 2.4 kb primary transcript. Mock IP lanes 4 and 7 represent the
processing reaction carried out using mock-transfected beads. Lanes 3 and 6 represent
the reaction carried out with Flag IP beads. The products were separated on 15% Urea
PAGE and autoradiographed. M is the 10 nt RNA ladder.
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Figure 3.17: Expression of mrhl in mouse Gc1-Spg cell line. (A) RT-PCR of mrhl
RNA from mouse Gc1-Spg cell line in the presence and absence of RT. (B) Small RNA
northern blot on mouse Gcl-spg cell line (lane 1) and RNA isolated from 10 day old
mouse testis (lane 2) probed with probe G. Bottom panel is the ethidium bromide stained
pattern.

in the Figure 3.17B the 80 nt RNA is detected in mouse Gcl Spg cells (lane
1). The ~ 80 nucleotide processed RNA intermediate was also observed in the
testicular cells from 10 day old mouse containing predominantly spermatogonial
cells (lane 2). The results of the siRNA experiment using Gcl-Spg cell line is
shown in Figure 3.18. The densitometric analysis showed that, Drosha was down
regulated to almost 70% after 60 hours post transfection. At the same time the ~
80 nt processed intermediate was also reduced to approximately 66% to that of the
control. Under these conditions of Drosha silencing, it was also observed that there
is no change in the 2.4 kb transcript level. Thus, this experiment demonstrates

Drosha’s involvement in the processing of 2.4 kb mrhl RNA to ~ 80 nt intermediate

RNA.
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Figure 3.18: Impaired processing of mrhl primary transcript in Drosha silenced condition.
(A) Drosha silencing was confirmed both by RT PCR using specific drosha primers (top
panel) and western blot using anti Drosha antibodies showing reduced Drosha RNA and
protein respectively by 48 hours and 60 hours of post transfection with Drosha siRNA
as against lipofectamine treated control. (B) Small RNA northern blot on Gcl Spg total
RNA probed for 80 nt RNA after Drosha down regulation. Bottom panel (55 RNA)
shows the ethidium bromide stained gel pattern that was used as loading control. The
bottom 2 panels show the RT PCR analysis of mrhl and Bactin using specific primers.

3.8 The 22 nt mature miRNA is not generated
in Vivo

The above experiments have shown that the 2.4 kb mrhl RNA is processed into
a ~ 80 nt nucleotide intermediate by the Drosha enzyme machinery. As men-
tioned earlier in the miRNA processing pathway the 60-80 nt intermediate RNA
is further processed into small 20-22 nt miRNA species by the Dicer machinery. It
is interesting to note that, the mature small 22 nt RNA was not observed in the
small RNA northern blot described in previous experiments indicating that in vivo
this RNA may not be processed towards miRNA species. As a positive control
presence of Let-7 miRNA and Mmu miR1a were probed in the RNA samples and

the result shown in Figure 3.19 also confirms that there is no technical problem
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in detecting the mature microRNA in our northern blot experiments. The same
blot was stripped and reprobed using mrhl probe, where again only the ~ 80 nt
intermediate RNA was detected but not the 22 nt mature miRNA. As mentioned
earlier the entire process of miRNA maturation happens partially in the nucleus
where Drosha is present and precursor to the mature miRNA takes place with the
aid of cytoplasmic Dicer. The localization of the ~ 80 nt RNA in sub cellular
fractions was examined. The nuclear and the cytoplasmic fractions were separated
from testis and liver tissues as described previously and a small RNA northern
analysis was performed by the same probe that was used to detect the ~ 80 nt
RNA. Again only the 80 nt RNA was detected in the nuclear compartment but
not in the cytoplasm (Figure 3.20). Some additional bands were also observed in
150 nt size region in the nuclear fraction which is presumed to be the partially
processed primary transcript in the nucleus. Thus the 80 nt intermediate RNA is

also nuclear restricted and not being transported to cytoplasm.

In order to confirm that the 22 nt is not been generated in vivo we resorted to
the recently described sensitive technique of splinted ligation method [233]. The
results of this experiment described in Figure 3.21 indicate that the positive control
Let 7 is detected by the splinted ligation method with 2ug of total RNA, where as
the mrhl RNA was not detected even at 4 ug of RNA. Two bridge oligos spanning
each of the two complementary strands of the ~ 80 nt mrhl small RNA were used
as we were not sure of the mature miRNA strand that could be generated in vivo.
The negative control experiment which did not have either ligase, or RNA or the

Bridge oligo did not give rise to any signal.

Furthermore, over expression of the 2.4 kb mrhl RNA in the Gcl-Spg cell line

under CMV promoter was also performed and tried to detect the 22 nt RNA,
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Figure 3.19: Expression of mature miRNA. (A) Small RNA northern blot using probe
that corresponds to 80 nt intermediate region. Lane 1 and 2 corresponds to testis and
liver RNA respectively. M is the RNA ladder (Ambion). The 22 nt mature miRNA was
detected using mrhl probes. (B) Positive control northern hybridization with Let-7 and
Mmu miR1a gave respective 22 nt signal using specific probes.
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Figure 3.20: The 80 nt intermediate RNA is also nuclear restricted. Northern blot on
the RNA isolated from nuclei and cytoplasm of testis (Tn,Tc)and liver tissues (Ln , Lc)

with probe G showing signal only in the nuclear lanes but not in the cytoplasm. The
bottom panel is the ethidium bromide stained gel pattern.

so that the primary transcript is available in abundance to generate detectable
quantity of the mature miRNA. The cells were harvested at 12 hr, 24 hr and 36
hrs post transfection with pCDNA mrhl construct and carried out northern blot
using ~ 80 nt region specific probe (probe G). As seen from Figure 3.22, though
there is a marginal increase in 80 nt precursor form by 24 hours and 36 hourrs
post transfection, the 22 nt mature RNA could not be observed as monitored by
northern analysis which also confirms our conclusion that the 22 nt may not be
formed in the in vivo scenario. The expression pattern of the 2.4 kb mrhl primary

transcript under the over expressed conditions was also monitored by RT PCR.
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Figure 3.21: Splinted Ligation. Splinted ligation experiment on total testis RNA for
detection of microRNAs (Maroney et al. 2007). Let7, positive control is detected at /
and 2 pg of RNA concentration, where as the mrhl bridge oligos 1 and 2 representing
each strand of the 80 nt intermediate RNA failed to give positive signal. The negative
controls with no ligase or no bridge oligo or no RNA did not give any signal.
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Figure 3.22: Mrhl overexpression in cell lines. Over expression of the 2.4 kb mrhl RNA
in the mouse Gcl Spg cell line using the pCDNA mrhl construct . Small RNA northern
blot using 80 nt region as probe on total RNA isolated from cells 12hrs, 24hrs and 36
hrs post transfection. The RT PCR of 2.4 kb RNA overexpression at various time points
s shown with (8 actin control. Bottom panel represents the ethidium bromide stained gel
showing 55 RNA.
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3.9 Dicer can process the 80 nt intermediate RNA

to 22 nt RNA n vitro

However, we were still curious to know whether this ~ 80 nt RNA species
can be cleaved in wvitro by Dicer to generate the 22 nt miRNA. Towards this
direction, we amplified the region that corresponds to 80 nt region using T7 and
SP6 adapter primers for generating sense and antisense transcripts respectively.
These in wvitro transcribed RNAs were used as substrates for an in wvitro Dicer
assay using recombinant human Dicer. As can be seen from Figure 3.23, a 22
nt RNA fragment was generated from only the sense transcript but not from the
antisense transcript. Thus the ~ 80 nt RNA that has been identified does have

the propensity to act as a substrate for Dicer in an in vitro scenario.

3.10 The mrhl RNA localises to specific nuclear

compartment

Since the experiments described above showed that both the 2.4 kb primary
transcript and the processed ~ 80 nuclear extracts were fractionated into nucleo-
plasmic and chromatin fractions and the isolated RNA were separated on a 15%
and 5% polyacrylamide containing 7M urea and hybridised with probe G that en-
compassed the ~ 80 nt region with flanking nucleotide stretch which will hybridise
both to the ~ 80 as well as the 2.4 kb primary transcript. As can be seen in
the Figure 3.24A and 3.24B, the 2.4 kb primary transcript was enriched in the

nucleoplasmic fraction while the ~ 80 nt fragment was enriched in the chromatin
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Figure 3.23: In vitro Dicer assay. Dicer assay for in vitro transcribed 80 nt RNA from
T7 (sense) and SP6 (antisense) promoter using recombinant human Dicer. The reaction
was carried out for different time periods as indicated. The sequence corresponding to
the 80 nt processed RNA was amplified using T7 and SP6 adapter primers and the RNA
was in vitro transcribed using T7 (sense) or SP6 (antisense) polymerase and used as
substrates for Dicer. M is the 10nt RNA ladder. 22 nt mature miRNA was accumulated
over a period of time from sense transcript only.
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fraction. The integrity of the RNA was also checked in ethidium bromide stained
gel as shown in Figure 3.24C. The purity of the subnuclear fractions were con-
firmed by analysing their protein composition on 10% SDS PAGE. The protein
pattern showed in Figure 3.24D clearly reveals the presence of histones only in the

chromatin fraction and absent in nucleoplasm.

The in vivo localization of this non-coding RNA within the nucleus was next
examined by fluorescence RNA in situ hybridisation experiment. Two probes
spanning different regions of the primary transcript, one falling within the ~ 80 nt
region and another away from that region to score for full-length 2.4 kb transcript.
Each of the probes was synthesised using LNA technology for better hybridisation
stability and specificity [239]. They were labelled with Cy3 for the probe 1 falling
within the ~ 80 nt region and with Cyb for the probe 2 falling outside the region
but within the 2.4 kb transcript. This experiment was carried out on Gcl Spg
cell line of mouse spermatogonial cells which expresses both the 2.4 kb primary
transcript as well as the processed ~ 80 nt RNA. The in situ hybridisations were
performed in the presence of 50% formamide concentration and high stringency
washes. The in situ fluorescence images are shown in Figure 3.25 panels A-F. Most
interestingly clear large 3-4 punctate signals were observed that were hybridising to
both the probes. When the cells were hybridised simultaneously, both the probes
showed co localisation pattern (Figure 3.25 panels G-J). The signal observed in
the large punctuate foci using the ~ 80 nt probe 1 does not distinguish between
hybridisation of the probe to either 2.4 kb primary transcript or the processed ~
80 nt intermediate per se. However, there were some additional signals from probe
1 that corresponds to the processed ~ 80 nt RNA that did not co localise. In a

control experiment we treated the cells with RNase A prior to hybridisation in
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Figure 3.24: Distribution of precursor and the processed RNA between nucleoplasm and
chromatin. Testicular nucler were processed to isolate the nucleoplasmic and chromatin
fraction and the total RNA was hybridised with probes against 2.4 kb primary transcript
and 80 nucleotide processed product. (A) Northern blot using probe G of RNA from
total (T, lane 1), nucleoplasm(N, lane 2) and chromatin(C, lane 3) of testis separated
on 15% PAGE containing TM urea showing bands at 80 nt position. M is the 10nt RNA
ladder. (B) Northern blot using probe G of RNA from total (T, lane 1), nucleoplasm
(N, lane 2) and chromatin (C, lane 3) of testis separated on 5% PAGE containing TM
urea showing bands at 2.4 kb position. (C) RNA profile of total (T), nucleoplasm (N)
and chromatin (C) of mouse testis on a 15% PAGE containing 7TM urea loaded in lanes
1 through 3. (D) Protein profile by 15% SDS PAGE of the fractionated total nucleus
(lane 1), nucleoplasm (lane 2) and chromatin (lane 3) showing enrichment of histones
in chromatin fraction.
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which case no fluorescence signal was seen (Figure 3.25 panels K-P).

3.11 Nucleolus is the site of processing of the

primary transcript

This observation was extended further to look at the localisation of this 2.4 kb
mrhl transcript with any of the known nuclear protein(s). Initially, the experiment
was performed with Drosha to see the colocalisation of Drosha with the RNA and
it was found indeed that the Drosha and the 2.4 kb primary transcript colocalise
to each other (Figure 3.26A-D) strengthening the earlier findings of Drosha’s in-
volvement in the processing of the 2.4 kb mrhl RNA. Some reports have shown
the presence of Drosha in the nucleolus [175]. Hence, colocalisation of Drosha and
Nucleolin, a nucleolus specific protein were carried out. Figure 3.26E-H shows the
colocalisation of Drosha and Nucleolin. It was observed that Drosha and Nucleolin
colocalised with each other. We further went ahead to study the colocalisation of
the mrhl RNA to Nucleolus. Thus a colocalisation analysis of the RNA with the
Nucleolin was performed. Interestingly, the RNA and the Nucleolin also did colo-
calise together showing the presence of the RNA in nucleolus (Figure 3.261-L). A
similar experiment was performed in RAGI1 cell line (mouse renal adeno carcinoma
cell line) where the presence of mrhl RNA in a similar pattern was observed with
with predominant localisation in the nucleolus, showing the results presented so
far is a general theme and not an artefactual signal owing to some property of
the cell line itself. As mentioned earlier, the 2.4 kb RNA coding gene is absent

in humans and our earlier experiment showed that this gene is not expressed in
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Figure 3.25: The mrhl RNA localises to nucleus. RNA in situ on mouse Gcl Spg cells
using LNA probes. Panels A-C represent RNA in situ performed using probe 1 (en-
compassing the sequence within 80 nt region) labelled with Cy3. Panel B shows punctate
nuclear localization of the RNA. Panel C'is the merge image. Panels D-F represent RNA
in situ hybridization using probe 2 labelled with Cyb encompassing the region outside the
80 nt region but within 2.4 kb mrhl RNA. Panels G-J represent the colocalisation of
probe 1 (panel H) and probe 2 (panel I) showing clear overlapping pattern (panel J). Cy3
shows additional diffused signal apart from the colocalised spots. Panels K-M and N-P
are the RNA in situ of cells using probe 1 and 2 respectively where cells are treated with
RNase A prior to hybridisation showing no signal. Nucleus is stained with DAPIL
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brain tissue in mouse. As an additional negative control similar RNA in situ in
HeLa (human) as well as C6 rat glioma (brain) cell lines were carried out. As can
be seen in Figure 3.26M-R and 3.265-X no signals could be detected in both these

cell lines.

3.12 Discussion

3.12.1 Characterization of mrhl non-coding RNA

Mrhl is a 2.4 kb non-coding RNA identified in our laboratory earlier, that is un-
spliced and polyadenylated [229]. Here experimental evidence has been provided,
that, it is a non-coding RNA species by carrying out in vitro transcription coupled
translation assay. Extensive bioinformatic search was performed to identify homo-
logue of mrhl RNA across different species. The gene encoding this non-coding
RNA transcript is also found in rat genome on chromosome 19 with 80% identity.
It is interesting to note that this gene was not found in human genome database
by bioinformatics search. This is not completely surprising since recent evidences
show that non-coding RNA genes may not be conserved across species [38]. Many
long ncRNAs fail to show any conservation of long stretches across species. This is
true even with Xist which is essential for mammalian dosage compensation which
is conserved only for a very short stretch [99]. Even the miRNAs where evolu-
tionary conservation was considered to be a major factor for classifying as a micro
RNA, recent reports suggesting that there are number of authentic miRNAs that

fail to satisfy this criterion and these RNAs are in fact believed to play some role
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Figure 3.26: Nucleolus is the site of processing of mrhl RNA. Immunolocalisation com-
bined with RNA in situ on the mouse cells. Panels A-D RNA in situ on the mouse Gcl
Spg cells using LNA probe 2 labelled with Cy5 (panel B) and immunofluroscence using
anti Drosha followed by anti rabbit Alexa 488 (panel C). Panel D is the colocalisation
of both the signals showing overlapping regions in the nucleus. Immunolocalisation of
Drosha (panel F) and nucleolin (panel G) in the nucleus using anti rabbit Alexa 568
and anti mouse Alexa 488 secondary antibodies respectively. Panel H is the merge of the
two images showing colocalisation. Colocalisation of mrhl RNA hybridised to cys labeled
LNA probe 2 (panel J) with nucleolin (panel K) showing overlapping signals (panel L).
Panels M-R and S-X are negative controls using HelLa and rat C6 glioma cells respec-
tively that do not express the RNA, where no hybridisation of the LNA probes could be
visualized. The nucleus is stained with DAPI.
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in evolution of that species as well [49]. As described in the introduction chap-
ter, non-coding RNAs are subjected to less evolutionary constraints compared to
the protein coding counterpart, which are subjected to more evolutionary stress
of retaining the ORFs. Thus, it would be best to consider the possibility that
secondary structure of the RNA that could be conserved without any primary se-
quence conservation across the species. It would be very challenging to identify a

structural homologue of this RNA in humans.

3.12.2 Mvrhl is processed by the miRNA machinery

The extensive secondary structure of the 2.4 kb mrhl RNA prompted, to look
for its putative RNA substrate in the miRNA pathway. Processing of this large
RNA into a small intermediate RNA of 80 nt in length was indeed observed in
vivo. The 80 nt small intermediate mouse RNA is also found to have 95% identity
to the rat RNA sequences. The ~ 80 nt RNA region from the long transcript was
further delineated and no short ORF within this region was found thus eliminating
the possibility of any small peptides been generated. This exercise was necessary
because recently some non-coding RNA were shown to encode small peptides. Sim-
ilarly the Steroid receptor RNA activator (SRA) is an RNA coactivator of steroid
hormone dependent transcription which also encodes a small peptide though the

SRA is also indispensible for the transcription coactivity [240].

Analysis of secondary structure of the mrhl RNA was performed and a fold
back structure like stem loop was predicted which would serve as a potential pre
miRNA. Pre miRNA are 70-80 nt small RNA that are derived from a longer

primary transcript by the action of nuclear RNaselll Drosha [234]. The in vivo
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identification of an ~ 80 nt processed species which has stem loop structure was
also supported by in vitro experiments in which 2.4 kb transcript was cleaved to
an ~ 80 nt small RNA by total cell free lysate as well as by immune purified
Drosha complex. The Drosha silencing also resulted in the reduced accumulation
of the processed transcript which ensures that the mrhl processing is not a random
degradation event but a specific regulated process. Interestingly, we also found that
the 80 nt small RNA species can be cleaved by Dicer in vitro to a 22 nt micro RNA
species. The northern blot on fractionated cellular compartments also showed the
presence of the ~ 80 nt RNA in the nucleus. This was very interesting because
the pre miRNA generated in the nucleus will have to be transported to cytoplasm
for its processing by Dicer, but our experiments did not find any cytoplasmic
pre miRNA. The lack of detection of the 22 nt mature RNA processed product
in vivo can be explained in two scenarios, where, in one the RNA being export
defective and cannot bind to exportin 5 for its nuclear cytoplasmic transport as
majority of the pre miRNA requires exportin 5 for its transport to cytoplasm [56].
The other reason may be, it is transiently expressed at some developmental or
differentiation time point, which is not been scored for at present. It is becoming
very clear that there exists multiple level of regulation operating within a miRNA
pathway. For example, the C. elegans miR38 is expressed only in embryo whereas
the precursor is ubiquitously detected in all stages of development, indicating that
the maturation might be temporally regulated [241]. Since, some of the miRNA
are known to determine major cell fate decisions, it has become vital for the system
to tightly regulate its expression in highly temporal and spatial manner [232,242].
It is still plausible that under certain physiological or pathological condition this

22 nt species may be generated in vivo and found in cytoplasm targeting specific
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mRNAs.

3.12.3 Mvrhl is a putative nuclear regulatory RNA

The next major question that was addressed in the present investigation was
a possible role of the ~ 80 nt RNA within the nucleus itself. There are numer-
ous RNAs reported in the literature that elicit its function at nuclear level. The
well-studied regulatory RNA such as Xist in mammals brings about long-range
chromatin interactions and is indispensable for the establishment of dosage com-
pensation by forming inactive X chromosome [111,243]. Prasanth et al. have also
reported a non-coding RNA CTN, which is activated upon stress, and regulates its
mRNA counterpart, which is cation-activated channel protein mRNA by alternate
promoter and poly A site usage. The 8 kb CTN RNAs are localised specifically in
sub nuclear compartments like nuclear speckles and is post transcriptionaly cleaved
to produce the protein coding mRNA [141]. Similarly, a screen for nuclear tran-
scripts have identified two non-coding RNAs that are linked and are associated
with S35 splicing domains in nucleus [139]. One of these RNAs named NEAT1
is shown to function in the formation of nuclear speckles [140]. These evidences
suggest that RNA that are involved in multitude of functions are actually tar-
geted to specific compartments in the cells and do not show a generalised uniform
localisation pattern [244].

The fluorescent RNA in situ experiments using LNA probes also show a specific
localisation pattern of both the 2.4 kb transcript and the processed ~ 80 nt RNA
species to nucleolus. There were also additional extra nucleolar signal observed

with probe 1 labelled with Cy3 apart from the one that was colocalising with
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Nucleolin and Drosha. The mrhl belonging to the family of snoRNA due to its
specific localization in the nucleolus is also ruled out because of the absence of any
C/D or H/ACA motifs present in it [23]. Furthermore, biochemical fractionation
of nucleus has also shown that the processed ~ 80 nt RNA species is associated
with chromatin fraction. Analysis of these extra nucleolar chromatin domain(s)
harbouring the processed ~ 80 nt RNA species will give valuable insights into

possible function of the 2.4 kb mrhl RNA.

A number of nuclear non-coding RNAs have been identified in the recent past
enforcing the idea that the nuclear non-coding RNAs are one of the major deter-
minants of nuclear functions that include transcription, post transcriptional gene
regulation, regulation of protein functions, chromatin remodeling etc [37]. Mrhl is
now an authentic nuclear non-coding RNA in the mouse. Mrhl also has a processed
counterpart which is 80 nt in length. Mrhl thus, qualifies as a bonafide miRNA
primary transcript as it could act as a substrate for RNaselll enzymes. An inter-
esting question that arises at this juncture is to identify which of the RNA species
namely the primary or the processed 80 nt transcript is involved in the functional
role. In the case of MALAT1, a nuclear retained non-coding RNA the primary
transcript is misregulated in many cancers. It was recently shown that 3’ end of
this RNA is processed to yield a tRNA like RNA that is transported to cytoplasm
and regulates protein synthesis. Both the transcripts are found to be stable and
functional [245]. Though in mrhl, both the RNAs are nuclear localized, the 80 nt
RNA shows enrichment in the chromatin that favors a nuclear regulatory function
for the processed 80 nt species. It remains to be seen whether the longer primary
transcript also posses any regulatory role within the nucleus as it is also one of the

stable species apart from the 80 nt intermediate RNA.
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With an increasing proportion of functional non-coding transcripts, it is very
tempting to speculate that the mrhl could also belong to the member of nuclear
non-coding RNA. The stability of the RNA, distinct sub nuclear localization, the
ability to get processed by RNaselll enzyme to a highly structured intermediate
species and tissue specific expression of mrhl RNA clearly favors the argument
presented above. The next chapter explains the efforts undertaken in establishing

the functional role of this RNA.
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Chapter 4

Functional Analysis of mrhl RNA

4.1 Introduction

In recent years, there has been an explosion in the discovery of several classes of
non-coding RNAs which constitute a huge family of gene regulatory molecules in
higher eukaryotes. Non coding RNAs function in diverse cellular processes. Many
such functions are mediated through their protein binding partner wherein the
non-coding RNAs are indispensible component of such complexes. For example,
small RNAs (siRNA and miRNA) are often found in association with the RISC
(RNA Induced Silencing Complex) that consists of argonaute and other proteins
[246-248]. In case of piRNAs, which are involved in transposon regulation, the
RNA component is associated with Piwi proteins such as Miwi or Mili in mouse
and Hiwi in humans [91,95]. Long non-coding RNAs also have functional protein
partners. For example, in the case of XIST, the RNA is associated with the macro

H2A during the process of X chromosome inactivation [249,250].

p68 also referred to as Ddx5 is a founding member of large family of DEAD box

121
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helicases [165]. The proteins of this family consist of DEAD box motif which is the
signature sequence of these members. They also possess other conserved sequences,
including an ATPase domain and an RNA helicase domain [164]. These proteins
have been shown to play important roles in diverse biological processes such as de-
velopment [169], regulation of transcription [170], RNA processing [172], ribosome
biogenesis and also in the miRNA pathway [175,251]. Apart from the functions
described above, p68 has also been shown to play a role in signaling events. Dur-
ing epithelial mesenchymal transition that is induced by PDGF stimulation, p68
which gets phosphorylated in tyrosine 305 was shown to translocate to the cyto-
plasm where it stabilizes (-catenin and subsequently p68-3-catenin translocates

back to the nucleus bringing about downstream transcriptional regulation [185].

Wnt signaling is a highly conserved developmental signaling pathway involv-
ing the major effector protein g-catenin [215]. There are two major types of wnt
signaling, the canonical and the non canonical signaling. The canonical wnt sig-
naling gets activated upon binding of wnt ligands to its receptors Frizzled or LRP
which results in activation of the pathway, where (-catenin gets stabilized in the
cytoplasm. The stabilized 3-catenin translocates to the nucleus whereby it binds
to TCF/LEF family of transcription factors and activates the wnt target genes. In
wnt uninduced condition, the J-catenin is highly unstable in the cytoplasm and it
is phosphorylated by GSK33/axin/APC complex that targets [-catenin to ubiq-
uitin mediated proteolysis. The wnt signaling is very essential in development, cell
proliferation and ES cell differentiation and it has been discussed in detail in the

Chapter 1.

As demonstrated in Chapter 3, mrhl RNA is a 2.4 kb non-coding RNA which

is processed in the nucleus by the Drosha machinery to generate a 80 nt processed



123

Control

50 nM

100 nM
48 hrs

A

SCSil
24hrs

B

. - [

““. B actin ‘ — —
120 4

c

-
o
S

o
=]
L

% MRNA level
8 8

»
o
L

ﬁ

Control  mrhl Si

Figure 4.1: Mrhl down regulation on Gel-Spg cells. (A) Semi quantitative RT PCR
showing down regulation of mrhl transcript in siRNA treated cells as against the control.
(B) Quantitative Real time PCR analysis showing the percentage of mRNA decrease in
the siRNA experiment as against the control scrambled siRNA treated cells.

RNA intermediate that is restricted to nucleus and does not get exported to the
cytoplasm. Based on this observation, it was speculated that this non-coding RNA
might have a nuclear function. To address the function of this RNA in the nucleus,
two approaches were undertaken. Initially, the mrhl RNA was down regulated and
the global gene expression change due to silencing of this RNA was studied. In
another approach, the mrhl RNA binding proteins were identified. Later the cross
talk between the mrhl-protein complex and the gene expression change upon mrhl

down regulation including cell signaling pathways were established.
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4.2 Effect of down regulation of mrhl RNA on

global gene expression

As a first step towards understanding the biological function(s) of mrhl non-
coding RNA, silencing of this RNA was performed to analyze its effect on global
gene expression using microarray technology. For this purpose, Gel-Spg cell line
which was derived from mouse spermatogonia was used, where, the 2.4 kb mrhl
non-coding RNA expression was established as described in Chapter 3. It is gen-
erally believed that siRNA mediated down regulation of its target mRNA is a
cytoplasmic event. Although the non-coding RNA and its processed 80 nt inter-
mediate are nuclear restricted, some recent reports suggest that siRNA mediated
down regulation also takes place in the nucleus, though the mechanism of this
down regulation of nuclear restricted RNA is not clear at present [252,253]. Four
siRNAs targeting to 4 different regions of mrhl primary transcripts were designed
using Dharmacon web based tool. The designed siRNAs were searched against
mouse genome database using BLAST to verify the specificity of the designed se-
quences. Initial siRNA experiments were carried out using individual siRNA and
then as a pool with different concentrations and time points to arrive at maximum
efficiency of down regulation. The effective concentration was then determined to
be 100 nM using siRNA pools at 48 hours post transfection where we obtained
nearly 70-80% efficiency of down regulation (Figure 4.1A and B).

Total RNA samples were obtained from 3 independently performed siRNA ex-
periments where the efficiency of down regulation was determined by RT QPCR
and was found to be nearly the same. In a control experiment, we used scrambled

siRNA pool (Dharmacon)(Figure 4.1C). The RNA from the control and the mrhl
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siRNA treated cells were processed further for expression profiling using Affymetrix
43.0 K mouse genome expression array. The arrays were scanned and preliminary
analysis was done to check for the proper working of internal controls in the mi-
croarray experiment. The values of all the negative and positive controls of 3 sets

of the experiments were within the limits of Affymetrix standards and quality.

A thorough analysis of the differentially regulated genes was carried out, where,
the genes were initially sorted based on fold change and significance values. PLIER
algorithm of array assist software was used to perform this analysis and the number
of genes that showed differential pattern of regulation across all three experiments
is given in Figure 4.2A which are based on fold changes and statistical significance.
For all our analysis the genes that are differentially perturbed more than 1.5 fold
with a P value of < 0.05 has been used. Three sets of genes which satisfied these
criteria were compared, and the Venn diagram, shown in Figure 4.2B represents
the overlap of number of genes that were falling under each of the three sets of
genes. A heat map of co-regulated and clustered genes was generated using java
tree view software. Figure 4.3 shows representation of the heat map generated.
It is clear from the figure that the genes from siRNA treated samples grouped
together separately, whereas the control scrambled siRNA treated samples fell
into a separate group without any overlap between the experiments and controls
showing the reliability of the data obtained on differential gene expression. It is
also seen that many genes cluster within themselves indicative of co-regulation or
their involvement in a similar pathway. The gene sequence of mrhl RNA, being a
non-coding RNA was not spotted on the affymetrix array and hence could not be
further validated in this array experiment other than the real time PCR analysis

shown in Figure 4.1B. A complete list of genes that are perturbed by mrhl RNA



126 Chapter 4.

P value/ ! =0.0010
Fold

change

21.5 652 261 155 79 13

22 315 139 54 41 6

23 176 80 51 25 5

P<= 0.0
15F.

P<= 0.05
2F.C

Figure 4.2: Preliminary grouping of perturbed genes in microarray. Genes short listed
based on fold change and significance value as analysed by array assist are given (Top).
Comparative Venn diagram of overlap of the genes from the three list that were chosen
for further analysis (Bottom).

silencing is given in Annexure 1.

The classification of the over represented class of perturbed genes based on its
GO annotation and biological function was carried out. David Ease as well as
GOTM softwares were used to group the genes based on functional annotation
category. The pie chart generated of the genes grouped under various functional
categories is given in Figure 4.4. It can be seen that nearly 45% of the genes that
are perturbed belong to cell adhesion (14%), signalling (17%) and development
and differentiation (14%). Interestingly 13% of the genes belong to transcription
process comprising of transcription factors (8%) and transcription regulation (5%).
Since, some non-coding RNA also function in cis, the chromosome wide distribu-
tion of the genes that are perturbed following silencing of mrhl RNA were exam-

ined. We could not find any enrichment of genes in any particular chromosome,
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Figure 4.3: Cluster analysis of mrhl perturbed genes. Representative heat map of the
genes that are up or down requlated in the microarray experiment showing of clustering
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Figure 4.4: Classification of genes based on GO terms showing over represented class of
genes in the microarray experiment.

and these genes were distributed throughout the genome (Figure 4.5). However,
some genes that were present as gene clusters in the genome that was in the array
list including Protocadherins and Integrins were also found to be perturbed upon
mrhl silencing. Taking together the observations, it is speculated that mrhl RNA
preferentially regulates the cell adhesion mediated signaling that control develop-
ment and differentiation with the involvement of specific transcription factors. In
addition to these classes of molecules, it was also observed that genes belonging
to metabolic process, cell cycle are perturbed upon mrhl RNA silencing.

The next interest was to look into closely at the transcription factors that were
perturbed after mrhl silencing. The rationale behind looking at transcription fac-
tors was that, if we can identify those transcription factors controlling a set of
downstream genes which can also be identified them from the microarray gene

list shown in Table 4.3. About 11 transcription factors that were differentially
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regulated in our global gene expression profiling (Table 4.1) were identified. Inter-
estingly, transcription factors that are involved in developmental program such as
Sox8 and Sox12 and the members of Fork head box group of transcription factors
such as FOXD4 and FOXP1 were found to be differentially regulated. Further
validation of the perturbation of these transcription factors were carried out by
real time PCR analysis following mrhl silencing and the data are presented in Fig-
ure 4.6. The transcription factors Sox12, FOXP1, Sox8, Bach2, NFIC, FOXD4,
Scml2 were up regulated several fold upon silencing of mrhl RNA. On the other
hand, transcription factors AP2A and Odz2, were down regulated six to nine fold
upon silencing of mrhl RNA. When re-examined for the list of genes that were
perturbed upon mrhl silencing, it was observed that many of the target genes of
AP2A, FOXP1 and Sox12 were present indicating that the effect of mrhl RNA
gene silencing on these genes are probably mediated by the primary effect of mrhl

RNA on these transcription factors (Figure 4.7).

Gene | Fold Change
Tsc22d1 -5.82216
Tcfap2a | -4.346088

Odz4 -2.29

Nfic 2.232845

Scml4 2.2474325

Sox8 2.362174

Sox12 2.7187328

Foxpl 2.9280138

Foxd4 3.314626

Scml2 3.4461977

Bach2 7.095153

Table 4.1: List of transcription factors.
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4.3 Activation of wnt signalling in mrhl silenced
cells

The next goal was to see the enrichment of specific pathway genes that are
present in the expression profiling data. It was observed that the genes involved
in wnt signaling were over represented in the array data compared to other genes
of any specific pathway (Table 4.2). RT QPCR validation of those genes involved
in wnt signaling was carried out and the results are presented in Figure 4.8A.
Wnt8B was significantly up regulated both in the microarray as well as RT PCR
whereas the wnt negative regulator SFRP1 was down regulated. Other genes that
belong to the wnt pathway such as DKK3, TCF4 were also differentially regulated.
Two other genes that are part of non canonical wnt signaling namely Pricklel and
Racl were also found to be differentially regulated in the mrhl silenced condition.
Smarcad or Brgl which is directly not involved in wnt signaling but is essential
for the chromatin remodeling activity of wnt targets in complex with TCF family

members was found to be up regulated in mrhl down regulated conditions.

Gene Fold Change
SFRP1 -7.4
RAC1 -2.3
DKK3 -1.9

Frizzled6 -1.5
Cyclin D3 1.5
TCF4 1.6
Smarca4 2.4
Prickell 3.6
Wnt 8B 5.4

Table 4.2: Wnt Pathway genes.
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Figure 4.8: Wnt signaling is perturbed upon mrhl down regulation. (A) Realtime PCR
validation of wnt pathway genes present in the microarray gene list. Negative requlators
of wnt are down requlated whereas the positive regqulators are up requlated. (B) Real
time QPCR of some (-catenin requlated genes in the siRNA treated cells compared with
scrambled siRNA treated controls.

Gene symbol Fold Entrez gene

Change

I.D

Cell Adhesion
Igl-V1 4 16142
Vavl 2.86 22324
Cdh9 2.81 12565
Selp 2.42 20344
Tro 2.01 56191
Nrxnl -2.09 18189
Klrel -2.2 243655
Thbs4 -2.36 21828
Dscaml1 -2.43 114873
Igsfdb -2.55 94332
Pcdhall -2.58 12942
Igsfll -2.81 207683
Klra22 -2.9 93969
Itgbh2l -3.02 16415
Pcdhb22 -3.24 93893
Dsg2 -3.44 13511
Cldn16 -4.02 114141
Panx3 -4.93 208098
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Klralb

Signaling

Wnt8b
Gabrg?2
Asb1b
Pipbk2b
Pricklel
Gpr22
Gpr45
Ppp2rba
Pskh1l
Arlda
Txk
Npr3
Als2
Npy2r
Dirasl
Ltbpl
Tshr
Stk32c
Sfrpl
Ghrl

Development and
Differentiation

Lsr
Fabp9
Aard
Epb4.2
Cspg4
Bex1
Odam
Tnnt3
Elk3
Eda2r
Vgt
Chrdll
Nrg3
Odz4
Ndn
Adamts20
Serpinil

-7.21

5.44
4.37
4.28
4.24
3.65
3.49
-2.07
-2.08
-2.22
-2.28
-2.37
-2.37
-2.39
-2.46
-3.11
-3.58
-9.3
-6.29
-7.45
-8.82

6.03
4.36
4.02
3.83
3.26
3.22
3.17
2.83
2.76
2.1
2.06
-2.2
-2.23
-2.29
-3.55
-3.68
-4.33

27423

22423
14406
78910
108083
106042
73010
93690
226849
244631
11861
22165
18162
74018
18167
208666
268977
22095
27740
20377
58991

54135
21884
239435
13828
121021
19716
69592
21957
13713
245527
381677
83453
18183
23966
17984
223838
20713
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Psenl
Vwece

Transcription

Bach?2
71p286
Zswim2
Scml2
Foxd4
Zfp703
Foxpl
Sox12
Sox8
Smarcad
Scml4
Nfic
Mkrnl
Ppargcla
KIf12
Zfp708
Tcfap2a
Cmtm2a
Tsc22d1
Zfy1

Metabolism

Ddc
Ugt8a
Hsd3b3
Agmat
ORF34
Apoab
Aldhla3
Arg2
St8siab
Folh1
Adhb
Acacb
Otc
Sncaip

Cytoskeleton Organization

Mtap4
Synpo2

-4.76
-6.86

7.09
4.52
3.91
3.44
3.31
3.09
2.92
2.71
2.36
2.29
2.24
2.23
-2.27
-2.36
-2.6
-3.6
-4.34
-4.75
-5.82
-6.08

3.71
3.7
24
2.27
2.05
-2.19
-2.33
-2.42
-2.46
-2.51
-2.57
-3.15
-3.37
-4.32

6.77
5.64

19164
71768

12014
192651
71861
107815
14237
353310
108655
20667
20681
20586
268297
18029
54484
19017
16597
432769
21418
73381
21807
22767

13195
22239
15494
75986
207375
66113
26847
11847
241230
93320
11532
100705
18416
67847

17758
118449




136

Chapter 4.

Spnal
Ktnl
Tt1110
Racl
Dnhd1
Plek
Coro2a
Ablim3
Cttn
Krtap6-3

Channel protein

Ketd12b
Scn7a
Kcnab
Kenhl
Hen3

Sen3b
Kcne2
Kcnj2
LOC675405

RNA process

Mael
Skiv212
Rex2
Gm817
Snrpn
Rps6ka6

Apoptosis

Bcel2ala
Gzma
Tnfrsf19
Bellla

ECM

Col3al
Dmpl
Col3al
Mmplb

4.15

2.57

2.25

-2.35
-3.15
-3.43
-3.82
-4.78
-4.85
-5.46

3.77

2.66

-2.66
-2.88
-3.25
-3.31
-4.48
-5.01
-5.41

5.22
3
-2.09
-2.28
-4.6
-6.56

6.98

2.013
-2.29
-2.36

6.65
4.63
4.11
3.4

20739
16709
330010
19353
77505
56193
107684
319713
13043
16702

207474
20272
16494
16510
15168
235281
246133
16518
675405

98558
72198
19715
329207
20646
67071

12044
14938
29820
14025

12825
13406
12825
83996

Table 4.3: List of genes perturbed upon mrhl silencing
(FC > 2, P value < 0.05) classified based on its GO

term.
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The downstream targets of wnt signaling in the list of differentially expressed
genes upon mrhl silencing were examined. Interestingly, many wnt target genes
that were also differentially regulated in the mrhl silenced cells as against control
cells. The Real time PCR validation of some of these genes is given in Figure 4.8B.
This included cyclin D1 and ¢ myc which are the known targets of wnt 3-catenin
pathway. The other genes that are targets of wnt such as Claudin 1, Ephrin B
were also found to get up regulated several fold in the microarray experiment (Ta-
ble 4.3). From the results presented so far it is inferred that the wnt signaling,
one of the major developmental signaling pathway, is affected upon mrhl silencing
with the effects manifested both in wnt upstream as well as downstream genes.
However, the ultimate wnt effector molecule (-catenin mRNA was not found to
be differentially regulated in our experiment. It is well known that §-catenin reg-
ulation is mediated predominantly at the level of protein than at the transcription
level [254]. So the stability of f-catenin in mrhl down regulated cells was ex-
amined as against controls that were either lipofectamine treated or scrambled
siRNA treated. This was done by immuno-cytochemistry whereby the cells were
stained with [-catenin antibody. siRNA transfections were carried out, and the
cells harvested 48 hours post transfection were fixed and the immunofluroscence
experiments were performed. The images were captured using confocal microscope
and the representative field images of a 40x and 100x magnification are given in
Figure 4.9. It can be seen from the figure that (-catenin was found to be stabilized
in the mrhl si treated cells with several foci of cytoplasmic [(-catenin accumula-
tion. Nuclear [-catenin was also observed in many of the cells showing an active
wnt signaling in these cells. The controls in contrast had uniform staining of (-

catenin only in the cell membrane near adherens junction [255] where it is present
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control
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Figure 4.9: Mis-localization of 3-catenin in the mrhl siRNA treated cells. The B-catenin
stains more in the cytoplasm and to some extent in the nucleus. The control cells are
either lipofectamine treated or scrambled siRNA treated where (3-catenin exclusively lo-
calized to adherens junctions in the plasma membrane. Nucleus is stained with DAPI.

in association with cadherins. Our results thus demonstrate an active wnt signal-
ing that involves cytoplasmic stabilization and eventual nuclear translocation of

(-catenin in mrhl silenced cells which in turn bring about differential regulation

of downstream targets of wnt signaling such as cyclin D1 and c-myc.

4.4 Identification of mrhl RNA interacting pro-
teins

As mentioned in the introduction many of the RNA function are mediated
through its interaction with proteins. Therefore, it was investigated, whether
mrhl could bind to any protein within the cell. This was necessitated because,
complimentary sequence of mrhl RNA present in the wnt pathway genes that were

perturbed in this study was not found. Furthermore, it has been seen, from the
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Figure 4.10: Northwestern blot probed with full length in vitro transcribed mrhl transcript
on mouse total testicular cells and the Ge1-Spg cell line.

previous results presented in chapter3d that mrhl primary transcript is processed
to an 80 nt intermediate RNA within the nucleus and a mature 22 nt RNA could
not be detected in vivo. The absence of mature 22 nt RNA in vivo suggested a
different post transcriptional regulation for the mechanism of down regulation of
gene expression by this mrhl RNA. Thus, experiments were performed to identify
mrhl RNA interacting proteins. For this purpose, a north-western analysis was
carried out, where the full length 2.4 kb mrhl RNA was used as a probe. As shown
in Figure 4.10, at least 3 interacting proteins around ~ 120 kDa, ~ 100 kDa and
at ~ 65 kDa region were identified, among which 120 kDa and 65 kDa were the
more prominent ones. The experiment was done both in total testicular lysate as
well as the in the Gcl-Spg cell lysate, where similar profiles were observed in both

the cases (Figure 4.10).



140 Chapter 4.

However, from an experiment like northwestern blot only molecular size infor-
mation could be obtained and the identity of the protein cannot be established.
In order to identify these proteins, we resorted to a more sensitive experiment like
RNA affinity pull down. The 2.4 kb mrhl transcript was in vitro transcribed in
the sense orientation from the transcript cloned in pGem vector under T7 pro-
moter in the presence of biotinylated UTP so that the resulting transcript would
be labeled with biotin. The in wvitro transcribed RNA was completely denatured
and then slowly renatured to room temperature to preserve all the potential sec-
ondary structures. The pull down was performed using total cell lysate of Gel-Spg
cells. The mock pull down was done only with the streptavidin beads. The pro-
teins that were pulled down were resolved on an SDS-PAGE and proteins were
visualized after silver staining (Figure 4.11). The proteins were then identified by
MALDI_TOF mass spectrometry. At least four proteins could be identified by
MS/MS analysis and the proteins with its respective molecular weight and the
peptides that were identified are given in the Table 4.4. Among the four proteins
identified, further analysis was carried out for one of the RNA binding proteins,

namely, Ddx5 also known as DEAD box helicase p68.

4.5 p68 or Ddx5, a DEAD box helicase, is a pu-

tative mrhl interacting protein

p68 or Ddx5, belongs to the family of DEAD box helicases which can unwind
RNA in an ATP dependent manner [164] and participate in diverse biological pro-

cesses. Recent evidence also suggests its role in the regulation of steroid receptors
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Figure 4.11: Identification of mrhl binding proteins by affinity pull down. Lane 1: marker
Lane 2 is input, Lane 3 is mrhl RNA pull down and lane 4, mock pull down. The arrow
mark refers to interacting proteins that were subjected to mass spectrometry.

such as androgen and estrogen receptor mediated transcription [256,257]. In order
to confirm the result obtained above from the pull down and mass spectrometric
analysis, western blot analysis using anti p68 antibody on the affinity pull down
proteins was performed. In such an analysis, it was observed that the p68 was
picked up in the input cell lysate and the mrhl pull down sample where as it was
not observed in a mock pull down where antisense mrhl was used or only the
beads (Figure 4.12A). This observation was extended further to check for an in
vivo interaction between mrhl RNA and p68 by doing an S1 aptamer pull down. S1
aptamers are high affinity streptavidin aptamers that can be tagged to RNA/DNA
sequences and pull down can be performed using streptavidin beads [235,258]. The
mrhl gene was tagged to S1 aptamer and was cloned in pCDNA 3.1 mammalian
expression vector. The mrhlS1 fusion construct was transfected in to Gel-Spg cells

and the cells were lysed after 36 hours post transfection. The cell lysate containing
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Molecular
Weight

Protein

Identified Peptides

120 kDa

Lim domain
containing
protein

K.FGE FCHGCSLLMT GPAMVAGEFK
K.RYTVVGNP YWMAPEMLNG K
K.RPPVEKATT K

68 kDa

DDX5

DR.GFGAPRFGGSKAGPLSG.K
R.GVEICIATPGK

50 kDa

Tubulin beta

K.FWEVISDEHGIDPTGTYHGDSDLQLDR.I
R.ISVYYNEATGGK.Y
K.YVPR.A
R.AILVDLEPGTMDSVR.S
R.SGPFGQIFRPDNFVFGQSGAGNNWAK.G
K.GHYTEGAELVDSVLDVVR.K
K.IREEYPDR.I
R.IMNTFSVVPSPK.V
R.FPGQLNADLR.K

42 kDa

Duspll1

R.VFSGYSSAK.K
K.SFEKHLAPEECFSPLDLFN.K
R.YLIDVEGMRPDDAIELFS.R
R.GFEDSTHMMEPVFTAT.K

Table 4.4: Mrhl interacting proteins identified through mass spectrometry.

RNasin and protease inhibitors were directly bound to streptavidin agarose beads.

Controls were performed using cell line transfected with empty vector and only

the beads. The proteins were eluted and it was subjected to western analysis with

anti p68 antibodies. As can be seen from the Figure 4.12B, the p68 is present in

the input cell lystae of mrhlS1 and mock transfected cells and in the affinity pull

down proteins of mrhlsl transfected cells only and it is absent in the mock trans-

fected pull down proteins. Beads which were bound to the lysate acted as negative

control and did not yield any signal. This confirms that mrhl does interact with

p68 protein n vivo.
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Figure 4.12: p68 is a putative mrhl interacting partner. (A) Western blot analysis of
i vitro pull down experiment with Gcl1-Spg cells using biotinylated mrhl sense RNA
using p68 antibody. (B) Western blot of in vivo pull down in Gecl-Spg cells transfected
with plasmid containing mrhl fused with S1 aptamer using p68 antibody. Mock is the
pull down experiment carried out in Gcl-Spg cells transfected with plasmid containing
antisense mrhl fused with S1 aptamer. Lane 1 and j are input of each of the experiment.

Lane 5 is the pull down with only beads using wild type Gel-Spg cell lysate.
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It is also known from the previous reports that the p68 can regulate transcrip-
tion by binding with a non-coding RNA SRA (Steroid Receptor RNA activator).
Caretti and group have analysed the secondary structure of the SRA and have sug-
gested some potential secondary structure that may be responsible for p68 binding
and its co activator function (Figure 4.13A) [182]. It was interesting to note that
one such motif was also present in the mrhl RNA and particularly in the 80 nt
intermediate RNA (Figure 4.13B). In order to see whether the 80 nt intermedi-
ate RNA could also bind to p68, similar RNA affinity pull down experiment was
carried out using in wvitro transcribed 80 nt intermediate mrhl. The interacting
proteins were probed by western analysis using anti p68 antibodies. As can be
seen from Figure 4.13C, the 80 nt RNA species can also interact to p68, but with

less efficiency as compared to full length 2.4 which was used as a control.

4.6 Mrhl RNA is involved in nuclear retention

of p68

Having confirmed that p68 is a putative interacting partner for mrhl both
in vitro and in wvivo, the next interest was to know whether p68 is a part of
activation of the wnt signaling pathway that has been seen in the global expression
profiling following down regulation of mrhl RNA. A previous report from Yang et
al. [185] has shown that there is indeed a direct correlation between p68 and -
catenin activation at least in the colon cancer cells particularly during the process
of epithelial mesenchymal transition. It has been shown by this group that the

p68 gets phosphorylated in the tyr 305 residue and the phosphorylated p68 can
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Figure 4.13: p68 can interact with 80 nt intermediate mrhl RNA. (A) RNA secondary
structure motifs present in SRA RNA (Caretti 2006). (B) Secondary structure of a part
of mrhl RNA consisiting of the 80 nt intermediate RNA. Highlighted in red is the similar
motif that is observed in mrhl. (C) RNA affinity pull down using in vitro transcribed
80 nt intermediate RNA followed by western using p68 antibodies that shows interaction
with p68. Input is 1% of the total protein. Mock is the pull down carried out only with
beads. Full length 2.4 kb mrhl was also used as an internal control.
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translocate to cytoplasm and displace axin GSK complex associated with (-catenin
degradation, thereby stabilizing cytoplasmic (3-catenin. The stabilized p68 and
(-catenin then localizes back to the nucleus and reprogram the genes that are

involved in epithelial mesenchymal transition.

Based on the results so far on the relation between mrhl RNA, wnt signaling
and (-catenin, the subcellular distribution of p68 in normal cells and in the mrhl
down regulated cells was examined. Having confirmed the mrhl down regulation
by RT PCR, 48 hours after siRNA transfection (Figure 4.14A), the cells were frac-
tionated to yield nuclear and cytoplasmic fractions. The mock transfection was
performed only on lipofectamine transfected cells and was treated the same way
as the experiment. The nuclear and cytoplasmic lysate of the experiment and the
control were subjected to western analysis with anti p68 antibodies. As seen from
Figure 4.14B, a significant amount of p68 is present in the cytoplasmic fraction
of mrhl down regulated cells as compared to mock transfected cells. The lamin
control was used to assess the purity of nuclear fraction while GAPDH served as
a cytoplasmic loading control. An immuno pull down of the cytoplasmic fraction
with p68 antibody was also carried followed by a western analysis with phospho ty-
rosine antibody of the immune precipitated cytoplasmic fraction to check whether
the cytoplasmic p68 was phosphorylated. A signal in 68 kDa position with the
phosphor tyrosine antibody in mrhl down regulated cells but not in the control was
observed (Figure 4.14C). The immune precipitated proteins were also subjected to
western analysis using p68 antibody which was picked up only in the mrhl down

regulated cytoplasmic fraction as expected but not in the control (Figure 4.14C).

Further, an immuno fluoroscence experiments in Gcl-Spg cells was carried out

which was transfected with mrhl siRNA and stained with p68 antibody. The
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Figure 4.14: mrhl is required for nuclear retention of p68. (A) mrhl downregulation
probed by RT quantitaive PCR. (B) Western blot analysis of p68 in fractionated nucleus
and cytoplasm of Gel-Spg cells transfected with mrhl siRNA or control scrambled siRNA.
Lamin was used to assess the purity of the fractions and GAPDH was used as the loading
control. (C) Cytoplasmic p68 under mrhlRNA down regulation is phosphorylated at
tyrosine which was probed with phospho Tyr antibody. Top panel western of p68 IP
in the mrhl siRNA transfected cytoplasm and control cytoplasm. Bottom panel, p68
immunoprecipitated protein were subjected to western using phopho Tyrosine antibodies

i mrhl si treated cells and the control cells.
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. . o
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Figure 4.15: Cytoplasmic localisation of p68 in mrhl siRNA treated cells as probed by
immuno fluoroscence using anti p68 antibodies followed by Alexa 568 labeled secondary
antibody. Nuclei are stained with DAPI. The representative field of magnification 40X
and 100X are given.
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control was lipofectamine treated cells where immuno fluoroscence was performed
in a similar way. As can be seen from the Figure 4.15 the cytoplasmic staining of
p68 was observed, in addition to the nuclear staining in mrhl silenced cells but not
in the control. Thus, this experiment conclusively shows that p68 can translocate
to cytoplasm and cytoplasmic p68 in its phophorylated form probably binds to
(-catenin and translocate (-catenin in to the nucleus eventually as suggested by

Yang et al. [185].

4.7 Discussion

As has been discussed in the introduction, non-coding RNAs have been shown
to play multiple roles in many cellular processes. Mrhl is one such RNA that
has been identified and characterized as novel non-coding RNA gene in the mouse

genome. From the results discussed earlier, in Chapter 3, it was presumed that



149

the mrhl could belong to the member of nuclear regulatory RNAs. Subsequently
the biological function of this non-coding RNA transcript is being addressed. Two
approaches were taken to address the function of this non-coding RNA. The first
approach, was the silencing of mrhl and studying the global gene expression change
using a mouse expression array. In another approach, the question of interacting

partners of mrhl has been addressed.

4.7.1 Mrhl down regulation perturbs the expression of sig-

naling and differentiation genes

As an initial step in this direction, perturbation of global gene expression fol-
lowing the down regulation of mrhl RNA by using siRNA approach was carried
out. Nuclear silencing of non-coding RNAs is now fairly established though the
mechanisms of nuclear RNA silencing remains to be understood completely [253].
Mrhl down regulation was carried out using siRNAs that target different regions
of mrhl on the mouse spermatogonial cells. Mrhl silencing has resulted in marked
perturbation of genes that are involved cell adhesion, cell signaling, development
and differentiation. It is well known that these processes are intimately involved in
cellular differentiation, embryonic development. Many non-coding RNAs identified
in recent past have shown to play role in development. The first miRNAs lin4 and
Let7 that were identified in C.elegans were involved in regulation timing of devel-
opmental signals [46]. Other non-coding RNAs such as HOTAIR that was found
to regulate in trans, the HOX locus, the homeotic cluster that is involved in body
patterning [118]. Many small and long non-coding RNAs have also been associated

with brain development [259]. Considering the fact that the mrhl down regulation
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also results is differential expression of genes involved in such developmental pro-
gram, it would be interesting to demonstrate any developmental molecules being

regulated by mrhl.

4.7.2 Transcription factors involved in development are

upregulated

Another group of genes that are affected by mrhl down regulation are the
transcription factors and transcription associated genes which accounted for almost
13 percent of the total perturbed genes. It was also deciphered from the list of
perturbed genes (Table 4.3) that the effect of down regulation of mrhl RNA of
some of the genes might be indirect targets of these transcription factors which
might be the primary targets. Importantly, the transcription factors belonging to
Bach 2, Sox and Fox group were found to be up regulated. These transcription
factors again are the ones that are involved in regulating the genes involved in
pluripotency and differentiation [260-262]. Many of the transcription factors were
found to be upregulated upon mrhl silencing showing that mrhl should act as a
repressor of these genes in the normal condition. It is also important to bring
to the attention here, that the Activator protein TfAP2a was downregulated 2.5
fold in mrhl down regulated condition. TFAP2a is also known to be a negative
regulator of wnt signaling [263], whereas the Sox transcription factors positively
regulate wnt signaling and also enters into a positive feedback mechanism in the

wnt pathway [261]. The significance of these findings are discussed below.
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4.7.3 Wnt signaling is activated in mrhl down regulated

cells

One of the important clues that has been obtained in this study is the possible
involvement of mrhl non-coding RNA in the wnt signaling pathway. Many of
the genes belonging to this pathway are perturbed under the condition of mrhl
down regulation. Wnt 8B, the ligand itself, was majorly up regulated and wnt
negative regulator SRFP1 was down regulated. When screened for targets of wnt
signaling, upregulation of wnt target genes such as cyclin D1, and ¢ myc along with
other targets such as claudin, ephrin, c-myc binding protein etc, were observed.
Other members of wnt signaling also includes the players of non canonical wnt
pathway namely the Racl and Prickle which were also differentially regulated
upon mrhl silencing. Intrestingly, some of the protocadherins were also found to
be down regulated in the microarray experiment. Recently, it has been found that
mammalian protocadherins are homologues of Drosophila Fat which is involved
in wnt/PCP pathway [264]. The planar cell polarity pathway governs the cell
movement and migration as discussed previously by reorganizing the cytoskeleton.
The microarray results also show differential regulation of many of the cytoskeletal
proteins(7%). Thus, from the microarray study it was clear that many genes both
upstream and downstream of wnt signaling both canonical as well as non canonical

pathways were perturbed upon mrhl silencing.

4.7.4 DEAD box helicase p68 is a mrhl interacting protein

A critical step in wnt signaling is the nuclear translocation of J-catenin. An

earlier report form Yang et al. [185], has shown the involvement of a p68/Ddx5
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which is an RNA helicase in this pathway during PDGF mediated epithelial mes-
enchymal transition in colon cancer cells. p68 belongs to family of DEAD box
helicase which plays crucial roles in transcriptional as well as posttranscriptional
regulation [170]. More importantly p68 itself is developmentally regulated and
is a proliferation associated nuclear protein [169]. The experimental evidences
presented here, by using pull down assays clearly demonstrate that mrhl RNA
interacts with p68 helicase both in vitro and in vivo. Another major observation
made in the present investigation is that down regulation of mrhl RNA results
in the cytoplasmic localization of p68. This series of experimental observations
are in agreement with the sequence of events that occurs during PDGF mediated
epithelial mesenchymal transition. The report by Yang et al. also showed that the
cytoplasmic p68 is phosphorylated at its tyrosine 305 residue. It was also observed
in the present study that the cytoplasmic p68 under the condition of mrhl down
regulation is also phosphorylated at the tyrosine residue. It was also demonstrated
that (-catenin could translocate to nucleus in mrhl downregulated which is also
consistent with the observation of Yang et al. However, it should be brought to the
attention here that there has been a report by Stucke et al. [265] contradicting the
model of Yang et al. But the observations made in the present investigation are in
complete agreement with that of Yang et al. and hence it is suggested that mrhl
RNA is an important component of the process of development and differentiation
involving wnt signaling pathway and [(-catenin as the effector molecule. Wnt sig-
naling is also an important signaling pathway in the differentiation of embryonic
stem cells and in this context it is interesting to point out that mrhl RNA is also

expressed in mouse embryonic stem cells.

Although the domain of the non-coding RNA which interacts with p68 in the
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present work has not been addressed, a preliminary computational exercise shows
that a domain with a particular stem loop secondary structure of SRA is shown to
have a co activator role with p68 [182,240] is also observed in the mrhl non-coding
RNA. SRA is a non-coding RNA partner of p68 and together they are involved in
regulation of transcription of myoD and steroid receptor dependent transcription.
From the literature, it is known that the p68 is regulates diverse cellular processes
independently and also together with protein or RNA binding partners [170]. In
this context, identification of mrhl as a putative partner could give valuable insight
to the role of p68 and mrhl when present as a complex in the nucleus. Together they
can have different chromatin substrates and transcription targets which needs to
be uncovered. It is interesting to note here that in human cells p68 down regulation
has resulted in upregulation of SFRP2 and down regulation of troponin and other
genes involved in muscle differentiation [182], whereas mrhl silencing results in
downregulation of SFRP and up regulation of troponin, and myo(synaptopodin).
In addition to the involvement of mrhl p68 complex in wnt signaling and [3-catenin
mediated regulation of gene expression, it is very likely that the complex of p68
and mrhl RNA may have additional direct roles in transcriptional regulation of
specific chromatin domains. It was shown in chapter 3 that the mrhl RNA is also
associated chromatin fraction and is localized at several foci within the nucleus.
Characterization of these chromatin domains bound by the mrhl RNA will give

valuable insights into the biological function of this mouse specific non-coding

RNA.

It would also be very interesting to identify and characterize in detail the com-
plex of mrhl RNA with p68, with particular reference to its components and the

dynamics that leads to phophorylation /dissociation and cytoplasmic translocation
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Figure 4.16: Hypothetical model depicting the role of mrhl in cells. In mrhl down requlated
condition, there is a p68 phosphorylation and translocation of p68 to cytoplasm from
nucleus. The translocated p68 binds to B-catenin and results in cytoplasmic stablisation
and nuclear translocation of (-catenin which eventually activates or repress genes that
are (3-catenin dependent. On the other hand, it is possible, when mrhl RNA is present it
s bound to p68 and the mrhl-p68 complex could act on chromatin and bring about gene
expression changes.



155

of p68 to trigger the nuclear translocation of J-catenin. It is also interesting to
note that Duspl1, a dual specificity phosphatase, which interacts with RNA /RNP,
was picked up as one of the interacting protein of mrhl RNA [266]. It is known
that Abl kinase phosphorylates p68 in the nucleus [185]. Since phosphorylation of
p68 promotes cytoplasmic translocation of the protein, it would be of interest to
identify the mechanism that is operated via mrhl that would retain the p68 in the
nucleus. In this context, identification of Duspll a dual specificity phosphatase
as one of the binding partners is very interesting. Duspll is a RNA/RNP binding
phosphatase, one can envisage that mrhl binding to p68 could allow the Duspll
also to bind to the complex as it is a RNP binding phosphatase. The Duspll
could maintain p68 in dephosphorylated condition in the presence of mrhl and
prevent the translocation of p68 to cytoplasm which is promoted in the mrhl si-
lenced condition. Thus identification of entire mrhl binding complex will allow us
to understand in more detail the exact mechanism and the components underlying
p68 regulation and wnt signaling.

Based on all these observations a hypothetical model showing the involvement
of mrhl RNA regulation of gene expression of subset of genes is proposed which is
shown in Figure 4.16 where in two possible mechanisms are implicated, one through
the involvement of (-catenin and the other, as direct effect of p68 and mrhl RNA
complex on a subset of chromatin domains. A more thorough investigation is
required to validate this model and show a novel nuclear regulatory function that

is coupled to transcription and cell signaling for this mrhl non-coding RNA.
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Chapter 5

Summary

Analysis of the draft sequence of the human and mouse genome has revealed that
coding sequences account for less than 2% of its total transcriptome. Several non-
coding RNAs (ncRNAs) have been identified whose function are yet to be deter-
mined. By definition, non-coding RNA refers to the RNA that are transcribed but
not translated to proteins. Many possible functions for these non-coding RNA have
been postulated. The eukaryotic genome encodes two distinct categories of other
ncRNAs, other than the classical rRNA, tRNA, snRNA, referred to as small ncR-
NAs and long mRNA-like ncRNAs. Much of the recent attention has been focused
on the small RNA that are 22-33 nucleotide in length which includes miRNAs;,
siRNAs, piRNA etc. Majority of the small RNAs play their functional role in gene
silencing by interaction with chromatin or by base pairing with complementary
mRNA or DNA. The long ncRNAs, which are transcribed by RNA polymerase II,
spliced and polyadenylated, like Xist, Tsix, Air, H19 and Rox etc., are implicated
in variety of regulatory processes such as imprinting, X-chromosome inactivation,

DNA methylation, transcription, RNA interference, chromatin-structure dynamics

157
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and antisense regulation.

Previously, a non-coding RNA that was encoded in mouse chromosome 8 was
identified in a locus harbouring meiotic recombination hot spot activity in our labo-
ratory. This 2.4 kb transcript (mrhl) was shown to be an unspliced, polyadenylated
transcript expressed in multiple mouse tissues. The transcript does not possess
a significant open reading frame but had considerable propensity to form a sta-
ble secondary structure. We have since then begun to probe the function of this
non-coding RNA. The present thesis is a step towards elucidating the function of
the non-coding RNA that is transcribed from mouse chromosome 8 and the ob-
jectives laid were to a) characterize the 2.4 kb non-coding mrhl RNA, b) identify
the interacting partners and c¢) understand the function of this RNA in cellular

context.

We have found in the present study that this 2.4 kb mrhl RNA is a nuclear
restricted RNA and is not translated in vitro in a coupled transcription and trans-
lation assay. Thus it was concluded that mrhl is an authentic nuclear non-coding
RNA. It was also observed that the 2.4 kb RNA is processed further to yield an 80
nt intermediate RNA by northern analysis. This processed region has been delin-
eated from the 2.4 kb primary transcript by multiple northern blot analyses using
probes spanning different regions of the 2.4 kb RNA. RNA secondary structure
predicts a stem loop in this 80 nt intermediate RNA sequence. miRNA processing
assay was performed to demonstrate that this 80 nt intermediate RNA is indeed
generated by Drosha, a nuclear RNaselll enzyme. Drosha silencing also resulted
in reduced accumulation of this RNA in vivo. It could also be demonstrated that
the 80 nt RNA could be processed further to 22 nt RNA by recombinant Dicer

in an in vitro reaction. However, the mature 22 nt miRNA could not be detected
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i vivo even using sensitive techniques such as splinted ligation or upon over ex-
pressing the mrhl primary transcript in mouse spermatogonial GC1-Spg cell lines
suggesting a possible regulation at the nucleus. Fractionation study was performed
to look at the enrichment of the 80 nt RNA in the sub cellular fractions and we
observe that the 80 nt intermediate RNA was also nuclear restricted and was not
found in cytoplasm explaining the absence of 22 nt RNA, which is a cytoplasmic
reaction. Localization of both primary and the intermediate mrhl in the GC1-
Spg mouse spermatogonial cells by RNA FISH using LNA probes shows a distinct
punctuate nuclear localization signal for both 2.4 kb primary transcript as well
as processed 80 nt species where we could see colocalisation. However, the 80 nt
intermediate RNA indeed had more foci that did not colocalise with the 2.4 kb
primary transcript. Combined RNA FISH with immunofluroscence with Drosha
and Nucleolin demonstrated that nucleolus is the possible site of processing of the
primary mrhl transcript to the 80 nt RNA. The subnuclear fractions of chromatin
and nucleoplasm as probed by northern on 5% and 15% Urea PAGE using respec-
tive probes, showed enrichment of 80 nt RNA in the chromatin and 2.4 kb RNA in
the nucleoplasm. The results thus obtained on the characterization of mrhl RNA

favors a potential regulatory role for the RNA within the nucleus.

Our next aim was to study the functional role of the RNA in cellular context.
In order to address this we took two approaches. First silencing experiment was
performed by which we down regulated mrhl and performed a global gene expres-
sion perturbation using Affymetrix 43K mouse expression array. A list of about
260 genes was shortlisted which had P < 0.05 and showed fold change of more
than 2. The genes were classified based on its GO term. Interestingly, it was

observed that several of the cell adhesion molecules were differentially regulated
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upon silencing of mrhl. It was also observed that genes involved in cell differentia-
tion, signaling and development and particularly genes involved in wnt signaling to
show differential expression upon mrhl down regulation as against the scrambled
siRNA control. This gave us a possible clue into the function of mrhl as a devel-
opmental regulator that could act via the wnt pathway. The wnt pathway genes
were validated by RT QPCR and wnt targets that were represented in the array
were also identified from the microarray data. Up regulation of Cyclin D1, c-myc
and other wnt targets were observed as well. Further investigation was carried
out in this direction, and studied the effect of the wnt activation on the fate of
[-catenin, the effector molecule of wnt signaling in mrhl down regulated condition.
Wnt is a very conserved signaling pathway and activation of wnt results in cyto-
plasmic stabilization of S-catenin which then translocates to nucleus and activates
genes responsive to wnt binding to TCF/LEF family transcription factors. In the
absence of wnt ligand, it rapidly undergoes degradation via proteosome mediated
pathway. In the experiments performed it was observed that the, cytoplasmic (-
catenin was stablized and there was also nuclear accumulation of the [-catenin

upon mrhl down regulation as revealed by immuno fluorescence.

Many of the RNAs discovered recently have been shown to interact with huge
protein complexes or a part of the complex itself for their functional manifesta-
tion. There are non-coding RNAs that interact with the polycomb proteins known
as PcG RNA that are involved in embryonic stem cell differentiation. Thus it is
becoming apparent that RNA interaction with proteins could mediate potential
regulatory roles. In this direction, to study the mrhl RNA interacting proteins,
initially a northwestern blot was performed using full length mrhl RNA iden-

tified at least 4 interacting proteins in the molecular weight range of 120 kDa,
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100 kDa, 50kDa, 65 kDa. In order to identify the proteins a RNA affinity pull
down experiment was performed. Here, the in vitro transcribed biotinylated RNA
was incubated with cell lysate and RNA protein complex were pulled down us-
ing streptavidin beads and the interacting proteins were identified through mass
spectrometric analysis. p68 or DDX5, a DEAD box RNA helicase was identified
being a putative RNA binding protein partner. This interaction was validated
further through western blot analysis using antibody against p68 in vitro. In vivo
validation was performed by streptavidin aptamer pull down in mrhl Slaptamer
transfected cell line. The mrhl S1 pulled down proteins were subjected to western

blot analysis which also confirmed the p68 mrhl interaction in vivo.

The interaction studies of mrhl resulted in identification of p68 as putative
protein partner whereas, down regulation of mrhl resulted in the activation of wnt
signaling. In order to study the cross talk between these observations a working
hypothesis was developed based on a previous report by Yang et al. [185] where
they have shown that p68 is tyrosine phophorylated and the phosphorylated p68
could translocate to cytoplasm. The cytoplasmic p68 interacts with G-catenin and
dissociate Axin GSK complex thereby stablising the cytoplasmic (-catenin. The -
catenin and p68 then translocates back to the nucleus and activates the genes that
program epithelial mesenchymal transition which includes various cell adhesion
molecules and the genes that are (3-catenin dependent. Thus to substantiate the
results, based on this previous finding, mrhl was down regulated in GC1 spg cells.
In the mrhl down regulated background we did find cytoplasmic localization of p68.
The tyrosine phosphorylation status of the p68 probed using phospho tyrosinr
antibody on immunoprecipitated cytoplasmic p68 in mrhl down regulated cells,

showed that the cytoplasmic p68 was indeed phosphorylated in its tyrosine residue.



162 Chapter 5.

In conclusion, mrhl is a nuclear non-coding RNA that is processed to a 80
nt RNA product via miRNA processing machinery involving Drosha. The 80 nt
RNA has a stem loop structure, and thus it qualifies to be a bonafide primary
miRNA processed intermediate transcript. However the mature miRNA of 22 nt
in length is not found in vivo. The distinct punctate nuclear localization of the
primary and processed RNA favors a vital regulatory function in the nucleus. It
has also been shown in this study, the involvement of a nuclear non-coding RNA in
wnt signaling pathway mediated through its interacting partner p68. We surmise,
from the results obtained that the mrhl is involved in nuclear retention of p68 a
DEAD box helicase protein which is also involved in various transcriptional and

post transcriptional regulatory events.

It is also interesting to note here, that mrhl down regulation also has influence
on the expression of many transcription factors which are involved in develop-
mental program, such as FOX and Sox group of factors. From the chromatin
fractionation study, we know that the mrhl RNA is enriched in the chromatin
fraction. Based on these results, it would be a fruitful exercise to address the
chromatin domains that are bound with this RNA. An experiment like large scale
sequencing of the chromatin that is enriched with mrhl RNA can give valuable

insights to the mrhl RNA bound regions of the chromatin.

Another interesting observation from the present work is that the activation of
wnt signaling in the mrhl down regulation cells. It is well established that the wnt
signaling is a very fundamental signaling involved in the development of multicellu-
lar organisms. Perturbation in this signal results in severe developmental defects.
Keeping in mind the importance of this pathway in differentiation process, it would

be interesting to study the role of mrhl in the embryonic stem cells. Interestingly,
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it has been observed that the mrhl RNA both the primary transcript as well as
the processed 80 nt intermediate is expressed in the mouse ES cells. Establish-
ing the function of this RNA in the cellular differentiation process would have a
profound impact in understanding the involvement of such non-coding RNAs in
development. It has to be brought to the attention that this RNA is a poorly
conserved RNA having homologue only in the rat species. However, it is now well
established that such non conserved functional RNAs do exist as discussed in the
Chapter 1. The non conservation of mrhl could be explained in two ways. One, in
which the proteins that are interacting with the RNA are much conserved across
species such as p68. One should consider here the secondary structure of the RNA,
which could be conserved without primary nucleotide sequence conservation, and
such motifs that are conserved should be identified from the other species which
would eventually result in identification of novel non-coding RNAs involved in sim-
ilar cellular aspects. In this context, it would be interesting to study the region
of mrhl harbouring secondary structure that might be involved in p68 binding by
carrying out extensive domain wise characterization of the p68 protein as well the
mrhl RNA.

Another, hypothesis could be that the non conservation could reflect on the
evolution of the species. If one considers the protein coding vs non-coding regions
across species, it is the non-coding transcripts that show a gradual increase in
number in contrast to protein coding genes which is almost constant in all higher
eukaryotes. Thus, such a paradox in the complexity and evolution of species could
be explained by the identification of such non-coding RNA particularly when they

function in developmental program such as mrhl.

The significance of non-protein-coding RNAs as central components of various
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cellular processes is being increasingly appreciated over the recent years. One
particular intriguing aspect of the non-coding transcriptome is its potential to fill
the regulatory gap created by the surprisingly low number of protein-coding genes
in higher organisms. Given the documented versatility and catalytic power of
RNA as well as the existence of numerous RNAs with little or no known function,
it seems certain that additional roles for these transcripts will throw light on the
complex gene regulatory networks at cellular as well as organismal level. We,
in this study have only addressed a tip of an iceberg, where, further research
awaits in understanding the global picture of these non-coding RNAs in cellular

homeostasis.



Annexure 1

Complete microarray list of differentially expressed genes upon mrhl down
regulation. P Value < 0.05, Fold Change > 1.5.

Fold
Gene Title Gene Symbol | Change regulation
ghrelin Ghrl 8.824283 | down
androgen binding protein beta Abpb 8.539614 | down
secreted frizzled-related sequence protein 1 Sfrpl 7.453029 | down
killer cell lectin-like receptor, subfamily A, member 15 Klral5 7.2197695 | down
oxytocin receptor Oxtr 7.1553125 | down
von Willebrand factor C and EGF domains Vwce 6.866967 | down
ribosomal protein S6 kinase polypeptide 6 Rps6ka6 6.567401 | down
serine/threonine kinase 32C Stk32c 6.2927437 | down
Mammary gland RCB-0526 Jyg-MC(A) cDNA 6.2230244 | down
solute carrier family 35, member D3 Slc35d3 6.217865 | down
zinc finger protein 1, Y linked Zfyl 6.059308 | down
DNA segment, Chr 13, ERATO Doi 205, expressed D13Ertd205e 5.863972 | down
vomeronasal 2, receptor, 13 V2rl3 5.8313546 | down
TSC22 domain family, member 1 Tsc22d1 5.8221645 | down
keratin associated protein 6-3 Krtap6-3 5.4691353 | down
similar to voltage gated channel like 1 LOC675405 5.4171133 | down
thyroid stimulating hormone receptor Tshr 5.3076963 | down
Predicted gene, EG625068 EG625068 5.2122216 | down
potassium inwardly-rectifying channel, subfamily J, member 2 Kcnj2 5.011891 | down
regulated endocrine-specific protein 18 Respl8 4.9556894 | down
pannexin 3 Panx3 4.9348826 | down
Forkhead box L2 opposite strand transcript Foxl20s 4.907441 | down
cortactin Cttn 4.8588705 | down
calbindin-28K Calbl 4.784588 | down
Actin binding LIM protein family, member 3 Ablim3 4.7800193 | down
presenilin 1 Psenl 4.7645454 | down
CKLF-like MARVEL transmembrane domain containing 2A Cmtm2a 4.758477 | down
1Q motif containing F3 Iqcf3 4.7094636 | down
Small nuclear ribonucleoprotein N Snrpn 4.605408 | down
potassium voltage-gated channel, Isk-related subfamily, gene 2 Kcne2 4.4854107 | down
X transporter protein 3 similar 1 gene Xtrp3sl 4.4779925 | down
interleukin 17D 1117d 4.4444876 | down
transcription factor AP-2, alpha Tcfap2a 4.346088 | down
Serine (or cysteine) peptidase inhibitor, clade |, member 1 Serpinil 4.335833 | down
synuclein, alpha interacting protein (synphilin) Sncaip 4.3234158 | down
transmembrane protease, serine 3 Tmprss3 4.241809 | down
calbindin-28K Calbl 4.1369605 | down
cDNA sequence BC051628 BC051628 4.0682096 | down
claudin 16 Cldn16 4.0280867 | down
alanine and arginine rich domain containing protein Aard 4.024166 | down
erythrocyte protein band 4.2 Epb4.2 3.8372006 | down




Coronin, actin binding protein 2A
a disintegrin-like and metallopeptidase with thrombospondin type
1 motif, 20

vomeronasal 1 receptor, C8

zinc finger protein 708

latent transforming growth factor beta binding protein 1
necdin

synovial sarcoma, X breakpoint 2 interacting protein
desmoglein 2

pleckstrin

cytochrome b reductase 1

ornithine transcarbamylase

sodium channel, voltage-gated, type lll, beta
hyperpolarization-activated, cyclic nucleotide-gated K+ 3
protocadherin beta 22

odontogenic, ameloblast asssociated

Acetyl-Coenzyme A carboxylase beta

dynein heavy chain domain 1

DIRAS family, GTP-binding RAS-like 1

integrin beta 2-like

osteoclast associated receptor

minichromosome maintenance deficient domain containing 1

killer cell lectin-like receptor subfamily A, member 22
potassium voltage-gated channel, subfamily H (eag-related),
member 1

Immunoglobulin superfamily, member 11

centrin 1
potassium voltage-gated channel, shaker-related, subfamily,
member 6

membrane targeting (tandem) C2 domain containing 1
Kruppel-like factor 12

protocadherin alpha 11

alcohol dehydrogenase 5 (class Ill), chi polypeptide
immunoglobulin superfamily, member 4B

RIKEN cDNA 9430020K01 gene

folate hydrolase

neuropeptide Y receptor Y2

ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 6
Down syndrome cell adhesion molecule-like 1

DNA segment, Chr 7, Wayne State University 130, expressed
arginase type Il

transmembrane protein 56

amyotrophic lateral sclerosis 2 (juvenile) homolog (human)
TXK tyrosine kinase

natriuretic peptide receptor 3

B-cell CLL/lymphoma 11A (zinc finger protein)

thrombospondin 4
peroxisome proliferative activated receptor, gamma, coactivator 1
alpha

hypothetical protein LOC574403
RAS-related C3 botulinum substrate 1
aldehyde dehydrogenase family 1, subfamily A3

Coro2a

Adamts20
V1rc8
Zfp708
Ltbpl
Ndn
Ssx2ip
Dsg2
Plek
Cybrd1
Otc
Scn3b
Hen3
Pcdhb22
Odam
Acach
Dnhd1
Dirasl
ltgb2l
Oscar
Mcmdcl
Klra22

Kenhl
Igsfll
Cetnl

Kcna6
Mtac2d1
Klf12
Pcdhall
Adh5

Igsfab
9430020K01Rik
Folhl

Npy2r
St8siab
Dscamll
D7Wsu130e
Arg2
Tmem56
Als2

Txk

Npr3

Bcllla
Thbs4

Ppargcla
MGC99845
Racl
Aldhla3

3.8262446

3.6854324
3.6835787
3.6378329
3.584756
3.5554175
3.4693851
3.4438908
3.4369526
3.4317017
3.37796
3.3172169
3.2536252
3.247978
3.1740217
3.1598532
3.156872
3.1172512
3.0264037
3.0000458
2.935403
2.9088423

2.8852658
2.8157163
2.7973218

2.6637957

2.604103
2.6019516
2.5869217
2.5710175
2.5517106
2.5287862
2.5101964
2.4657125

2.464091
2.4388938
2.4378269
2.4290082

2.418868
2.3935883
2.3792949
2.3734481

2.367807
2.3644867

2.360956
2.3542194
2.3511782
2.3363826

down

down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down

down
down
down

down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down

down
down
down
down




histocompatibility 28

Odd Oz/ten-m homolog 4 (Drosophila)

tumor necrosis factor receptor superfamily, member 19
ADP-ribosylation factor-like 4A

makorin, ring finger protein, 1

neuregulin 3

Protein serine kinase H1

killer cell lectin-like receptor family E member 1
chordin-like 1

expressed sequence BB182387

apolipoprotein A-V

T-cell receptor gamma chain

transmembrane protein 167

Ribosomal protein L27a

melanoma antigen, family B, 3

Fanconi anemia, complementation group M

neurexin |

reduced expression 2

Protein phosphatase 2, regulatory subunit B (B56), alpha isoform
G protein-coupled receptor 45

Exocyst complex component 6B

solute carrier family 5 (sodium/glucose cotransporter), member 12
solute carrier family 27 (fatty acid transporter), member 3
chemokine (C-X-C motif) ligand 15

huntingtin interacting protein 2
potassium voltage gated channel, Shaw-related subfamily,
member 1

ATPase, Na+/K+ transporting, alpha 2 polypeptide
homeo box D4

coiled-coil domain containing 19

dickkopf homolog 3 (Xenopus laevis)

testis expressed gene 101

RAD51-like 1 (S. cerevisiae)

bruno-like 4, RNA binding protein (Drosophila)
solute carrier family 7 (cationic amino acid transporter, y+ system),
member 11

cytochrome P450, family 2, subfamily g, polypeptide 1
Src-like-adaptor 2

zinc and ring finger 2

paired box gene 8

Progesterone receptor

UDP-glucose ceramide glucosyltransferase-like 1
glucosamine-6-phosphate deaminase 2
phospholipase C-like 2

ATP-binding cassette, sub-family B (MDR/TAP), member 1B
0 day neonate skin cDNA

cadherin 8

cannabinoid receptor 1 (brain)

sperm adhesion molecule 1

nuclear receptor interacting protein 3

Ring finger protein 43

H28
0dz4
Tnfrsf19
Arlda
Mkrnl
Nrg3
Pskhl
Klrel
ChrdI1
BB182387
Apoa5
Terg
Tmem167
Rpl27a
Mageb3
Fancm
Nrxnl
Rex2
Ppp2r5a
Gprd5
Exoc6b
Slc5al2
SlIc27a3
Cxcl15
Hip2

Kencl
Atpla2
Hoxd4
Ccdc19
Dkk3
Tex101
Rad5111
Brunol4

Slc7all
Cyp2g1l
Sla2
Znrf2
Pax8
Pgr
Ugcgll
Gnpda2
Plcl2
Abcblb

Cdh8
Cnrl
Spaml
Nrip3
Rnf43

2.2999513
2.2945127
2.292577
2.285053
2.2702432
2.237481
2.2227247
2.2084706
2.2056174
2.2019928
2.19067
2.182569
2.1728487
2.1153889
2.1092572
2.1047366
2.0947363
2.0922077
2.0873513
2.07894
2.050361
2.0459132
2.0409288
2.0307386
2.024571

1.992777
1.9898292
1.9792013
1.9711522
1.9689758
1.9656849
1.9592172
1.9586202

1.9582862
1.9424107
1.9356142
1.9305444
1.9058213
1.9008353
1.8914635
1.8871695

1.879651
1.8746468

1.860754
1.8598398
1.8528757
1.8502244
1.8415687
1.8332926

down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down

down
down
down
down
down
down
down
down

down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down




Rab40b, member RAS oncogene family

cystin 1

mutated in colorectal cancers

dachshund 1 (Drosophila)

Vacuolar protein sorting 13B (yeast)

gene model 1960, (NCBI)

sorting nexin 6

glutamate receptor, metabotropic 4

crystallin, beta A4

serine (or cysteine) peptdiase inhibitor, clade B, member 8
RAB30, member RAS oncogene family

Interleukin 1 receptor accessory protein-like 1

Adult male corpora quadrigemina cDNA

Pseudouridylate synthase 7 homolog (S. cerevisiae)

matrilin 1, cartilage matrix protein 1

Potassium voltage-gated channel, subfamily Q, member 5
ELMO domain containing 1

gene model 550, (NCBI)

potassium voltage-gated channel, subfamily Q, member 5
hypothetical gene supported by AK052160

defensin beta 35

DEAD (Asp-Glu-Ala-Asp) box polypeptide 19b

transformation related protein 53 inducible protein 5

sodium channel, voltage-gated, type I, alpha 1

leucine rich repeat containing 4

carboxylesterase 3

guanine nucleotide binding protein (G protein), gamma 4 subunit
adenosine A2b receptor

3-hydroxyisobutyrate dehydrogenase

protein phosphatase 1A, magnesium dependent, alpha isoform
nephronophthisis 4 (juvenile) homolog (human)

microtubule associated serine/threonine kinase family member 4
RNA imprinted and accumulated in nucleus

tyrosine kinase, non-receptor, 1

SLAIN motif family, member 1

RIKEN cDNA 1110021J02 gene

proteasome (prosome, macropain) 26S subunit, non-ATPase, 9
cytochrome P450, family 2.

mitochondrial ribosomal protein L32

osteopetrosis associated transmembrane protein 1

shroom family member 1

peroxisome proliferative activated receptor, gamma, coactivator 1
alpha

Cysteine and histidine-rich domain (CHORD)-containing, zinc-
binding protein 1

5,10-methylenetetrahydrofolate reductase

CLIP associating protein 2

Aconitase 2, mitochondrial

Rac/Cdc42 guanine nucleotide exchange factor (GEF) 6
5-hydroxytryptamine (serotonin) receptor 1A
hyperpolarization-activated, cyclic nucleotide-gated K+ 1

Rab40b
Cysl
Mcc
Dachl
Vps13b
Gm1960
Snx6
Grm4
Cryba4d
Serpinb8
Rab30
ll1lrapll

Pus7
Matnl
Keng5
Elmod1
Gm550
Keng5
LOC432868
Defb35
Ddx19b
Trp53i5
Scn2al
Lrrc4
Ces3
Gng4
Adora2b
Hibadh
Ppmla
Nphp4
Mast4
Rian
Tnkl
Slainl
1110021J02Rik
Psmd9
Cyp2c37
Mrpl32
Ostml
Shroom1

Ppargcla

Chordcl
Mthfr
Clasp2
Aco2
Arhgef6
Htrla
Henl

1.8261486
1.8185573
1.8151777
1.8130869
1.8123155
1.8095125
1.8056029
1.7973747
1.7940987
1.7929515
1.7916994
1.7888286
1.7807056
1.7736651
1.7715887
1.7656866
1.7643262
1.7629039
1.7553399
1.7545301
1.7542205
1.7510388
1.7459875
1.7420155
1.7299373
1.7273406
1.7244552
1.7168142

1.714085
1.7060726
1.7060224
1.7015119
1.6961976
1.6924574
1.6858076
1.6843935
1.6816317
1.6793411

1.679179
1.6787639
1.6719311

1.6676657

1.6660378
1.6645987
1.6590799
1.6588173
1.6557909
1.6454349
1.6440294

down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down

down

down
down
down
down
down
down
down




DNA segment, Chr 2, ERATO Doi 239, expressed
calcium/calmodulin-dependent protein kinase Il inhibitor 1
solute carrier family 5 (sodium/glucose cotransporter), member 9
growth hormone secretagogue receptor

Ras-related GTP binding D

chloride channel Ka

midline 2

SH3 domain binding glutamic acid-rich protein like 2

WNK lysine deficient protein kinase 3

fibromodulin

abhydrolase domain containing 13

histocompatibility 28

zinc finger and BTB domain containing 8 opposite strand
LIM motif-containing protein kinase 2

Zinc finger protein 93

myc induced nuclear antigen

GTP binding protein (gene overexpressed in skeletal muscle)
hypothetical protein B930075F07

cleavage and polyadenylation specific factor 2

Frizzled homolog 6 (Drosophila)

CDC14 cell division cycle 14 homolog A (S. cerevisiae)
ATP-binding cassette, sub-family A (ABC1), member 5
synaptotagmin XI

ankyrin repeat and sterile alpha motif domain containing 1B
G protein-coupled receptor 155

transformation related protein 53 regulating kinase

BAT2 domain containing 1
protein tyrosine phosphatase, receptor type, f polypeptide
(PTPREF), interacting protein (liprin), alpha 2

c-myc binding protein

interleukin 1 receptor-like 2

ATPase, class I, type 8B, member 1

transmembrane protein 174

Transformation related protein 53 binding protein 1
guanine nucleotide binding protein (G protein), gamma 12
CD320 antigen

Zinc finger protein 787
potassium voltage-gated channel, subfamily H (eag-related),
member 7

matrix Gla protein

cannabinoid receptor 1 (brain)

retinoschisis (X-linked, juvenile) 1 (human)
glycoprotein 1b, alpha polypeptide

D site albumin promoter binding protein
phosphoglucomutase 2-like 1

tumor necrosis factor receptor superfamily, member 18
Glucocorticoid induced transcript 1

SCO-spondin

calcium channel, voltage-dependent, alpha2/delta subunit 1
homer homolog 1 (Drosophila)

Cyclin D3

D2Ertd239e
Camk2nl1
Slc5a9
Ghsr
Rragd
Clcnka
Mid2
Sh3bgrl2
Wnk3
Fmod
Abhd13
H28
Zbtb8os
Limk2
Zfp93
Mina
Gem
B930075F07
Cpsf2
Fzd6
Cdcl4a
Abca5
Sytll
Ankslb
Gprl55
Trp53rk
Bat2d

Ppfia2
Mycbp
111r12
Atp8bl
Tmem174
Trp53bpl
Gng12
Cd320
Zfp787

Kenh7
Mgp
Cnrl
Rsl1
Gplba
Dbp
Pgm2I1
Tnfrsf18
Glccil
Sspo
Cacna2dl
Homerl
Ccnd3

1.6424857
1.6361611
1.6335927
1.63355
1.6273764
1.6248251
1.6220553
1.6209261
1.6161704
1.611188
1.6105531
1.6090543
1.6069704
1.6068318
1.605346
1.6021843
1.6020193
1.5992023
1.5990644
1.5974157
1.5925483
1.5921804
1.5877944
1.5847445
1.5817263
1.5798626
1.5755575

1.5739301
1.5732329
1.5711889
1.5710179
1.5706334
1.5697446

1.566291
1.5648824
1.5622659

1.5619024
1.560794
1.560368

1.5601835

1.5575476

1.5534114
1.552995

1.5514305

1.5495039

1.5489168

1.5489028

1.5419091

1.5398498

down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down
down

down
down
down
down
down
down
down
down
down

down
down
down
down
down
down
down
down
down
down
down
down
down




gene model 50, (NCBI)
RAR-related orphan receptor beta

gametogenetin binding protein 1
phosphatidylinositol-specific phospholipase C, X domain
containing 1

solute carrier family 12, member 1

CD160 antigen

solute carrier family 25, member 27

c-myc binding protein

Visual cortex cDNA, RIKEN full-length enriched library,
BTB and CNC homology 2

B-cell leukemia/lymphoma 2 related protein Ala
Microtubule-associated protein 4

procollagen, type I, alpha 1

paraneoplastic antigen MA2

solute carrier family 25, member 31

lipolysis stimulated lipoprotein receptor

PTC7 protein phosphatase homolog (S. cerevisiae)
tribbles homolog 2 (Drosophila)

synaptopodin 2

wingless related MMTYV integration site 8b

maelstrom homolog (Drosophila)

membrane-spanning 4-domains, subfamily A, member 6B
Serine (or cysteine) peptidase inhibitor, clade A member 7
RABS8A, member RAS oncogene family
gamma-aminobutyric acid (GABA-A) receptor, subunit beta 3
dentin matrix protein 1

dynamin 1-like

zinc finger protein 286

gamma-aminobutyric acid (GABA-A) receptor, subunit gamma 2
ATP-binding cassette, sub-family G (WHITE), member 5
fatty acid binding protein 9, testis

ankyrin repeat and SOCS box-containing protein 15
Phosphatidylinositol-4-phosphate 5-kinase, type Il, beta
spectrin alpha 1 /// similar to spectrin alpha 1

Gene model 879, (NCBI)

procollagen, type I, alpha 1

immunoglobulin lambda chain, variable 1

prolactin-like protein A

zinc finger, SWIM domain containing 2

potassium channel tetramerisation domain containing 12b
Pellino 1

Dopa decarboxylase

UDP galactosyltransferase 8A

Prickle like 1 (Drosophila)

G protein-coupled receptor 22

sex comb on midleg-like 2 (Drosophila)

matrix metallopeptidase 1b (interstitial collagenase)
Calmodulin 3

forkhead box D4

F-box protein 36

Gm50
Rorb
Ggnbpl

Plcxd1
Slcl2al
Cd160
Slc25a27
Mycbp

Bach2
Bcl2ala
Mtap4
Col3al
Pnma2
Slc25a31
Lsr
Pptc7
Trib2
Synpo2
Wnt8b
Mael
Ms4a6b
Serpina7
Rab8a
Gabrb3
Dmpl
Dnm1l
Zfp286
Gabrg2
Abcg5
Fabp9
Asb15
Pip5k2b
Spnal
Gm879
Col3al
Igl-v1
Pripa
Zswim2
Kctd12b
Pelil
Ddc
Ugt8a
Pricklel
Gpr22
Scml2
Mmplb
Calm3
Foxd4
Fbxo36

1.5367199
1.5333772
1.5329114

1.5276464
1.5268003
1.5250115
1.5249126
1.5101599
1.5005847
7.095153
6.9877853
6.771951
6.6534495
6.644585
6.2134767
6.032483
6.025744
5.869255
5.645597
5.4451303
5.2248325
5.21284
5.0807915
4.9656444
4.656861
4.632175
4.537594
4.5276074
4.373157
4.3656216
4.363583
4.285139
4.2436166
4.159283
4.1485305
4.114069
4.0002275
3.93325
3.9162233
3.7762604
3.767381
3.71953
3.7045178
3.6549535
3.4932404
3.4461977
3.4065428
3.4056456
3.314626
3.3036625

down
down
down

down
down
down
down
down
down
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up




chondroitin sulfate proteoglycan 4

brain expressed gene 1

zinc finger protein 703

p21 (CDKN1A)-activated kinase 7
Acyloxyacyl hydrolase

Superkiller viralicidic activity 2-like 2 (S. cerevisiae)
Forkhead box P1

vav 1 oncogene

troponin T3, skeletal, fast

cadherin 9

ELK3, member of ETS oncogene family
Synaptotagmin |

SRY-box containing gene 12
solute carrier family 1 (glial high affinity glutamate transporter),
member 3

arrestin domain containing 5

sodium channel, voltage-gated, type VII, alpha
Olfactory receptor 1344

Kinectin 1

Ubiquitin protein ligase E3 component n-recognin 1
retinol binding protein 7, cellular

selectin, platelet

cDNA sequence BC015286
hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-
isomerase 3

aminopeptidase puromycin sensitive
chromogranin B

SRY-box containing gene 8
SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily a, member 4

agmatine ureohydrolase (agmatinase)
tubulin tyrosine ligase-like family, member 10
Sex comb on midleg-like 4 (Drosophila)
nuclear factor 1/C

glypican 2 (cerebroglycan)

SID1 transmembrane family, member 1
ectodysplasin A2 isoform receptor

VGF nerve growth factor inducible
Open reading frame 34

trophinin

granzyme A

nuclear factor 1/C

myosin XVIlb

glutathione S-transferase, alpha 1 (Ya)
nephronectin

NHL repeat containing 2

glutathione S-transferase, alpha 2 (Yc2)
transglutaminase 1, K polypeptide
dynein, axonemal, heavy chain 7c

WD repeat domain, phosphoinositide interacting 1
otopetrin 2

zinc finger protein of the cerebellum 4

Cspg4
Bex1
Zfp703
Pak7
Aoah
Skiv2I2
Foxpl
Vavl
Tnnt3
Cdh9
Elk3
Sytl
Sox12

Slcla3
Arrdc5
Scn7a
Olfr1344
Ktnl

Ubrl
Rbp7
Selp
BC015286

Hsd3b3
Npepps
Chgb
Sox8

Smarca4
Agmat
Ttll10
Scml4
Nfic
Gpc2
Sidtl
Eda2r
Vgf
ORF34
Tro
Gzma
Nfic
Myo18b
Gstal
Npnt
Nhirc2
Gsta2
Tgml
Dnahc7c
Wipil
Otop2
Zic4

3.265387
3.227367
3.0947416
3.0701518
3.0436742
3.0077672
2.9280138
2.862455
2.8335156
2.8135777
2.766346
2.755157
2.7187328

2.6908576
2.6715667
2.6620193
2.6557763
2.5734076
2.5113926

2.506909
2.4285843
2.4190724

2.4092853
2.3771298
2.3765488

2.362174

2.2920327
2.2769406
2.2522202
2.2474325

2.232845
2.2157204
2.2031376
2.1057427
2.0619547
2.0588498
2.0180752
2.0132134

1.965658
1.9573606

1.944705
1.8896224

1.884267

1.875826
1.8677815
1.8662553
1.8652867
1.8632149
1.8487298

up
up
up
up
up
up
up
up
up
up
up
up
up

up
up
up
up
up
up
up
up
up

up
up
up
up

up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up




FCH domain only 1 Fchol 1.8462025 | up
olfactory receptor 749 Olfr749 1.8401613 | up
Ring finger protein 34 Rnf34 1.829579 | up
solute carrier family 1 , member 1 Slclal 1.8284004 | up
solute carrier family 2 (facilitated glucose transporter), member 4 Slc2a4 1.8278917 | up
LPS-responsive beige-like anchor Lrba 1.8207219 | up
kinesin family member 21B Kif21b 1.8101343 | up
microtubule associated monoxygenase, LIM domain containing 2 Mical2 1.7998582 | up
mitogen activated protein kinase kinase 7 Map2k7 1.7947936 | up
laminin, beta 3 Lamb3 1.7906799 | up
UDP-GIcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 4 | B3gnt4 1.7729676 | up
Zinc and ring finger 3 Znrf3 1.7695706 | up
bromodomain containing 3 Brd3 1.76783 | up
tescalcin Tesc 1.7442336 | up
enhancer of yellow 2 homolog (Drosophila) Eny2 1.7368585 | up
BTB and CNC homology 2 Bach2 1.7320616 | up
Transcription factor 4 Tcf4 1.6999027 | up
neurexin Il Nrxn3 1.6975553 | up
growth arrest specific 2 Gas2 1.6974478 | up
ubiquitin-conjugating enzyme E2B, RAD6 homology (S.

cerevisiae) Ube2b 1.6914178 | up
dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 2 Dyrk2 1.6899979 | up
eukaryotic translation initiation factor 4, gamma 1 Eif4gl 1.6885562 | up
syntrophin, gamma 1 Sntgl 1.6837147 | up
storkhead box 2 Stox2 1.6727942 | up
vomeronasal 1 receptor, C5 V1rc5 1.6645459 | up
transformation related protein 63 Trp63 1.6626483 | up
Ankyrin repeat and SAM domain containing 1 Anks1 1.6624368 | up
Cbp/p300-interacting transactivator with Glu/Asp-rich carboxy-

terminal domain 1 Cited1 1.6591775 | up
FAST kinase domains 2 Fastkd2 1.654636 | up
T-box 6 Thx6 1.6506313 | up
guanine nucleotide binding protein, alpha inhibiting 2 Gnai2 1.650558 | up
kinase suppressor of ras 1 Ksrl 1.6434165 | up
chemokine (C-C motif) ligand 28 Ccl28 1.6388469 | up
retinoic acid receptor, gamma Rarg 1.6295984 | up
golgi transport 1 homolog A (S. cerevisiae) Goltla 1.6292521 | up
fibroblast growth factor 10 Fgf10 1.6268995 | up
CUB and Sushi multiple domains 1 Csmd1 1.6219556 | up
Coiled-coil domain containing 130 Ccdc130 1.620044 | up
zinc finger protein 169 Zfp169 1.6188608 | up
Glioma tumor suppressor candidate region gene 1 Gltscrl 1.6186901 | up
G protein-coupled receptor 125 Gprl25 1.6113076 | up
fibroblast growth factor 12 Fgf12 1.6085553 | up
ephrin A3 Efna3 1.6026549 | up
tenascin XB Tnxb 1.6008724 | up
sperm acrosome associated 1 Spacal 1.5992742 | up
cell growth regulator with EF hand domain 1 Cgrefl 1.5985755 | up
claudin 1 Cldn1 1.5982128 | up
presenilin 2 Psen2 1.5975857 | up
disabled homolog 1 (Drosophila) Dabl 1.5947363 | up




procollagen, type XIV, alpha 1

Ring finger protein 166

protease, serine, 29

general transcription factor Il C 1

kelch-like ECH-associated protein 1

LIM and SH3 protein 1

baculoviral IAP repeat-containing 4

predicted gene, EG627821

angiogenin, ribonuclease A family, member 3

squamous cell carcinoma antigen recognized by T-cells 3
T-box 1

Tnf receptor-associated factor 5

Glutamate receptor, ionotropic, kainate 2 (beta 2)
interleukin 3

cytochrome c oxidase, subunit Vllla

testis expressed gene 22

Single-stranded DNA binding protein 3

Nuclear receptor coactivator 1

butyrophilin, subfamily 1, member A1

Nuclear fragile X mental retardation protein interacting protein 2
phosphatidylinositol glycan anchor biosynthesis, class Z
Kell blood group precursor (McLeod phenotype) homolog
BTB (POZ) domain containing 14B

Paralemmin

predicted gene, EG666504

interleukin 6 receptor, alpha

ATP-binding cassette, sub-family B (MDR/TAP), member 1B
sperm associated antigen 16

cytoglobin

diacylglycerol kinase, iota

zinc finger protein 455

Coll4al
Rnf166
Prss29
Gtf3cl
Keapl
Laspl
Birc4
EG627821
Ang3
Sart3
Thx1
Traf5
Grik2

113
Cox8a
Tex22
Ssbhp3
Ncoal
Btnlal
Nufip2
Pigz

Xk
Btbd14b
Palm
EG666504
ll6ra
Abcblb
Spagl6
Cygb
Dgki
Zfp455

1.5920473
1.5871948
1.5867528
1.579731
1.5756584
1.5743945
1.5727795
1.5679657
1.566327
1.5640463
1.5620521
1.5616097
1.5587282
1.5546032
1.5543281
1.55334
1.550755
1.5448709
1.541489
1.5355133
1.5341334
1.5333047
1.5274377
1.525702
1.5256082
1.5254347
1.5233356
1.5198305
1.5189643
1.5146734
1.5033585

up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up




Annexure 2

List of primer pair used for real time PCR analysis

Gene Primer Sequence 5'-> 3’
FrizzledF TTTTCTCACTTGCCCTTTTC
FrizzledR TGGATCTCAAATAAGCAGCA

CMYCF CCACTCACCAGCACAACTAC
CMYCR ACTGTTCTCGTCGTTTCCTC

DKK1F CATTCTGGCCAACTCTTTCT

DKK1R TGGAGTACAGGTGAAGCAAA

NFiCF CAGACAGCCTCCACCTACTT

NFiCR TTTGTCCTTTTCTCCTCCTG

TCFAF CAACTTGAGGGACGACTTCT

TCF4R CATCCATCTGTCCCTCCTAC

CYCLIND1F GGCTGGTAGTATGAGGTGCT
CYCLIND1R CCCAATGAAAGACCAATCTC
CYCLIND3F GTAAAATCCACACACCAGCA
CYCLIND3R GACCCCACAATCACAAGAA
CMYCBPF TGCTGGACACGCTGACGA
CMYCBPR AAGTGTGATGAGTGGATTTA
Wnt 8BF GTTTCTTATGAAGCCCGTGT
Wnt 8BR ATTGTTGTGCAGATTCATGG
Sox12F AAGTCTGCTCCACTGGTCTC
Sox12R TCACTCACATGACGTTTTCC




List of primer pair used for real time PCR analysis

Sox8F ACCAAGCTGTGAAAGGAGAG
Sox8R AAAGTTAGCATTGCCTGGTC
FoxplF CCCCTGAATCTGGTATCAAG
FoxplR TTATGACGCACTGCATTCTT
Foxd4F CAGAGCACTTTGGCTGATTA
Foxd4R TCCTCGTCATCCTCTTCTTC
Tfap2aF CACTCCTACTGCTGCTGCT
Tfap2aR AAGTTCAAGTGGGTGGTTG
bach2F ATGTGAGCAGTCTTACGGA
bach2R GTTTCCGTATTTCACATTCCA
prickle1F GTAGTATTTCATAGACCTAAGTGT
pricklelR CACAGAAAGAGCTCATCGC
raclF TTAACGAGCAATATGTCTGAC
raclR ATTCTTGCCAGTGAGTTAGG
sfrplF TCTCCTGAGTGTGTAGATCT
sfrplR GAAATCCTCACAGGTCCGC
trib2F CAGAAAGAGTAAACGGGCAA
trib2R AGGTACTGGGAACACAAATA
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