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ABSTRACT

Long non-coding RNAs (IncRNAs) are a class of biological molecules which are transcribed from DNA
but are not translated into any protein. LncRNAs have been identified as critical players in gene
regulation. Misregulation of IncRNAs has been considered as one of the underlying causes for cancer
pathogenesis and in other human diseases. In the current thesis, I have addressed the epigenetic roles of
IncRNAs in regulating gene expression in cell line based and disease model systems.

We investigated the functional role of IncRNAs in the maintenance of active chromatin by sequencing
IncRNAs associated with active chromatin enriched with H3K4me2 and WDRS. We identified 209
IncRNAs to be commonly enriched in H3K4me2 and WDRS pulldown chromatin fractions and we
named them as active chromatin associated RNAs (active CARs). Interestingly, 41% of active CARs
mapped to divergent transcription units having transcription factor genes as their partner. CARs were
found to regulate the expression of partner protein coding genes at the transcriptional level by recruiting
WDRS to maintain the active histone marks H3K4me2/H3K4me3 at these promoters. Depletion of
active CARs results in reduced WDRSand H3K4me2/H3K4me3 occupancy at these promoters.
However, in absence of WDRS, we found the levels of H3K4me2 to remain unchanged at divergent
promoters. Taken together our findings indicates that, conversion of H3K4me2 to H3K4me3 is
mediated via active CARs-WDRS interaction at the active divergent promoter, whereas, the
maintenance of H3K4me2 marks appears to be WDRS5 independent.

Additionally, we used transcriptome profiling approach, to identify IncRNAs that are differentially
expressed between low- and high- risk neuroblastoma tumours. We report NBAT-1 IncRNA as an
independent prognostic biomarker in predicting clinical outcome of neuroblastoma patients. The
expression profile analysis showed NBAT-1 to be lowly expressed in high-risk tumours relative to low-
risk tumours. Using cell line and mouse models we characterized NBAT-1 as a tumour suppressor
IncRNA which regulates gene expression by interaction with PRC2 repressive chromatin complex.
NBAT-1 IncRNA promotes differentiation and acts as a tumour suppressor by epigenetic regulation of
genes to inhibit cell proliferation and invasion.

Thirdly, we sought to study genomic imprinting in a disease model. Genomic imprinting is an epigenetic
regulation of gene expression in a parent of origin-specific manner. Studies in mouse have identified
Knegl imprinted domain to be epigenetically regulated by a 91kb long IncRNA Kcnglotl which is
expressed from the paternal chromosome to silence imprinted genes in cis. Using BW-syndrome human
disease model, we identified a maternal 11p15.5 micro duplication which included the 5’ 20 kb of the
non-coding KCNQIOTI gene. Its maternal transmission was associated with ICR2 hypomethylation
and familial BWS phenotype. Normally ICR2 is methylated to repress KCNQIOT1, thereby allowing



maternal copies of the imprinted genes including growth inhibitor CDKNIC to be expressed. We
demonstrated that this duplicated maternal KCNQ1OT1 RNA also interacts with chromatin through its
most 5’ 20 kb sequence to silence CDKNIC. This provides a mechanism for biallelic silencing of
CDKNIC which contributes to the BWS disease phenotype.

In summary, by ChRIP-seq, RNA expression profiling in tumours and human patient-derived cell line
based model systems, we have uncovered new roles of IncRNA in epigenetic gene regulation.

Keywords: Long non-coding RNA, Epigenetics, Active Chromatin, Genomic Imprinting,
Neuroblastoma, Beckwith-Wiedemann Syndrome.
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SAMMANFATTNING PA SVENSKA

En grupp langa icke-kodande RNA molekyler ofta kallade long non-coding RNAs eller IncRNAs
transkriberas frain DNA men translateras inte till protein. LncRNAs ir av betydelse for genreglering
och anses spela en roll i utvecklingen av cancer och andra sjukdomar som drabbar ménniskan. Jag har
i denna avhandling undersokt den roll IncRNA spelar for epigenetisk reglering av genexpression cell
linjer samt sjukdomsmodeller.

Den funktionella betydelsen av IncRNA for aktivt kroomatin har studerats genom sekvenering av
IncRNA associerat med H3K4Me2 och WDRS. Vi fann 209 IncRNA molekyler anrikade i
kromatinfraktioner innehallande H3K4Me2 och WDRS. Dessa bendmndes aktivt chromatin associerat
RNA eller “active CAR”. 41 % av kartlagda “active CARs” sammanf6ll med divergerande
transkriptionsenheter dér den ena delen utgjordes av gener kodande for transkriptionsfaktorer. CARs
visades reglera uttrycket av transkriptionsfaktorgenerna pa transkriptionell nivd genom rekrytering av
WDRS5. Detta resulterade is sin tur att de aktivitetskopplade markérerna WDRS och
H3K4Me2/H3K4me3 bevarades pa dessa promotorer. Sénkta nivaer av “active CARs” medforde
lagre nivaer av WDR5and H3K4me2/H3K4me3 vid promotorerna. I franvaro av WDRS var dock
nivaerna av WDR5and H3K4me2 ofériandrade. Dessa observationer indikerar att for aktiva
divergerande promotorer medieras forandringen av H3K4me? till H3K4me3 via en inetraktion mellan
“active CARs” och WDRS5, medan bibehallande av WDR5and H3K4me2 ar oberoende av WDRS.

Med utnyttjande av transkriptions analys, “transcriptional profiling”, kunde vi vidare identifiera
skillnader i IncRNA uttryck i neuroblastom associerade med lag- respektive hog risk. Vi redovisar att
IncRNA NBAT-1 kan utgéra en biomarkor med formaga att forutsdga den kliniska bilden av
neuroblastom dar lagt uttryck av NBAT-1 framforallt ses vid hog sjukdomsrisk. Vi fann savil i cell
linjer som i md&ss att NBAT-1 stimulerar celldifferentiering och dédrmed utgdr den en tumorsuppressor
med forméga att himma cell proliferation och cell invasion.

For det tredje forsokte vi studera genomisk imprinting i en sjukdomsmodell. Med genomisk
imprinting menas fordldraspecifik epigenetisk reglering av genexpression. I moss har visats att
Kcnglotl regionen utgér en “imprinted” domén. En 91 kb lang IncRNA molekyl, Kcnglotl, vilken
uttrycks fran faderns kromosom, kan inaktivera gener i cis. Med BW-syndromet som ménsklig
sjukdomsmodell kunde vi indentifiera en mikroduplikation pd moderns kromosomala locus 11p15.5
vilket inneholl 20kb av den icke-kodande KCNQ1OT!1 genes 5° del. Nedérvning av denna gen var
kopplad till hypometylering av ICR2 and egenskaper karaktéristiska for drftlig BWS. Under normala
omstandigheter metyleras ICR2 for att nedreglera KCNQI1OT1, vilket i sin tur medfor att moderns
kopior av “imprinted genes’’, inkluderande till vaxtinhibitorn CDKN1C, kommer till uttryck. Vi
viasade ocksa att KCNQIOTI RNA uttryckt fran moderns duplicerade gen interagerade med kromatin
via sin 5'del for att nedreglera CDKNIC. Vara resultat visar pd en mechanism genom vilken
CDKNIC bidrar till BWS sjukdom.

Sammanfattningsvis har vi med hjélp av ChRIP-seq pé odlade celler samt RNA expressions analys i
tumorer och cell linjer frén patienter upptéckt nya funktioner for IncRNA vid epigenetisk reglering.
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ABBREVIATIONS

ncRNA Non-coding RNA

LincRNA Long intergenic RNA

LncRNA Long non-coding RNA

ICR Imprinting control region

DMR Differentially methylated regions
PRCI Polycomb Repressive Complex 1
PRC2 Polycomb Repressive Complex 2

ES Embryonic stem cells

iPSCs Induced Pluripotent stem cells

UIGs Ubiquitously imprinted genes

PIGs Placental imprinted gene

NIGs Non imprinted genes

XCI X chromosome inactivation

XIC X inactivation center

DCC Dosage compensation complex

HOX Homeobox

PCAT Prostate cancer associated transcript
NBAT-1 Neuroblastoma associated transcript-1
Ezh2 Enhancer of zeste homologue 2

CAGE Cape analysis of gene expression

RIP RNA immuno precipitation

ChRIP Chromatin RNA immuno precipitation
ChOP Chromatin oligo-affinity precipitation
CAR Chromatin associated RNA

SHAPE Selective 2'-hydroxyl acylation analyzed by primer extension
HMT Histone methyl transferase

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
Cas9 CRISPR associated protein 9

DNMTI DNA methyl transferasel

RIA-seq RNA interactome analysis and sequencing
CTCF CCCTC-Binding factor

YY1 Yin Yang 1

LSDI Lysine-specific histone demethylase 1A



PROMPTs
eRNAs
NATs
snoRNA
ciRNA
HAT
WDR5
MLL1
PCGF

Promoter upstream transcripts
Enhancer RNAs

Natural antisense transcripts
Small nucleolar RNA
Circular RNA

Histone acetyl transferase
WD Repeat Domain 5
Mixed-lineage leukemia 1

Polycomb group ring fingers
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CHAPTER 1: INTRODUCTION



Evolution of organismal complexity has long raised intriguing questions regarding the mechanism by
which higher eukaryotes have gradually developed cellular complexity. Many hypotheses have been
generated to explain the cellular diversity as well as the complexity of gene regulation in higher
organisms. One of the key initial theories was the Central Dogma, which proposed that DNA is
transcribed into RNA, which is then translated into functional molecules called proteins which are the
sole regulators of gene regulatory network. Thus, increase in the number of protein coding genes was
initially thought to correlate positively with increasing complexity. Several evidences that challenged
this theory have started accumulating over the years. However, the most convincing evidences against
this theory came from the data of high throughput sequencing studies which proved beyond doubt that
the number of protein coding genes do not increase with increasing complexity. A simple nematode
like C. elegans and more complex organism like human beings both contain approximately 20,000
protein coding genes, such inconsistency between complexity and number of genes is referred to as G-
value paradox [1]. Interestingly, while the genomes of higher eukaryotes pervasively transcribe to form
RNA, only a small percentage of the transcribed RNAs were found to be translated into proteins [2]
which are called as non-coding RNAs (ncRNAs). This non coding portion of the genome have
consistently increased with complexity [3]. These observations underline the importance of non-coding
portion of the genome in the lights of evolution of organismal complexity.

Thus, how does the same number of protein coding genes regulate both a worm with around 1000 cells
and a human with diverse cell types and complex body plan? To counteract this discrepancy for number
of genes, multilayered mechanisms of gene regulation must be present in in highly evolved organism
order to efficiently control and coordinate the system. Interestingly non-coding RNAs have been found
to form a significant part of the mammalian transcriptome that have been implicated in the regulation
of gene expression at multiple levels [4, 5]. NcRNAs can be broadly classified into two categories based
on their functions i.e. those involved in housekeeping function (tRNA, rRNA) and others which are
regulatory in nature. Regulatory ncRNA are further classified based on their size as small ncRNA
(snoRNA, microRNA, siRNA, snRNA, piRNA etc.) and as long ncRNA (IncRNA). LncRNAs are
arbitrarily defined as transcripts of 200 nucleotides (nt) or more. Taken together, all these ncRNAs
generate a complex transcriptional output in mammals in addition to the limited number of protein

coding genes.

Interestingly, detailed analysis of the mouse transcriptome by FANTOM3 consortium indicated that
more than 72% of all mapped transcripts overlap with an antisense transcription [6]. Subsequently, the
expression of some long antisense ncRNAs has been shown to be coupled with the silencing of protein-
coding genes situated on both sides of the antisense transcripts [7]. Particularly gene clusters with parent
of origin-specific mono allelic expression patterns (defined as genomically imprinted locus, where
either the maternal or the paternal alleles of these genes are expressed) often contain one or more such

antisense IncRNAs as their partners [8] [9]. Some of these IncRNAs are very large, ranging in size from



fifty to several hundred nucleotides. In most cases, the promoters of these IncRNAs, which are
associated with an imprinted gene cluster, map to differentially methylated imprinting control regions
(ICRs, which are defined as the critical region within an imprinted cluster, whose DNA methylation
determines the outcome of expression patterns of all other genes in that cluster). Transcription from
these promoters occurs in an antisense direction relative to the protein coding genes, and majority of
these IncRNAs are expressed only from the paternal chromosomes due to methylation of their promoters
on the maternal chromosomes [10-12]. The expression of long antisense ncRNA on the paternal
chromosomes has been shown to be correlated with the repression of protein coding genes in cis, spreads
over several hundred kilo-bases on either side of the antisense transcription unit, indicating a link
between IncRNA expression and silencing of neighboring protein-coding genes [13, 14]. Apart from
these long antisense RNAs which have been implicated as critical elements in fine tuning gene
expression of imprinted gene clusters, several IncRNAs have been reported to regulate gene expression
in different biological processes, by deploying diverse mechanisms. Regulation of gene expression is
critical in ensuring both precise spatio-temporal expression of genes and for producing isoforms of the
same gene, thereby increasing molecular complexity. Over the last decade, several reports have
implicated the role of different IncRNAs and small ncRNAs (mechanism of regulation differs) in the
regulation of diverse biological functions such as pluripotency, differentiation, carcinogenesis, body

pattern and development, imprinting, immune response, metabolism etc. [12, 15-17].

In addition to classical pre/post -transcriptional and -translational control of gene expression, evidence
has also shown the role of epigenetic modifications (like DNA methylation, post-translational
modifications in the tails of chromatin associated histone proteins) to act as critical regulators of gene
expressions. Regulation of gene expression at transcriptional level is also coordinated and orchestrated
by the organization of chromatin into poised, active or inactive states. This is brought about either or
both by DNA methylation and histone modifications. Several chromatin modifying complexes work in
complexes to bring about the DNA methylation as well as the histone tail modifications. Several
IncRNAs have been implicated to have functional association with both DNA and histone modifying
complexes [16, 18]. It has recently been shown that several IncRNAs regulate gene expression in critical
cellular contexts by organizing the chromatin into active and inactive domains through direct interaction
with different chromatin modifying enzymes. LncRNAs have also been reported to associate with
chromatin and control transcriptional gene regulation of neighboring genes [19]. Functional association
of few IncRNAs with chromatin modifying complexes and/or DNA methylation machinery has been
shown to be critical in disease and developmental contexts. This highlights the functional importance
of IncRNAs which associate with chromatin to either facilitate or repress the expression of genes.
Additionally, IncRNAs together with architectural proteins like CTCF and mediators organizes

chromatin into distinct three-dimensional structural domains, which may represent functional units of



the genome. This additional layer of gene regulatory mechanism mediated via IncRNAs might also be

interesting to investigate further.

Our research group is focused on understanding the role of IncRNAs in the epigenetic regulation of
gene expression in two different contexts. Firstly, using human diseases as a model system we look to
address the mechanism by which IncRNAs might contribute to disease pathogenesis. Secondly, by using
epigenetic mechanism based on global purification approaches in cell culture model systems we try to

identify and characterize regulatory IncRNAs.

In the present thesis, I will emphasize on characterizing the role of IncRNAs as epigenetic regulators
using disease model and cell culture based model systems. I will begin by explaining the classical
epigenetic regulators of gene expression which includes DNA and histone modifications and their
respective modifiers. Next, I will discuss in detail about general characteristic of IncRNAs: annotation,
genomics, expression, conservation, localization and functional mechanisms. Eventually, I will discuss
some of the IncRNAs that have been identified by different approaches to act as epigenetic regulators
of gene expression in important biological processes. Finally, I will discuss specific aims, results and

conclusions from my own studies.



CHAPTER 2: EPIGENETIC
REGULATORS OF GENE EXPRESSION



Different cell types in multicellular organisms have the same genetic composition, yet they differ from
each other both phenotypically and functionally which is defined by cell-type specific gene expression
patterns. Such differential cell and tissue specific expression pattern of genes can be partly explained
by the concept of epigenetics. Genetics is the study of inheritable changes in the DNA sequences.
Epigenetics on the contrary is the study of modifications of DNA and DNA associated proteins without
any changes in the DNA sequence. Similar to genetic changes, epigenetic modifications are also
inherited during cell division and also from one generation to another. Unlike genetic changes,
reversibility of epigenetic changes offers a unique flexibility to the genome in response based regulation
of its function. Chromatin is the carrier of epigenetic changes which are stable modifications inherited
through mitotic cell divisions, and in some cases have also been found to be inherited from one
generation to another (transgenerational) [20, 21] . Chromatin was originally thought to be composed
of only DNA and histone proteins, however, emerging evidences have established even RNA to be an
important functional component of chromatin as well [22, 23]. Epigenetic modifications or chromatin
modifications as we may say, are of two main types: DNA methylation and different post-translational
modifications of the histone tail proteins. In conjugation with ncRNAs these two chromatin
modifications execute transcriptional regulation of gene expression in a cell-type and tissue specific
manner. In the following section I will give an overview of the role of DNA methylation and histone

modifications in gene regulation.

2.1 DNA Methylation

DNA methylation is a stable epigenetic mark that occurs by covalent addition of a methyl (CH3) group
at the C5 position of cytosine, mainly in a CpG dinucleotide context, but also in non-CpG regions of
human embryonic stem cells [24, 25]. These methyl groups project into the major groove of DNA and
inhibit transcription. In eukaryotic genome where more than 50% of genes are associated with CpG
islands in their promoter regions SmC at CpG dinucleotide is one of the major epigenetic silencing
mechanism. Generally, low levels or a lack of CpG methylation in the promoter region is correlated
with an “on” chromatin configuration that allows interaction of DNA with transcription complexes
required for activation of gene expression. By contrast, methylation of CpG islands in gene promoters
is correlated with an “off” chromatin configuration that leads to gene silencing. Precise regulation of
promoter DNA methylation is thus crucial for maintaining differential gene expression patterns in a
tissue and developmental-stage-specific manner.

Mammalian DNA methylation machinery comprises of three families of DNA methyltransferases
(DNMTs) of which DNMT3A and DNMT?3B are involved in the establishment of methylation patterns
(de novo methyltransferases) whereas DNMT]1 is involved in the faithful propagation of methylation



pattern over cellular divisions (maintenance methyltransferase). DNMT3L, another member of this
protein family, lacks methyltransferase activity but is crucial to stimulate the activity of DNMT3A and
DNMTS3B in the establishment of methylation at most of the imprinted gene loci [26]. Studies have
identified roles of additional proteins that are required in addition to DNMT]1 in the maintenance of
methylation during somatic cell division. UHRF1 protein which specifically binds to hemi methylated
CpG nucleotides is required for the maintenance of DNA methylation in embryonic stem cells by
regulating the stability of DNMT1 through its association with methylated histone H3 on lysine 9
residue [27].

The CpG dinucleotides are underrepresented in the mammalian genome due to frequent deamination of
methylated cytosines to be consequently converted into C>T mutations [28, 29]. In the mammalian
genome 50-70% of the CpG dinucleotides are methylated while the remaining hypomethylated CpGs
are present as clusters called CpG islands in the promoters of constitutive expressed housekeeping genes
[30]. CpG islands are genomic regions with high GC content of varied length, mostly near promoters,
that are generally hypomethylated with the exception for CpG islands of imprinted genes and genes
undergoing X-chromosome inactivation [31, 32]. As discussed in the imprinting section, other factors
are involved in the regulation CpG methylation of these genes. 72% of Refseq annotated gene promoters
in human are associated with high CpG [33]. In contrast, at active promoter regions in mammals which
are enriched with high H3K4me3, the CpG islands are protected from methylation. The presence of
H3K4me3 modification prevents the Dnmt3] from interacting with unmodified histone H3 which
prevents the access of DNA methyltransferase to promoters of active genes [34-36]. In addition, Cfpl
protein has been shown to bind non-methylated CpG islands to maintain active chromatin conformation
via recruitment of active histone methyl transferases like Setla [37].

Studies have suggested a functional link between H3K36me3 histone modification catalysed by Setd2
[38] and de novo DNA methylation. Unlike promoter CpG methylation, high levels of gene body
methylation by Dmnt3a/b have been associated with higher expression of genes in mouse oocytes where
the elongating RNA Polll mediates H3K36me3 modification via Setd2 which seem to recruit Dmnt3a/b
[39, 40].

2.2 Histone Modifications

Histones are the core protein component of chromatin around which DNA is wrapped to form
nucleosomes. The core histone is a hetero-octameric protein consisting of a dimer of four different
proteins called as H2A, H2B, H3 and H4. 146bp of nucleosomal DNA is wrapped around this octameric
histone. Another type of histone called H1 or linker histone is also a crucial component of nucleosome.
The N-terminal tails of each of these four core histones and H1 histone are loosely associated with the

octamer and are susceptible to post translational protein modifications by different types of enzymes



which has chromatin binding affinity. The post translational modifications of histone tails include
covalent addition of the following groups: Acetyl group (acetylation), Methyl group (methylation),
Phosphate group (phosphorylation), Ubiquitin group (Ubiquitination) and Sumoyl group (sumoylation).
Most of these modifications occur on lysine (K) and arginine (R) residues at different positions on the
histone tail as denoted by a position number. For example, lysine residue at the 9 position in the tail is
denoted as K9, while, the one at position 4 is denoted as K4 and likewise. The nomenclature of histone
modifications includes the name of histone, residue name, residue position, type of covalent group and
number of added groups. For example, addition of one two (2) methyl groups (me) to lysine (K) at
position 4 of H3 tail would be called H3K4me2. These modifications of the histone tails define the
chromatin state by affecting the accessibility of regulatory complexes to the chromatin thereby
regulating transcriptional gene regulation. Certain histone modifications result in a compacted
chromatin to repress transcription whereas other modifications result in an open chromatin that
facilitates transcription. The ability to predict transcriptional outcome based on histone modification
with far-reaching consequences for cell fate decisions and development is also known as histone code
hypothesis [41]. Combination of different histone modifications can form a complex regulatory network
to control and fine tune spatio-temporal gene expression. Apart from canonical histones, several
variants of basic histones also regulate chromatin structure and therefore play important roles in
transcriptional regulation, chromatin stability, DNA repair, chromosome segregation, cell cycle
progression and apoptosis [42]. In the next section I will focus in greater detail about the role of

canonical histone modifications as epigenetic regulators.

2.2.1 Repressive histone modifications:

Methylation of H3 on lysine 9 and lysine 27 and the ubiquitinylation of H2A on lysine 119 are the
characteristic repressive histone modifications that are often present at silent gene loci. H3K9me2/3 are
associated with the formation of constitutive heterochromatin whereas H3K27me3 and H2AK119Ub1

are associated with the formation of facultative heterochromatin.

H3K27me3 and H2AK119Ubl
The Polycomb Repressive Complex 2 (PRC2) which contains four core subunits, EZH1/2, SUZ12,

EED, and RBAP46/8 is responsible for the methylation of lysine 27 [43]. None of the core PRC2
components possess a DNA binding domain. The catalytic subunit is the SET domain-containing
protein EZH2 (or the related EZH1) [44], although there are also accessory proteins that can associate
with the core PRC2 which includes the JARID2 and AEBP2 subunits [45]. The accessory proteins have
been implicated in modulation of PRC2 activity and are hypothesized to play a role in the targeting of
PRC2 to chromatin [46, 47]. PRC2 mediated mono-, di-, and tri-methylation of H3K27 may have very



different regulatory roles [48]. Although H3K27me3 has been associated to gene repression, enrichment
of H3K27mel over gene bodies has suggested gene activation role for H3K27mel [49]. The
H3K27me2 modification accounts for 60-80% of all nucleosomes in mESCs, however not much is
known about its function or binding proteins [50]. On the other hand, the critical role of H3K27me3 in
facultative heterochromatin formation and transcriptional repression during development is well

characterized.

The Polycomb repressive complex 1 (PRC1) is an E3 ubiquitin ligase complex that is responsible for
monoubiquitylation of H2A on lysine 119. PRC1 complex contains the catalytic RING1A/B subunit,
along with one of the six different PCGF proteins [51] that define the class of PRC1 complex (the
canonical and the variant form of PRC1). Compared to canonical PRC1, the variant complexes have
been associated with higher H2AK119Ubl1 activity and recruitment of PRC1 [51, 52]. Both PRC1 and
PRC2, and the associated chromatin modifications, H2AK119Ub1 and H3K27me3, have been found to
co-localize at many promoters of developmentally regulated genes and at the inactive X chromosome
[53-55]. Published evidences have suggested both in favour of and against PRC2 mediated hierarchical
recruitment of PRC1 and vice versa to explain the mechanism of co-localization of these two repressive
epigenetic modifiers [56-59]. Thus, the establishment of Polycomb repressive domains not only requires
EED-binding to H3K27me3 or RYBP-binding to H2AK119UDbI, but also the marks placed by their
partner complex so that H3K27me3 can establish or reinforce H2AK119Ubl modifications, and
H2AK119Ubl can establish or reinforce H3K27me3 deposition. However, once established, the
positive feedback mechanisms involving the histone modifications are crucial to maintain the PRC1/2

activity at these target sites [60].

H3K27me3 and H3K9me2/3
Methylation of H3K9 generally associated with constitutive heterochromatin formation and

transcriptional silencing, has been implicated to crosstalk with the H3K27me3 modification. The
heterodimeric complex of G9a and GLP catalyses H3K9mel and H3K9me2 modifications [61],
SETDBI1 and SUV3-9H1/H2 both catalyse H3K9me2 and H3K9me3 modifications [62, 63]. At
pericentric heterochromatin, chromodomain-containing protein HP1 binds to H3K9me3 and recruits de
novo DNA methyltransferases (DNMT3A/B) resulting in DNA methylation which further facilitates
MECP2 mediated recruitment of SUV3-9 enzymes, thereby maintaining stable heterochromatic marks

during cell division [64-66].

Distribution of H3K9me3 and H3K27me3 modifications are generally mutually exclusive with
H3K9me3 associated with transposons while H3K27me3 is enriched over silent gene loci [58, 67, 68].
Gain of H3K27me3 and a loss of H3K9me3 at the pericentric heterochromatin upon SUV3-9H1/H2
depletion, suggests that H3K9me3 normally prevents establishment of H3K27me3 [58, 68]. However,
several evidence of H3K27me3 overlapping with H3K9me2 and H3K9me3 modifications at
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developmentally repressed genes is suggestive of a cooperative transcriptional silencing mechanism of
developmentally labile genes [69-71]. Genomic recruitment of PRC2 is modulated by the direct
association with G9a/GLP (H3K9me2) [72] and PRC2 has been shown to be essential for the binding
of HP1 to chromatin [73]. On the inactive X-chromosome H3K27me3 and H3K9me2 modifications
complementary functions are mediated by both PRC2 and G9a binding to a common protein CDYL
[74].

2.2.2 Active histone modifications:

Active histone modifications facilitate transcription by establishing an open chromatin structure. These
modifications are H3K27ac, H3K4me1/2/3, H3 and H4 acetylation, H3K79me3, H2BK120ul and
H3K36me3. Positive crosstalk mechanisms between these modifications is essential in the recruitment
and maintenance of these modifications at active genes. The histone modifications are catalysed by
specific enzymes such as histone methyltransferases (HMTs), histone acetyltransferase (HATs) and
histone deacetylases (HDACsS).

H3K4me3 and H3K36me3
Actively transcribed genes in general have H3K4me2/H3K4me3 over gene promoters and a high level

of H3K36me3 over gene bodies. In mammals the highly conserved COMPASS (complex of proteins
associated with Setl) family of methyltransferases catalyses the methylation at Lys4 of histone H3
(H3K4) [75], a mark associated with transcriptionally active chromatin at the promoter and TSS
regions.. COMPASS comprises of one of the six related proteins SETD1A, SETD1B, MLL1, MLL2,
MLL3, and MLL4 having the SETD1/MLL catalytic subunits and four core subunits WDRS, RBBPS,
ASH2L, and DPY30, along with additional complex-specific subunits [60]. Recruitment of Set1 histone
methylase in Yeast to targeted 5’ portion of active genes by the interaction of Setl with the
phosphorylated form of Pol II CTD results in a promoter associated higher levels of H3K4me3 [76]. In
mammals, higher levels of H3K4me3 levels at active gene promoters is preferentially mediated by
CFP1, while H3K4me3 levels on lowly expressed CpG islands containing gene promoters are
maintained via MLL2. Developmentally regulated gene promoters in ESCs, are bivalent containing
both the repressive H3K27me3 mark as well as active H3K4me3. Evidences has suggested that
H3K4me3 and H3/H4 acetylation not only coexist at the promoter and TSS of active genes but that
H3K4me3 also promotes downstream H3/H4 acetylation through recruitment of HATs. Histone H3
tails with pre-existing H3K4me3 exhibit dynamic turnover of its lysine acetylation through a
combinatorial action of both HAT p300/CBP and HDAC. Since H3K4me3 associates with promoter
prior to transcription initiation, H3K4me3-dependent co-targeting of both HATS and HDACs would
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facilitate the dynamic turnover of histone acetylation and this cooperation is important in ensuring

proper transcriptional regulation [60].

H3K36me3 distribution correlates strongly with transcribed regions of active genes with an increase in
distribution towards the 3’ end of gene bodies [77]. Studies in yeast have demonstrated that association
of Set2 with the elongating Ser2-phosphorylated CTD of Pol 11, results in the predominant distribution

over gene bodies of actively transcribing genes [78].

H3K4me2
Although both H3K4me2 and H3K4me3 have concordant enrichment patterns [79, 80], increasing

evidences suggest that these two active chromatin specific histone modifications are not functionally
equivalent [81-83]. H3K4me2 has been shown to associate specifically with activation, poising for
activation or repression of developmentally labile promoters as well as transcriptionally active
promoters [80, 84, 85]. For example, H3K4me2 marks have been shown to define transcription factor
binding regions [86] and also marks tissue-specific gene regulation [87]. WDRS plays an important
role in assembling distinct histone-modifying complexes to stimulate the H3K4 methyltransferase
activity of MLL proteins within the MLL/COMPASS complexes and also in efficient promoter
targeting of NSL HAT complexes [88]. WDRS, as a core subunit of the MLL-SET1 (hCOMPASS)
methyl transferase, has been shown to specifically interact with H3K4me2 and nucleate the assembly
of MLL-SET1 complexes to catalyse the transition of H3K4me2 to H3K4me3 [81, 89]. Additionally, a
fraction of certain regions that function as enhancers have correlated H3K4me2 modifications
specifically the primed enhancer-like regions are marked with H3K4mel and H3K4me2 and lack
histone acetylation [90]. This H3K4me2 correlation with poised enhancers might also result from
chromatin looping of enhancers to the H3K4me2 marked promoters which has already been validated

in connection to developmental genes.

H3K4mel and H3K27ac
Enhancers are demarcated by characteristically high ratio of H3K4mel to H3K4me3, high H3K27ac

and also by specific TF and co-factor binding, such as EP300 [80] producing RNAPII-mediated
enhancer transcription of bidirectional, unspliced RNAs [91] named as eRNAs. Based on their length,
a fraction of eRNAs can also be classified as IncRNAs. However, eRNAs are rarely spliced (5%) in
comparison to 30% of IncRNAs being spliced. Enhancers are known to regulate expression of target
genes both in cis and frans through chromatin looping to gene promoters. Active enhancers are
characterized by the presence of both the H3K4me1 (sometimes also H3K4me?2/3) and H3K27ac marks.
Over 70% of H3K27ac-marked enhancers are active and positively affect transcription in vivo [92].
However, all active enhancers are not always marked with only H3K27ac modification, rather co-

occupancy of H3K27ac with BRD4 along transcription of eRNAs can predict active enhancer more
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accurately [93]. In general, a combination of H3K4mel/H3K27ac marks has been broadly utilized for
epigenomic annotation of active enhancers in several cellular contexts. Both M113 and MIl4, two large
nuclear proteins of the MLL/COMPASS family containing a C-terminal SET domain have been
identified as the major enhancer specific H3K4 mono-methyltransferases. MI13 and MII4 binds at
enhancers to promote the recruitment of coactivator, p300, which acetylates H3K27 to facilitate
enhancer activation. Moreover, H3K4mel in absence of H3K27ac and, in some cases along with the
presence of repressive H3K27me3, has been associated with enhancer states that are repressed or
poised/primed for activation [94, 95]. Presence of such bivalent marks over developmentally repressed
or poised genes emphasizes the role of epigenetics in fine tuning of gene regulation and for the
requirement of an effective cross talk between active and inactive chromatin modifiers during

developmental.

In the next section I will introduce and discuss in detail the last, but not the least, player of epigenetic
regulator of gene expression i.e. long non-coding RNAs. There are other categories of ncRNAs that has
also been extensively documented to act as important epigenetic regulators. However, I will restrict my

discussion to the role of IncRNAs as epigenetic regulators.
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CHAPTER 3: LONG NON-CODING
RNAs (LncRNAs)
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LncRNAs are defined as transcripts which are greater than 200 nucleotides in length without any evident
protein coding capacity. Just like a stable protein coding mRNAs, IncRNAs are also RNA polymerase
II transcribed, capped, polyadenylated and are frequently spliced [96-99].

LncRNA annotation: Methodological advances in high throughput technologies complimented with
improved computational approaches have enabled identification and annotation of more numbers of
valid IncRNAs. FANTOM project initially sequenced cloned ¢cDNA from different mouse tissues to
identify 3,652 non-coding transcripts with confidence [2]. Later RefSeq, GENCODE and Ensembl
annotated more IncRNAs based on the analysis from refined EST- and cDNA-sequencing data. Parallel
to high throughput cloning based-sequencing approaches, tilling microarray based detection of
transcribed regions offered greater sensitivity of detection, although this technology had its own
limitation of bias in probe designs and suboptimal genome coverage [96, 97]. Information from genome
wide chromatin maps of H3K4me3-H3K36me3 active marks were used to design DNA-based tilling
probes that led to the identification of 1,600 long intervening non-coding RNAs (lincRNAs) that
mapped to K4-K36 chromatin and were expressed in four mouse cell types. Similar tilling array based
study identified 3,300 expressed lincRNAs in a human cell line that mapped to K4-K36 chromatin
domain [96, 97]. Next major advancement was achieved with high-throughput sequencing of millions
of short RNA fragments (RNA-seq) that yielded billions of strand specific paired end reads of 100-150
nt each of which could be easily reconstructed to identify even very lowly expressed transcripts [100].
High resolution mapping of precise transcription start sites using cap analysis of gene expression
(CAGE-seq)[98] combined with genome wide annotation of polyadenylation sites using 3P-seq [99]
have further strengthened the identification and annotation of stable, valid IncRNA transcripts. Thus,
combinations of such independent evidences for transcription initiation, exon-intron structure and
transcription termination enabled reliable identification of mature IncRNAs. At present, different
databases based on alternative annotation methods have estimated the total number of annotated
IncRNAs to be close to that of protein coding genes. Latest version of GENCODE have annotated
58,288 genes in total, of which only 19,836 code for known protein while the rest are non-coding genes

with 15,778 of them being IncRNA genes.

LncRNA genomics: Over the year IncRNA catalogue from several species have been made available
in public databases. Comparative studies have found that IncRNAs are generally shorter than coding
genes, have fewer but longer exons on an average compared to exons of protein coding genes [101,
102]. Moreover, IncRNAs overlap with more repetitive elements as compared to mRNAs [103].
Chromatin modification patterns, transcriptional and splicing regulations have been found to be similar
to mRNAs [100-102]. Recent studies have found that IncRNAs differ from mRNAs in a couple of
aspects. First, in general lincRNAs have fewer histone marks and transcription factors bound to their
promoters than mRNAs. H3K9me3 generally associated with transcriptional repression, was found to

be enriched at promoters of tissue specific active lincRNA loci. Second, IncRNAs are less efficiently
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spliced than mRNAs, probably owing to the weaker internal splicing signals and the lower U2AF65
binding in IncRNAs [104].

LncRNA genes are preferentially found to colocalize with a protein coding gene mostly within 10kb
[105, 106]. Such a distance distribution resembles to that of adjacent protein coding genes, ruling out
the argument that IncRNAs are a by-product of mRNA biogenesis [103]. Interestingly, transcription-
factor (TF) genes which are critical developmental regulators are preferably surrounded by IncRNAs
within close genomic proximity, and this is consistent across several vertebrate species from zebrafish
to mouse and human [102, 103, 107]. Such an organization suggests cis regulation of TF genes by
IncRNAs or co-expression of these gene pairs to act in coordination. Multiple evidences for either
possibility suggest that both mechanisms are exploited by the genome to regulate expression of these

TF genes.

LncRNA expression levels: Several studies have shown IncRNAs to have variable tissue expression
and have been found to be more cell type specific than protein coding genes [100, 101]. Most of the
IncRNAs are expressed in brain and testes. LncRNAs are in general expressed at a much lower level
compared to median mRNA levels. It’s not clear if inefficient transcription or more efficient degradation
accounts for this difference in their steady state levels of expression. In this regard, two independent
studies addressed IncRNA stability, using either pulse-chase analysis or using transcription inhibition.
Both studies identified several unstable non-coding transcripts, however, both studies concluded that
IncRNAs and mRNAs have comparable half-life distribution or stability, an indication which rules out

differential degradation efficiency [108, 109].

LncRNA conservation: Compared to protein coding genes, IncRNA sequences are less conserved and
might be evolving rapidly. Only 12% of mouse and human IncRNAs have sequence conservation
among other species. The selection pressure has been found to be more (i.e. more conserved) over
IncRNA exons and promoter regions than introns of IncRNAs and intergenic regions of the genome
[97, 100, 101]. Existing approaches for comparing sequence conservation relies on stretches of high
sequence conservation at the genomic level rather than at the RNA level. More comprehensive
annotation of IncRNAs from other vertebrate species would enable study of sequence conservation at
RNA level rather than limited genomic alignment based estimation. Interestingly, many IncRNAs have
a conserved genomic organization and exon-intron structure without detectable sequence homology
[103]. Perhaps these IncRNAs have conserved sequence dependent functions but the sequences are
divergent enough to be detected by existing tools. For example, Malat! is a highly expressed, nuclear
retained single-exon transcript that was originally considered as a mammalian-specific IncRNA based
on sequence conservation by genomic alignment. Recently, Malatl orthologues has been found in
syntenic genomic position near Scy// in mammals, frogs and fish having the same length, expression

pattern and exon-intron structure. However, apart from the 3’terminal region and a short 70 bases
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segment homology the mammalian Malat! lacks any recognizable sequence conservation with the fish
counterpart [103]. Taken together, it would be misleading at this point in predicting the functionality of

any IncRNA based on mere sequence conservation.

LncRNA subtypes: LncRNAs can be subdivided into several classes based on their positional
relationship to protein-coding genes and different mechanisms of processing such transcripts (Fig 1).
Promoter upstream transcripts (PROMPTs), enhancer RNAs (eRNAs), long intervening/intergenic
ncRNAs (lincRNAs) are transcribed either from promoter upstream regions, enhancers or intergenic
regions respectively. Natural antisense transcripts (NATSs) are transcribed from the opposite strand of
protein-coding genes. On the other hand, many other IncRNAs are derived from long primary transcripts
with unusual RNA processing pathways, resulting in RNA species with unexpected structures such as

small nucleolar RNAs (snoRNA) and circular RNAs (circRNA).
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Figure 1. The Diversity of Long Noncoding RNAs (IncRNAs). (A) Large intergenic noncoding RNAs (lincRNAs). (B)
Natural antisense transcripts (NATs). (C and D) IncRNAs with alternatively processed 3" ends by ribonuclease P (RNase P;
C) or microprocessor (D) cleavage. (E) Enhancer RNAs (eRNAs). (F) Promoter upstream transcripts (PROMPTs). (G) Small
nucleolar RNA (snoRNA)-ended IncRNAs (sno-IncRNAs). (H) Circular intronic RNAs (ciRNAs). ciRNA formation depends
on consensus RNA sequences (pink bars) to avoid debranching of the lariat intron. (I) Circular RNAs (circRNAs) produced
from back splicing of exons. Inverted complementary sequences (red arrows) in introns flanking circularized exons promote
circRNA biogenesis. (Adapted from Trends in Biochemical Sciences, September 2016, Vol. 41, No. 9, licence number:
4223050570807)
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LncRNA subcellular localization: The function of IncRNAs depends on their subcellular
localization. Contrary to the perceived notion of IncRNAs being predominantly nuclear several
IncRNAs have been found to have mostly cytoplasmic distribution. Recent large-scale screening
investigation using single molecule RNA fluorescence in situ hybridization of IncRNAs in human cell
lines revealed that IncRNAs exhibited a wide range of subcellular localization patterns, both distinct
nuclear localization patterns and localization patterns to both nucleus and cytoplasm [110]. LncRNAs

can either (Fig 2)

e Accumulate in cis to acts in cis (Fig 2A). Example Kcnglotl, HOTTIP IncRNA.

e Accumulate in cis and act in trans (Fig 2B). Example FIRRE IncRNA.

e Localizes and acts in trans (Fig 2C). Example HOTAIR IncRNA.

e Enriched in nuclear bodies to act in trans (Fig 2D). Example MALAT1, NEATI IncRNA.
e Exported to cytoplasm to act in trans (Fig 2E). Example linc-MD1, lincRNA-p21.
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Protein-coding gene Protein-coding gene
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Figure 2. Functions of Long Noncoding RNAs (IncRNAs) associated with their subcellular fates
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Mechanism of gene regulation by IncRNA: There is growing evidence for the repertoire of roles
performed by IncRNAs in regulating gene expression and their function. Over the last few years, several
reports have implicated the role of different IncRNAs in regulation of diverse biological functions.
These IncRNAs have been proposed to act primarily via fine tuning the expressions of critical protein
coding genes. While in most cases IncRNAs are implicated to play a critical role, the mechanism by
which these IncRNAs exert their functions are not always clear and uniform. Rather than any universal
mechanism, IncRNAs were in fact found to deploy a wide variety of mechanism in regulating gene

expression of protein coding genes, which are as follows:

e The act of IncRNA transcription itself can regulate adjacent gene expression through
recruitment of chromatin modifiers. Transcription through regulatory sequences to block its
function is termed as transcriptional interference and can inhibit [111, 112] or activate [113]
the expression of neighbouring genes.

e The IncRNA can function in cis by acting as a scaffold to recruit chromatin modifiers thereby
creating a locus specific chromatin structure to activate or repress gene expression. Most well
studied examples of this mechanism are IncRNAs like Xist, Kenglotl, HOTTIP.

e LncRNAs can act in trans as a scaffold to recruit chromatin modifiers for activation or
repression of gene expression. HOTAIR, lincRNA-p21 are known to act in this manner

e LncRNAs acting as a decoy to bind and sequester transcription factors away from their target
chromosomal regions. TERRA, PANDA, Gas5, MALATI IncRNAs are known to act in this
manner.

e IncRNAs can act as nucleating domains for accumulation and formation of paraspeckles.
NEATI, MALATI are known to act in this way.

e Cytoplasmic IncRNAs can pair with other RNAs and bind to RNA-binding factors to trigger
posttranscriptional regulation. 7INCR, Linc-MDI1 and LincRNA-p21 are examples of this

mechanism.

LncRNA as epigenetic modifier: Several studies have identified IncRNAs to be associated with
known chromatin modifying proteins such as CTCF [114], YY1[115], Mediator [116], WDRS [117-
119], LSD1 [120], and PRC2 [121, 122]. With technological advances, genome wide searches for
IncRNAs associated with a chromatin modifier by RIP-seq (RNA immunoprecipitation -sequencing)
have identified thousands of associated IncRNAs to be associated with PRC2 [15, 122], WDRS5 [123,
124] and also with a panel of 24 chromatin regulators and RNA binding proteins [124]. A significant
fraction of annotated IncRNAs were found to be associated with each of these chromatin modifiers.
While one hypothesis is that IncRNAs act as scaffolds to target these chromatin remodelers to specific
genomic targets in order to modify active or inactive chromatin domains. Such IncRNA dependent

recruitment is further corroborated by lack of any evidence supporting genomic sequence dependent
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recruitment of chromatin remodelers, further supported by the inherent ability of IncRNAs to associate
with chromatin and proteins. Apart from the above mentioned histone modifying complexes, several
IncRNAs have also been reported to directly interact with DNMTs to play a critical role in regulation
of DNA methylation mediated gene repression [18]. LncRNAs directly interact with active and inactive
histone modifiers to exert histone modification mediated regulation of gene expression. Regulatory
roles of IncRNAs have been implicated in almost all biological processes, where they have been
identified as critical regulators of these processes. They contribute to the regulation of biological
processes by fine tuning expression of critical protein coding genes. LncRNA interaction with DNA
and histone epigenetic modifiers have been implicated in the regulation of important biological
processes. In the next section, I will discuss how use of different model systems and alternative

experimental strategies have helped elucidating the role of IncRNAs as epigenetic regulators.

3.1 LncRNASs in genomic imprinting

In sexually reproducing organisms, the offspring inherits two copies of the autosomal genes from the
parents (paternal copy from father and maternal copy from mother), both of which are biallelically
expressed. During early gametogenesis in mammals, some autosomal genes get epigenetically
programmed to restrict their expression in a parent of origin-specific manner. Such an epigenetic
regulation of parent of origin-specific monoallelic expression of genes is termed as genomic imprinting.
Genomic imprinting provides an interesting model system to understand the mechanisms of epigenetic
regulation because although both parental alleles have similar DNA sequences, they are differentially
regulated for expression. Currently, more than 150 imprinted genes have been reported in human and
mouse. Imprinted genes in mammals are associated with the following characteristic features [12]:

e Imprinted genes are often present in clusters to form an imprinted locus of size ranging from a
few kilo bases to two to three mega bases, indicating a coordinated regulation of gene
expression of the cluster.

e Mono allelic expression of the cluster is regulated by a common cis-acting control element
called as Locus Control Region (ICR) which is typically 1-3 kb in size.

e Presence of at least one or two IncRNAs in the imprinted cluster as their partners with an
inverse expression pattern to their protein-coding counterparts [125, 126].

e Promoters of these imprinted IncRNAs often map to differentially methylated regions (DMRs)
which are part of the ICRs.

e DNA methylation and histone modifications coordinate the regulation of temporal monoallelic
gene expression with lineage and tissue specificity.

Earlier studies have suggested that the cis-dependent local and long-distance gene regulatory

mechanisms of genomic imprinting, is characterized by either:
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1. ICR functioning as chromatin insulator [127-129] (Fig 3).

2. ICRs acting as promoters of IncRNAs [130] (Fig 4).
Neither the insulator nor the IncRNA based mechanisms alone can explain the monoallelic parent-of-
origin-expression of genes. In this section, we will discuss with specific examples the functional roles
of these insulators and IncRNAs in the establishment of parent-of-origin specific gene expression by

focusing on antisense, intergenic, and enhancer-derived imprinted IncRNAs.

H19/Igf2 locus: This imprinted gene cluster is located on mouse chromosome 7 while its human
orthologue is located on chromosome 11. The 2.3 kb long H19 IncRNA, one of the first identified
imprinted genes, [131] is expressed from the maternal allele due to silencing by CpG methylation at the
promoter of its paternal allele. Insulin growth factor 2 (Igf2) gene which is located 90 kb upstream of
H19 gene is expressed from the paternal allele. ICR of this imprinted cluster is located upstream of H19
gene while a tissue specific enhancer common to both these genes is located downstream of H19 gene.
This ICR has multiple binding motifs for insulator protein CTCF, the binding of CTCF to the maternal
allele blocks the Igf2 promoter from accessing downstream enhancer element, thereby repressing
maternal Igf2 expression. This allows the H19 maternal allele to access the enhancer and express. The
ICR is methylated on paternal allele, which inhibits the binding of CTCF thereby allowing paternal Igf2
promoter to access the downstream enhancer [129]. Thus, the parent of origin-specific DNA
methylation of the cis-acting ICR allele dictates the CTCF dependent chromatin insulator mechanism

for regulation of monoallelic expression at this imprinted cluster (Fig 3).

‘ Maternal chromosome ‘

Fig 3. ICR functioning as chromatin
insulator. CTCF-dependent chromatin
insulation mechanism regulating the parent-
of-origin-specific expression of the HI9
IncRNA by controlling the activity of

downstream enhancers. Paternal
methylation of ICR inhibits CTCF binding
to repress H19, enabling the enhancer to

Enhancer activate /gf2 in cis.

Additionally, H79 IncRNA has been shown to be a part of an imprinted gene network (IGN) comprising
of 16 co-expressing imprinted genes, including Igf2, Igf2r, and Cdknlc [132]. Recent investigation
demonstrated H19 to interacts with methyl-CpG-binding protein MBDI, to recruit H3K9
methyltransferase to DMRs of some of IGN members, including Igf2, Slc38a4, and Pegl[132]. Such
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H19 IncRNA-dependent recruitment of MBD1-H3K9HMT to DMRs on both the parental alleles fine-
tunes the biallelic expression of IGN members, rather than controlling their monoallelic expression.
Collectively, maternally expressed H/9 IncRNA can involve in cis monoallelic regulation of 90k
upstream /gf2 gene and can also act in #rans to recruit chromatin modifying complexes to fine tune the
repression of biallelically expressed group of genes.
Interestingly, H79 IncRNA has been characterized with additional functional roles apart from above-
mentioned control of embryonic growth in mice through epigenetic regulation of imprinted gene or
gene clusters. These additional functional roles include, acting as
e Competing endogenous RNA (CeRNA) or as a scaffold in /e-7 microRNA dependent
inhibition of myogenic differentiation of multipotent mesenchymal stem cells [133, 134].
e miRNA precursor (exon 1 of the transcript) for miR-675-3p and miR-675-5p, to promote
myogenic differentiation [135].

e Tumour suppressor [136, 137] as well as an oncogene [138, 139].

Kcngl locus: Kenglotl is a 91kb long nuclear enriched, RNA Polymerase 11 (RNAPII) transcribed
noncoding transcript that is antisense to the Kncq! gene [140] which maps to Keng1/Cdknlc imprinted
chromosomal domain at the distal end of mouse chromosome?7 and has orthologous region on human
chromosome 11p22. This domain harbours 10-12 imprinted genes, which are maternally expressed
whereas Kcnglotl is paternally expressed since its promoter is methylated on the maternal chromosome
[141]. The paternal expression of Kcnglotl and silencing of paternal alleles of the imprinted genes in
this cluster is suggestive of a cis-acting regulatory framework. The repression of genes in this cluster
and the Kcnglotl mediated mechanism of repression is tissue and developmental stage dependent [125]
and accordingly is classified into three categories of imprinted genes:
e Ubiquitously imprinted genes (UIGs) are imprinted in both embryonic and extra embryonic
tissues. Example: Kengl, Cdknlc, Slc22al8 and Phlda?2.
e Placental imprinted genes (PIGs) that are repressed only in placental tissues. Example
Osbpl5, Ascl2, Tspan32, Cd81 and Tssc4.
e Non-imprinted genes (NIGs) which escape the RNA mediated silencing. Example: Cars/ and
Napll4.
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Experiments using an episomal system identified an 890 base pairs silencing domain at the 5’ end of
mouse Kcnglot! RNA which harbours several conserved repeats, to be crucial for mediating silencing
of genes [142]. Deletion, truncation and destabilization of the mouse Kcnglotl RNA in both transgenic
mice and episomal systems have argued for the requirement of RNA per se in the allelic transcriptional
repression of protein coding genes in cis [140, 141, 143]. Kcnglotl transcript from the paternal
chromosome, interacts with DNA (DNMT1) [144-146] and chromatin modifiers (EZH2 and G9a) [140]
to recruit them in cis and silence both UIGs and PIGs (Fig 4).

Paternal chromosome

Fig 4. ICRs acting as promoters of
IncRNAs. Paternal ICR s
unmethylated. Paternally expressed
Kenglotl IncRNA promotes long-
range chromosomal interactions in cis
through  recruitment of DNA
modifiers and chromatin to establish
higher-order repressive chromatin
compartment. Maternal DNA
methylation of the ICR silences
Kenglotl IncRNA  expression
resulting in the activation of all the

Kengtot!

target  imprinted  protein-coding
genes. (Modified from C. Kanduri /
Maternal chromosome Biochimica et Biophysica Acta 1859
(2016) 102-111)
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Studies have demonstrated that 890 base pairs silencing domain of Kcnglotl RNA is essential for both
chromatin localization and also for recruitment of DNMT1 for maintaining CpG methylation of somatic
DMRs [145] which acquire methylation during post implantation development. This RNA-dependent
recruitment of DNMT1 has a functional role only in the maintenance of silencing of ubiquitously
imprinted genes [147]. Silencing of PIGs, on the other hand, was shown to be regulated primarily by
repressive histone modifications. Knockout studies in mice lacking histone modifiers such as G9a, Eed
and Ezh2 have shown to influence silencing of PIGs. Kcnglotl RNA is required for initiation of
silencing of both UIGs and PIGs, and is also required for maintaining the silencing of only UIGs but

not for the maintenance of silencing for PIGs [147].

A recent investigation devised an RNA-guided chromosome conformation capture approach (3C; R3C)
to unravel the role of Kcnglotl in long-range gene silencing mediated through establishment of higher
order intrachromosomal interactions. Paternally expressed Kcnglot! RNA was demonstrated to induce

Kcngl silencing by promoting higher-order intra chromosomal interactions between the Kcngl
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promoter and the Kengl ICR (also known as KVDMR1) specifically on the paternal chromosome.
Continuous presence of Kcnglotl RNA is required for these higher-order intrachromosomal
interactions, as Zinc Finger technology mediated targeted Kcnglotl promoter methylation or
downregulation of Kcnglotl RNA results in loss of long-range intrachromosomal interactions [148].
Taken together, above observations suggest that chromatin targeting of Kcnglotl RNA to imprinted
promoter regions with DNMT]1 or repressive histone modifiers is essential to mediate lineage-specific
transcriptional silencing mechanisms to initiate and maintain the silencing of ubiquitously and

placental-specific imprinted genes (Fig 4).

Igf2r locus: The Igf2r imprinted locus present on mouse chromosome 17 is composed of three
maternally expressed protein coding genes /gf2r, Slc22a2 and Slc22a3 and a paternally expressed 108kb
long unspliced, polyadenylated non-coding RNA called as Air that is transcribed antisense to its host
gene Igf2r. Like Kncql locus, the ICR on the paternal allele is unmethylated to serve as a promoter for
Air expression and this correlates with the paternal allele silencing of the three imprinted protein coding
genes [149]. Air IncRNA has also been shown to interact with and recruit G9a (H3K9
methyltransferase) to the Slc22a2 and Slc22a3 gene promoter to mediate epigenetic lineage specific
transcriptional repression [150]. The mechanism of 4ir IncRNA mediated allelic silencing of Igf2r is
dependent both on the act of transcription rather than the transcript per say. This was supported by the
observation that act of unmethylated paternal ICR drives A4ir transcription in cis through the promoter
of Igf2r resulting in the eviction of pre-initiation RNAPII complex from promoter region. Whereas
maternally methylated ICR restricts the transcription of 4ir IncRNA thereby allowing /gf2r expression
[112, 150].

Nespas locus: Paternally expressed IncRNA Nespas, transcribed antisense to Nesp gene, belongs to the
Gnas imprinted cluster. The ICR of Gnas cluster contains two promoters, one each for Gnasx/ transcript
and the Nespas IncRNA, and maps to a differentially methylated region (Nesas-Gnaxl DMR). ICR is
unmethylated on the paternal allele allowing Nespas to transcribe through the Nesp promoter in the
antisense direction, inversely correlating with the transcription of the sense gene Nesp [151]. This was
found to correlate with increased CpG methylation and reduced H3K4me3 levels at the Nesp promoter,
while loss of Nespas transcription correlated with loss of CpG methylation and increased H3K4me3.
Above observations collectively suggest that the act of Nespas antisense transcription through the Nesp
promoter recruit histone demethylases such as KDM1B, resulting in demethylation of Nesp promoter

H3K4me3 which in turn promotes CpG methylation [152].
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3.2 LncRNAs in Dosage compensation

Dosage compensation is the mechanism by which organisms balances the expression of genes from
dissimilar sex chromosomes to equalize their expression in both sexes. Drosophila and mouse provide
two excellent examples where the mechanism of dosage compensation has been investigated in greater
details. In both cases the critical role of IncRNAs in dosage compensation has been elucidated providing

one of the best understood model for IncRNA mediated epigenetic gene regulation.

Drosophila dosage compensation via roX RNAs: Drosophila males have single X-chromosome while
females have two X chromosomes. The balance of X-linked gene expression between two sexes is
achieved in this case by hyperactivation of the single male X-chromosome. Two IncRNAs differing in
sequence and length are transcribed from the X-chromosome called as roX1 and roX2. These two
IncRNA combine with male specific MSL ribonucleoprotein complex MSL to form the dosage
compensation complex (DCC) which localizes exclusively to the transcribed genes on male X-
chromosome. This targeting of DCC results in acetylation of H4 lysinl6 to establish active chromatin
marks to induce transcriptional hyperactivation of genes from the single male X-chromosome [153].
Helicase activity of MLE remodels the folded conformation of the 70X RNAs thereby unmasking the
binding sites for MSL2 to trigger the assembly of DCC required to catalyse X chromosome-wide
acetylation of histone H4K 16 [154]. A recent study has integrated the roX IncRNA/DCC model of X-
chromosome targeting mechanism with high-affinity targeting motifs for the MSL complex that are
enriched around boundaries of topologically associated domains (TADs) to understand the nucleation
and spreading mechanism of 70X IncRNA/DCC in greater detail [155]. In summary, roX IncRNAs
provide an interesting example of IncRNA mediated epigenetic regulation in activation of gene

expression.

Mammalian dosage compensation: Mammalian males have single X-chromosome while females
have two X-chromosomes. The balance of X-linked gene expression between two sexes is achieved in
this case by inactivation of one of the female X-chromosomes which is a random process in almost all
tissues except extra-embryonic tissues where always the paternal X-chromosome (Xp) gets inactivated.
This X-chromosome inactivation (XCI) process is mediated by the orchestrated transcription of several
IncRNAs from the X-inactivation centre (XIC) of the future inactive X-chromosome (Xi) [156].

XCI is primarily mediated by a IncRNA called Xist, transcribed from the XIC to coat the Xi-
chromosome in cis, inducing PRC2 mediated H3K27me3 deposition and other repressive chromatin
modifications [157]. The association with chromatin and consequent silencing by Xist are mediated by

independent regions within this RNA. While a chromatin binding domain mediates it chromosomal
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coating, the A-repeat sequence in the RNA is transcribed as a smaller Rep4 IncRNA mediates its
silencing by interacting with PRC2 complex member EZH2 [158].

Tsix IncRNA transcribed antisense to Xist from the active X-chromosome (Xa) represses the expression
of Xist by DNMT3a mediated methylation at the Xist promoter. Loss of Tsix results in activation of Xis¢
even from the Xa [159, 160]. Unlike Txis which antagonizes Xist expression, another IncRNA called
Jpx/enox positively regulates Xist expression thereby forming two parallel antagonistic RNA switches
regulating the Xist expression [161]. Xact IncRNA that antagonizes Xist expression is transcribed from
the Xa to coat this chromosome in cis [162]. The requirement of Firre IncRNA mediated tethering of
Xa to the nucleolus also highlights the essential role of IncRNA maintaining higher order chromatin
structure [163]. Taken together, dosage compensation in mammals display intricate interplay between
several IncRNAs. An orchestrated transcriptional regulation of these IncRNAs epigenetically regulates

X-chromosome inactivation process in mouse.

3.3 LncRNAs in Cell-Fate Programming and Reprogramming

One of the most fascinating insight into the regulatory roles of IncRNAs come from studies with cell
programming and differentiation based models. LncRNAs have been found to be crucial players
involved in the specification, self-renewal, differentiation of stem cells and the differentiated progenies.

Following section, I will discuss about the regulatory role of some IncRNAs in cellular differentiation.

TINCR IncRNA: Khavari and colleagues, while examining the pattern of gene expression during
epidermal differentiation, discovered two IncRNAs ANCR and TINCR, which are expressed in
epidermal stem cells and their terminally differentiated progeny, respectively. While anti-differentiation
noncoding RNA (ANCR) provides example of an IncRNA that inhibit differentiation, 7INCR (terminal
differentiation-induced ncRNA) is a 3.7-kilobase IncRNA localized in the cytoplasm that controls
human epidermal differentiation by post-transcriptional mechanism. Genome-scale RNA (RIA-seq)
interactome identified 7/NCR to interact with a range of mRNAs implicated in epidermal
differentiation. A 25-nucleotide ‘TINCR box’ motif was strongly enriched in the interacting mRNAs
and was essential to mediate the 7/NCR—mRNA interaction. A high-throughput screen revealed direct
binding of TINCR RNA to the staufenl (STAU1) protein. STAU1 deficient epidermal and TINCR
depletion both impaired differentiation. 7INCR-STAU1 complex mediates stabilization of
differentiation mRNAs, such as KRT80. TINCR IncRNA mediates somatic tissue differentiation via

binding to the differentiation specific mRNAs to ensure their expression [164].
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LincRNA-p21: Using a OSKM induced somatic cell reprogramming system (ectopic expression of
defined factors such as Oct4, Sox2, KIf4 and c-Myc) Bao et al. found that /incRNA-p21 is induced by
p53 that act as a barrier for cell reprogramming without affecting cell apoptosis or cellular senescence.
LincRNAp21 interacts with H3K9 methyl transferase SETDBI1 to maintain repressive histone mark
H3K9me3 at a subset of pluripotency gene promoters, and also interacts with DNMT1 to methylate the
promoters of a different set of pluripotent genes. Mechanistically, both of these interactions were found
to be dependent on the RNA binding protein hnRNPk, the knockdown of which attenuated the
association between [lincRNA-p21 with DNMT1 or SETDBI and thus resulted in enhanced
reprogramming efficiency. This is an example where a RBP (i.e hnRNPk) serves as a facilitating
platform for the functional interaction between a IncRNA and two different inactive epigenetic

regulators that is required for efficient somatic cellular reprogramming [165].

Bvht IncRNA: Mouse embryonic stem cell (ESC) based differentiation study, identified a heart-
associated IncRNA, Braveheart (Bvhr) as an important factor in the commitment of cardiac lineage since
the depletion of this IncRNA severely reduced the number of beating cardiomyocytes formed during
embryoid body differentiation. Bvht IncRNA was found to interact with SUZ12, a component of PRC2
and acts in trans to activate the heart specific differentiation master driver MesP1 gene. This study
provides evidence for the role of IncRNA mediated epigenetic regulation in the establishment of the

cardiovascular lineage during mammalian development [166].

Another study experimentally determined the secondary structure of Braveheart (BvAf) in mESCs using
SHAPE and DMS probing methods to find that this transcript has a 590 nucleotide region with a
modular property. CRISPR/Cas9-mediated genomic editing identified that deletion of 11 nt of Bvhz [5”
asymmetric G-rich internal loop (AGIL)] impairs cardiomyocyte differentiation. Specific interaction
between a zinc-finger protein CNBP/ZNF9 and this AGIL loop in the Bvar IncRNA is essential to
maintain cardiomyocyte differentiation capacity [167]. Bvht interaction with CNBP through a well-
defined RNA motif to regulate cardiovascular lineage commitment provides supportive mechanistic

detail of epigenetic regulation.

Fendrr IncRNA: Fendrr IncRNA is expressed in the caudal end of lateral plate mesoderm which
eventually gives rise to heart and body wall development. Insertion of a premature polyadenylation
(polyA) signal into the mouse Fendrr locus promoted a depletion of the full length Fendrr IncRNA(KO)
that resulted in embryonic lethality at embryonic day 13.5 accompanied by defects of the abdominal
wall and heart. Fendrr binds to both PRC2 and TrxG/MLL chromatin complexes to exert a dual
epigenetic regulation of gene expression In Fendrr KO embryos, upregulation in the expression of

several lateral plate or cardiac mesoderm differentiation controlling transcription factors coincided with
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reduced PRC2 and H3K27me3 occupancy and with or without an increase in H3K4me3 at their
promoters, [118].

Linc-MDI IncRNA: Linc-MD1 was identified to promote muscle differentiation through its ability to
sponge out miR-133 and miR-135 thereby preventing their mRNA targets MAML1 and MEF2C which
are known transcriptional activators of muscle differentiation. Thus Linc-MD]1 acts as a competing
endogenous RNA (ceRNA) for miR-133 and miR-15335. Linc-MD1 is also a host transcript to a
repressor of muscle differentiation miRNA called miR-133b [168]. Additional study has identified that
binding of HuR (an RNA Binding Protein, RBP) to Linc-MD1 prevents the maturation of miR-133b
and maintains sponging of miR-133/miR-135 to promote differentiation. Cellular depletion of HuR
favours processing of Linc-MDI into miR-133b along with lower ceRNA functioning, thereby also
promoting the miR-133/miR-135 mediated inhibition of muscle differentiation [169]. This also
provides a dual mechanism employed by a single IncRNA in controlling different targets to achieve the
same function, in this triggering of muscle differentiation. This also raises the possibility of an
additional layer of complex regulatory network that can operate amongst non-coding RNAs in a positive

or negative feedback loop to regulate a biological process.

NoRC-Associated RNA (Promoter-Associated RNA, pRNA): Maturation of 250~300 nucleotide long
transcripts from a spacer promoter located 2 kb upstream of the pre-ribosomal RNA transcription start
site have been shown to be important in epigenetic silencing ribosomal RNA gene (rDNA) [170]. About
150-300 nt of RNA sequences, named as pRNA, that are complementary to the TDNA promoter interacts
with TIPS the large subunit of chromatin remodelling complex NoRC. This interaction of pRNA with
TIP5 guides NoRC targeting to rDNA promoter to promote H3K9&H4K20 methylation and HP1
recruitment. In vitro studies also described the role and mechanism of pRNAs in human [171]. pRNAs
regulate transcription of rRNA genes by forming stable RNA-DNA triplex at the target promoter
sequence which is then specifically recognized by DNA methyltransferase DNMT3b, the enzyme that
promotes heterochromatin formation in the rDNA promoter by DNA hypermethylation to subsequently
silence the TRNA genes [172]. In stem cells, interaction of mature pRNAs with the nucleolar
transcription terminator factor 1 (TTF1) and TTF1-interacting protein 5 (TIP5) has been found to be
essential for the generation of heterochromatic rDNA required for exit from pluripotency during ESC
differentiation [173]. This indicates that pRNAs forms RNA-DNA triplex structures to mediate

epigenetic silencing of rTDNA genes, required to promote ESC differentiation.
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3.4 LncRNAs in pattern formation

Development in multicellular organisms is an orchestrated process during which cells with identical
genotype attain different cellular identities based on their three-dimensional positioning in the embryo.
This spatio-temporal regulation of cell fate during development is called pattern formation. From
Drosophila to mammals, IncRNAs employs a variety of mechanisms to regulate the expression of
evolutionarily conserved homeotic gene cassette (HOX genes) to accomplish morphologically distinct
body plan. In mammals 39 HOX genes are organized on different chromosomes in four clusters called
HOXA-HOXD. The spatial organization of the genes should correspond to their temporal expression
pattern for regulating anterior-posterior axis formation during embryogenesis. Differential expression
of HOX genes is under the regulation of both active and inactive epigenetic modifiers mediated by
several IncRNAs.

DNA microarray based tilling all the four human HOX loci at five base pair (bp) resolution and a 2
mega base control regions was used to profile polyadenylated transcripts from fibroblasts representing
11 distinct positional identities [121]. This led to the identification of 231 HOX ncRNAs, 64% of which
also exhibited HOX like distinct spatio-temporal expression patterns. They also identified HOTAIR, a
2.2kb long IncRNA in the HOXC locus, which was found to exert transcriptional repression in trans at
the HOXD locus via interaction with PRC2. HOTAIR-PRC2 interaction enhanced the PRC2 activity at
HOXD locus and was required for both PRC2 and histone H3K27me3 occupancy at the HOXD locus.
Thus, IncRNAs were found to exert epigenetic regulation by their ability to demarcate active and
inactive chromatin domains essential for fine tuning the spatio-temporal expression of developmental
genes [121]. PRC2 was by then found to be a methyltransferase that trimethylates H3K27 to repress
transcription of specific genes [53, 174]. HOTAIR lincRNA was found to serve as a scaffold for two
distinct histone modification complexes. A 5’ region of HOTAIR transcript binds to PRC2 while a 3’
region of HOTAIR binds the LSD1/CoREST/REST complex. The ability to tether two distinct
complexes enables RNA-mediated assembly of PRC2 and LSDI, and coordinates targeting of PRC2
and LSDI to chromatin for coupled histone H3K27 methylation and H3K4 demethylation [120]. This
observation supported the frans acting scaffolding role of IncRNAs for the efficient assembly and co-

targeting of different functionally complimenting protein complexes to target chromatin region.

High throughput chromosome conformation capture (5C) across the HOXA locus along with H3K4me3,
H3K27me3 and Pol II ChIP-seq data based analysis lead to the identification of HOTTIP (HOXA
transcript at the distal tip) with bivalent H3K4me3 and H3K27me3 occupancy characteristic of poised
regulatory sequences. The 3.7kb long, spliced, polyadenylated HOTTIP transcribed antisense to
HOXA13 gene that was found to coordinate activation of several 5" HOXA genes (five genes found to
be regulated) in vivo. This is regulated via HOTTIP directly binding to and recruiting the WDR5/MLL

complex to the target promoters through chromosomal looping to drive H3K 4 tri-methylation mediated
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gene transcriptional activation [175]. HOTTIP provides a rare example of IncRNA involved in the

activation of gene expression by interacting only with active chromatin modifiers.

3.5 LncRNAs in Disease

In this section I would like to discuss about few IncRNAs that have been implicated to have a regulatory
role in diseases pathogenesis. I would try to focus how use of such disease model helped in better

understanding of the mechanism of IncRNA mediated epigenetic gene regulation.

ANRIL IncRNA: A 42kb germline deletion encompassing the /NK4b locus containing three tumour
suppressor genes; pl5/CDKN2B/INK4b, pl16/CDKN2A/INK4a and pl14/ARF and antisense IncRNA
ANRIL was first reported from genetic analysis of familial melanoma-neural tumours [176]. In many
other tumours these genes have been found to have altered expression with disease associated SNP
being mapped to the ANRIL gene [177]. ANRIL IncRNA transcribed antisense to /NK4 gene and was
found to interact with a member of PRCI complex called chromobox 7 (CBX7) protein to
transcriptionally repress the expression of /NK4a. In prostate cancer patients, elevated levels of both
ANRIL and CBX7 correlates with reduced expression of /NK4a. Additional study has also identified
ANRIL to interact with SUZ12 thereby recruiting PRC2 to silence /NK4a. This IncRNA was thus shown
to regulate epigenetic repression of a tumour suppressor gene by interacting with both PRC1 and PRC2
complexes. However, the detailed mechanism and role of this IncRNA in the disease pathogenesis has

not been investigated in detail.

HOTAIR IncRNA: HOTAIR expression was found to be upregulated in primary breast tumours and its
expression level in primary tumours was used as a predictor of eventual metastasis and death.
Overexpression of HOTAIR in epithelial cancer cells induced genome-wide re-targeting PRC2 leading
to altered H3K27me3 modification, gene expression resulting in increased cancer invasiveness and
metastasis. Loss of HOTAIR conversely, inhibited cancer invasiveness [178]. However, the PRC2
dependent trans acting regulation of HOTAIR could not be validated in MDA MB-23 1breast cancer cell
line studies [179]. Using RNA-tethering system to investigated HOTAIR-PRC2 interaction in gene
silencing, artificial tethering of HOTAIR to ectopic target chromatin caused PRC2 independent
transcriptional repression. Also, overexpression effect of HOTAIR was subtle but PRC2 independent.
PRC2 recruitment was a consequence of gene silencing. This study raises the possibility of PRC2
function independent of RNA-mediated chromatin targeting. In addition to breast cancer, HOTAIR

overexpression has also been associated with poor prognosis in 17 other cancer types [180] where the

29



oncogenic function of this IncRNA is mediated via PCR2 recruitment to epigenetically repress genes

involved in several processes.

MALATI IncRNA: MALATI was first reported as a prognostic parameter for patient survival and risk
of developing metastasis in stage I non-small cell lung cancers [181]. MALATI transcript is a highly
expressed nuclear enriched IncRNA transcribed from chromosome 11ql13 having high sequence-
conservation across species. MALATI localizes to nuclear speckles although its does not regulate the
integrity of these speckles, rather it interacts with pre-splicing proteins factors (SR proteins) to regulate
their abundance and distribution in the nuclear speckles [182]. In addition to this, MALATI has been
shown to promote cell proliferation by modulating the levels of cell cycle regulated oncogenic
transcription factor B-MYB [183]. Taken together these observations suggest that MALATI is acting as
a molecular sponge to titrate away pre-mRNA splicing factors leading to misregulation of cell cycle

progression genes resulting in tumour progression.

Overexpression of MALATI has been reported in various cancers and in most cases expression is
associated with higher cell proliferation and metastasis. Several molecular mechanisms have been
proposed for the role of MALATI in cancer pathogenies. This is because although it is overexpressed in
17 types of cancer, the target genes in each of these are rather varying depending on cell type specificity.
For example, in bladder cancer, MALATI associates with SUZ12 to induce N-cadherin expression,
concomitantly reducing E-cadherin expression, such that these cooperative changes results in the
malignancy of the tumour cells. In renal carcinoma cells, MALAT]1 gene locus is translocated to that
of transcription factor EB (TFEB) gene, to express a fusion MALATI transcript. The MALATI-TFEB
fusion causes the upregulation of TFEB transcription, which consequently results in oncogenic function
[184]. MALATI acting as an oncogene in various cancers has been implied to function in the control of
both alternative splicing and gene expression. Although several reports have described the implication

of MALATI in cancers, the mechanism of action in cancer pathogenesis is not yet understood.

PCAT IncRNAs: Use of whole transcriptomic profiling approach with RNA from a cohort of 102
prostate cancer patients identified 121 unannotated prostate cancer associated transcripts (PCATs).
PCAT-1 was identified as the most upregulated IncRNA in prostate cancer tissues, and independent
cohort studies have also confirmed the overexpression of PCAT-1in prostate cancer [185].
Additionally, PCAT-1 has been implicated as a prognostic biomarker for poor patient survival and
colorectal cancer metastasis. A study in prostate cancer, has shown that PCAT-1 promotes cell
proliferation through up-regulation of the cMyc protein (encoded by the MYC gene) by stabilization of
cMyc post-transcriptionally by interfering with the regulation of MYC by miR-34a at the MYC 3’

untranslated region (UTR). This explains a mechanism of cMyc stabilization in prostate cancer and
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illustrate a post-transcriptional function of PCAT-1 in the cytoplasmic compartment to antagonize
microRNAs [186]. A fraction of PCAT-I transcripts localizes to the nucleus where it interacts with
PRC2 to repress gene expression, while most PCAT-/ transcripts that are in the cytoplasm likely
operates independently of PRC2 in this cellular compartment. Cytoplasmic fraction of PCAT-

1 transcript has also been shown to repress the expression of tumour suppressor gene BRCA2.

Another prostate cancer associated IncRNA PCAT-114 termed as SChLAP!I (Second Chromosome
Locus Associated with Prostate-7) is overexpressed only in a subset of prostate cancers. SChLAPI levels
is a strong predictor of metastasis and prostate cancer specific mortality. Both in vitro and in vivo gain-
and loss-of-function experiments validated that SCALAPI contributes to invasiveness and metastasis of
cancer cell. SChLAPI was found to antagonize the genome-wide occupancy and regulatory functions
of the SWI/SNF chromatin-modifying complex. These observations suggest that SChLAPI promotes
the development of cancer lethality partly by antagonizing tumour-suppressive functions of the

SWI/SNF complex [187].

Pint IncRNA: One of the initial experimentally validated connection between p53 pathway and
epigenetic regulation of Polycomb that is mediated by a lincRNA came from studies on ubiquitously
expressed mouse lincRNA Pint, which is precisely regulated by p53 [188]. In mouse cells, Pint acts as
a positive regulator of cell proliferation and survival by regulating genes in the T7GF-f, MAPK and p53
pathways. Pint human orthologue was also identified (PINT) to be regulated by p53, interacts directly
with PRC2 to regulate target gene repression via PRC2 mediated H3K27 tri-methylation. Low
expression in primary colon tumours and overexpression induced inhibition of proliferating tumours
suggest a tumour suppressor role of PINT. This provides the evidence of p53 activated IncRNA with

PRC2 mediated epigenetic silencing.

LincRNA-p21: In addition to IncRNAs regulating DNA methylation through physical association with
DNMTs, some IncRNAs can modulate DNA methylation even through indirect interaction with other
RNA binding proteins. In a screen for pS3-regulated IncRNAs, Huarte M et al. identified /incRNA-p21
as a repressor in the p53-dependent transcriptional responses [189]. Depletion of the /incRNA-p21
affected the expression of p53 target genes that are normally repressed by p53. This transcriptional
repression by /lincRNA-p21 was mediated through direct interaction with hnRNP-k. 780 nt in the 5° ends
of the transcript was essential for this regulatory interaction that was required for proper genomic
localization of hnRNP-k at target repressed genes involved in p53 mediated apoptosis. LincRNA-p21
was thus a frans acting IncRNA with epigenetic regulatory role in repression of p53 target genes via

interaction with hnRNP-k.

However, apart from in trans transcriptional repression mechanism, /incRNA-p21 was also found to be

posttranscriptional inhibitor of translation. Antagonistic to p53 induction, /incRNA-p21 is negatively
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regulated via let-7/Ago2 destabilization of the RNA in presence of RNA binding protein HuR.
However, in absence of HuR, accumulation of /incRNA-p21 in HeLa (Human cervical carcinoma) cells
increases the association with JUNB and CTNNBI mRNAs. This IncRNA-mRNA interaction
selectively decreased the translation of corresponding mRNAs by inhibiting polysomes. Evidences from
lincRNA-p21 studies show that the same IncRNA can adopt different mechanisms to regulate gene

expression depending on whether they are localized in the nuclear or cytoplasmic compartment.

MEG3 IncRNA: Maternally expressed Meg3 IncRNA (maps to DIlkl-Dio3 locus on mouse
chromosome 12 and DLK1-DIO3 locus on human chromosome 14) and other noncoding RNAs of D/k1-
Dio3 locus have been identified as critical players in the reprogramming of mouse fibroblasts cells into
iPS cells with Meg3 expression acting as a marker for iPS. In several cancers, including gliomas,
colorectal cancers, and pancreatic neuroendocrine cancers have aberrant MEG3 expression [190]. In
many of the cancers, MEG3 is expressed at low levels, while its overexpression in cancer cell lines
promotes apoptosis by inhibits cell proliferation. Recently, TGF-f pathway genes were identified to be
direct targets of MEG3, which regulates these genes by directly binding and recruiting EZH2 to the
promoter—distal regulatory regions. This target recognition by MEG3 occurs via triplex formation
between GA-rich sequences within MEG3 and IncRNA GA-rich sequences of target genes [191]. This

provides a possible mechanistic explanation for the trans action of MEG3 IncRNA in cancer etiology.

UBE3A-ATS IncRNA: Angelman syndrome (AS) is a severe neurodevelopmental disorder associated
with speech impairment and intellectual disability. This is caused by biallelic activation of imprinted
UBE34-ATS causing biallelic silencing of UBE3A, an E3 ubiquitin ligase, leading to impairment of
important neural-related functions such as synaptic development, signal transduction, and plasticity.
Several mouse models, with either pre-mature termination of UBE3A-ATS or deletion of its promoter

have been generated to study the role of UBE3A-ATS in AS [12].

LncRNA research is at a very interesting juncture. Diverse functional and mechanistic understanding
of some well-studied examples in important and diverse aspects of biology suggest that many more of
these might play critical roles. Latest research is focused on characterising the regulatory landscape of
the genome with an integrative approach to identify the regulatory nexus between enhancers, promoters,
IncRNAs, and IncRNA-binding proteins in the regulation of specific biological processes. To do so,
experimental strategies are expanding for interrogating lincRNA structure, targets, localization,

function and interaction by developing improved tools for comparative genomics and precise high-
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throughput gene editing technologies. Additionally, IncRNAs are providing a new perspective towards
fresh therapeutic opportunities. In fact higher tissue specificity of IncRNAs over protein coding genes
is making them attractive as biomarkers and therapeutic targets. LncRNAs are also remarkably stable
in body fluids and tissues and their levels can be evaluated with the help of various techniques to assess
the disease progression and/or recovery with a particular treatment regimen. LncRNAs can be targeted
therapeutically by a variety of approaches including RNAi mediated gene silencing, antisense
oligonucleotides, plasmid based targeting, through small molecule inhibitors, CRISPR/Cas9 and by
gene therapy. Combinatorial approaches targeting both IncRNAs and protein-coding genes are coming
up as alternative therapeutic strategies in several cancer studies. Thus integrative molecular and
therapeutic approaches are rapidly growing for better understanding of this remarkable class of

biomolecule.
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AIMS

The main objective of this thesis was to investigate the mechanism of IncRNA mediated epigenetic
regulation of gene expression in disease model. In the first paper, in breast cancer cell line, using a
genome wide approach we have tried to identify IncRNAs that are functionally associated with active
chromatin marks and understand the mechanism by which they might regulate gene expression. In the
next paper, using genome wide transcriptomic approach on paediatric tumours as disease model we
identified regulatory IncRNA in disease condition. Finally, in the third paper, we looked for the role
and mechanism of KCNQ1OT! IncRNA in familial cases of Beckwith-Wiedemann and Silver—Russell

syndrome.

Paper I:
e Using ChRIP-seq we identified IncRNAs that are associated with H3K4me2 and WDRS active
chromatin domains. We named these as Active CARs (chromatin associated RNAs).
e We characterized the mechanism by which active CARs might mediate epigenetic regulation

of gene expression.

Paper II:
e Using transcriptomic approach, we identified IncRNAs that are differentially expressed
between low- and high- risk neuroblastoma tumours.
e Identified a IncRNA neuroblastoma associated transcript-1 (NBAT-1) as a biomarker
significantly predicting clinical outcome of neuroblastoma.
e Characterized the role of NBAT-1 in neuroblastoma pathogenesis that is mediated via epigenetic

silencing of target genes.

Paper I11:

e Identified a maternal 11p15.5 micro duplications including the most 5’ 20 kb of the non-coding
KCNQIOTI gene. Its maternal transmission was associated with ICR2 hypomethylation and
familial BWS phenotype.

e Demonstrated that this duplicated KCNQIOT1 RNA also interacts with chromatin through its
most 5" 20 kb sequence to silence CDKNIC, providing a mechanism that likely facilitates the
CDKNIC silencing mediated impact to BWS disease phenotype.
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MATERIALS AND METHODS

Chromatin RNA Immuno-Precipitation

Chromatin RNA immunoprecipitation (ChRIP) is performed to identify IncRNAs on a global scale that
are associated with chromatin. Here, we have used this technique to identify IncRNAs that are
associated with chromatin enriched with H3K4me2 and WDRS marks. For that we have used antibodies
anti-H3K4me?2, anti-WDRS to purify chromatin enriched with these marks and anti-IgG as a negative
control. In brief, BT549 cells were treated with Spg/pl of Actinomycin D (ActD) (Sigma) for 40 minutes
to inhibit nascent transcription. ActD treated cells were first cross-linked (20x10° cells were fixed in
20ml volume) with 1% Formaldehyde (Sigma-) at room temperature (RT) for 10 minutes and the
crosslinking reaction was quenched with Glycine at 125 uM of final concentration (Sigma-) at RT for
5 minutes. These cells were additionally cross-linked with UV light on ice at (0.15 J/cm? at 365 nm) in
a CL1000 cross-linker. Cells were then scrapped and washed twice with ice cold 1X PBS. Nuclei was
isolated using 1X Nuclei Isolation Buffer (5X Nuclei isolation Buffer: 1.28 M sucrose, 40 mM Tris—
HCI, pH 7.5, 20 mM MgCl2, 4% TritonX-100 supplemented with protease inhibitor cocktail and
RNasin Ribonuclease inhibitor 50 U/mL), given a cold 1X PBS wash and finally resuspended in Nuclear
Lysis buffer (0.1% SDS, 0.5% Triton X-100, 20 mM Tris—HCI pH 7.5, 150 mM NaCl. Supplemented
with protease inhibitor cocktail and Ribonuclease inhibitor 50 U/mL). Nuclei was sheared using
Bioruptor sonicator for 20-30 cycles in order to solubilize the chromatin. Protein A beads were washed
with nuclear lysis buffer and then blocked at 4 °C for 20 minutes in nuclear lysis buffer supplemented
with 10 mg/mL BSA. 6 ug of specific antibody was then added to washed and pre-blocked beads in
nuclear lysis buffer and kept for 2 h at 4 °C. After this, beads were cleared and incubated with 50-60
ng of soluble chromatin to a final volume of 500 pL on a at 4 °C rocker for overnight. Following day,
beads were washed once with low salt wash buffer (0.1% SDS, 1% TritonX-100, 2 mM EDTA, 20 mM
Tris—HCI, pH 7.5, 150 mM NacCl) and high salt wash buffer (0.1% SDS, 1% TritonX-100, 2 mM EDTA,
20 mM Tris—HCI, pH 7.5, 500 mM NaCl) followed by two washes in LiCl Buffer (250 mM LiCl, 1%
NP40, 1% deoxycholate, I mM EDTA, 10 mM Tris—HCI, pH 7.5) and a single final wash with TE
buffer (10 mM Tris—HCI, pH 7.5, 0.1 mM EDTA). Washed beads finally resuspended in Elution buffer
(100 mM NaCl, 10 mM Tris—HCI, pH 7, 1 mM EDTA, 0.5% SDS) supplemented with Proteinase K (5
uL of 20 mg/mL), incubated at 55 °C 45 min for isolation of chromatin-bound RNA. Formaldehyde
crosslinking was reversed by heating the beads at 95 °C 10 min. chromatin-bound RNA was isolated

using standard TRIzol-based extraction, DNase I treated and re-extracted the RNA for the final time.

Since RNA yield from each ChRIP pull-down was not sufficient for library preparation to perform
high-throughput RNA-sequencing using SOLiD (Applied Biosystem) sequencing platform, we had to
pool the purified RNA for each antibody from three independent biological pull-down ChRIP
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experiments. The RNA sequencing library preparation for SOLiD high throughput RNA sequencing
was done following standard library preparation protocol using SOLiD Total RNA-Seq Kit. The RNA

sequencing was done at Uppsala Genome Center, Sweden.

Chromatin Immuno Precipitation (ChIP)

ChIP was performed as per manufacture’s (Diagenode) recommendations using anti-H3K4me2, anti-
H3K4me3, anti-WDRS5 and control IgG antibodies. Briefly, 2x10° BT549 cells were seeded in 10cm
petri dish and transfected with 500pmol of negative control and siRNAs or ASOs. Cells treated with
control and target-specific siRNA were harvested, and equal number of cells were cross-linked with
1% formaldehyde at RT for 5 minutes. Cross-linking was quenched using 125uM of Glycine. Cell
lysate from the cross-linked was prepared using the manufacturer’s recommendation and the lysate
was sonicated for 70 cycles (30sec on, 30 sec off in Diagenode Bioruptor Plus) to obtain fragment
size of 100-300 base pairs. 3pg of antibody was used per 7-10ug of sonicated chromatin and binding
reaction was incubated overnight. The steps following overnight incubation was performed as per the
manufacturer’s recommendations. For ChIP-seq in BT549 cell line with H3K4me2, H3K4me3 and
WDRS antibody we used the same kit as mentioned above with suggested scale up as per as
manufacturer’s suggestion. WDRS5 depleted cells and control siRNA treated BT549 cells were also
processed in a similar way to prepare ChIP samples using H3K4me2 and H3K4me3 antibodies for

high throughput sequencing.

UV-Crosslinked RNA immunoprecipitation (UV-RIP)

UV-crosslinked RIP was carried out to look for direct interaction of protein of interest with IncRNAs.
In the thesis, I have used UV-RIP to validate direct interaction of some IncRNAs with WDRS active
chromatin modifier protein. To do this, BT-549 cells treated with Actinomycin-D for 1 hour were cross
linked using ultra violet wavelength of light, washed with 1x PBS (3x) and re-suspended in modified
RIPA lysis buffer (150 mM NaCl, 50 mM Tris, 0.5% sodium deoxycholate, 0.2% SDS, 1% NP-40)
supplemented with RNase inhibitors and protease inhibitors. Cell suspension was sonicated using a
Bioruptor Pico Ultra sonicator for 3 x 30s cycles. 10 pl of DNase was added to sonicated material,
incubated at 37 °C for 10 min, and spun down at max speed for 10 min at 4 °C. Protein-A Dyna-beads
were washed and pre-incubated with 4pg of WDRS antibody for minimum of 2 hours at 4 °C. Lysate
and beads were incubated at 4 °C for 2 h. Beads were washed 3x using the following wash buffer (1x
PBS, 0.1% SDS, 0.5% NP-40) followed by 2x using a high salt wash bufter (5x PBS, 0.1% SDS, 0.5%
NP-40) and crosslinks were reversed and proteins were digested with 5 pl proteinase-K at 55 °C for 1 h.

RNA was extracted using TRIzol Reagent.
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Chromatin Oligo Affinity Precipitation (ChOP)

The ChOP assay was performed to identify the genomic targets of IncRNAs. Here, I have investigated
genomic targeting of some active chromatin associated IncRNAs that we identified by ChRIP-seq. For
that, BT549 cells (20 x10°) were cross-linked using 1% formaldehyde for 10 min at room temperature
followed by quenching (using 0.125M glycine). For Actinomycin D treated ChOP, BT549 cells were
treated with Spg/ul ActD for 1 hour before cross-linking step. The cross linked pellet was obtained by
centrifugation at 1000g at 4°C for 10 min. Cells were resuspended in 2ml of buffer A 3mM MgCl,,
10mM Tris HCI, pH 7.4, 10mM NacCl, 0.5%v/v NP-40, 0.5mM PMSF and 100 units/ml RNasin) and
incubated on ice for 20 min. Nuclei were harvested by centrifugation and resuspended in 1.2 ml of
buffer B (50mM Tris HCI, pH 7.4, 10mM EDTA, 0.5% Triton X-100, 0.1%SDS, 0.5mM PMSF and
100 units/ml RNasin) and incubated on ice for 40 min. An equal volume of buffer C (15mM Tris HCI,
pH 7.4, 150mM NaCl, ImM EDTA, 1% Triton X-100, 0.5mM PMSF and 100 units/ml RNasin) was
then added and incubated on ice for 15 min. Samples were sonicated using a Bioruptor sonicator
(Diagenode) for 45 cycles (30sec on, 30 sec off at High Pulse). Several oligos complimentary to the
IncRNAs were pooled with a final concentration of 10uM and then used for the RNA pull down. As a
control, a pool of 9 oligos complimentary to LacZ was used. The oligos were added to the chromatin
solution along with yeast tRNA (100pg/ml), salmon sperm DNA (100pg/ml), BSA (400pg/ml) and
incubated overnight at 4°C. Samples were then incubated with streptavidin agarose beads for 3h
followed by two washes of Low salt buffer (20mM Tris HCI, pH7.9, 150 mM NaCl, 2mM EDTA, 0.1%
SDS, 1% TritonX-100, 0.5mM PMSF and 50 units/ml RNasin), two washes of High salt buffer (20mM
Tris HCI, pH7.9, 500mM NaCl, 2mM EDTA, 0.1% SDS, 1% Triton X-100, 0.5mM PMSF and 50
units/ml RNasin) and one wash of 1X PBS. The beads were then incubated with elution buffer (1%SDS,
100 mM NaHCOs) for 45 min with intermittent mixing at 65°C followed by Proteinase K (80 pg/ml)

digestion and phenol chloroform extraction method for DNA isolation.

RNA Isolation and Library Preparation

Tumours from neuroblastoma patients were cut on dry ice. Total RNA was isolated from the tumours
using the Promega Total RNA Isolation Kit (Promega). Isolated RNA was ribo-depleted using the
Ribominus Eukaryotic Kit (Invitrogen) according to the manufacturer’s instructions. Ribo-depleted
RNA was used to prepare a whole transcriptome library (Applied Biosystems) as per the manufacturer’s
protocol. Quality, size, and concentration of the RNA during library preparation were analysed using
Bioanalyzer 2100 (RNA Pico Kit, Agilent). Final amplified cDNA library was analysed using DNA
Hypersensitive Kit (Agilent). Amplified cDNA library were finally sentenced for whole transcriptome

sequencing.

38



RESULTS AND CONLUSIONS
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Paper I: H3K4me2 and WDRS enriched chromatin interacting long
non-coding RNAs maintain transcriptionally competent chromatin at
divergent transcriptional units.

Main observation:

Genome is sub-compartmentalized into active and inactive chromatin regions with distinct epigenetics
codes for effective spatio-temporal regulation of gene expression. Active chromatin is characterized by
the presence of histone marks such as H3K4mel, H3K4me2, H3K4me3, H3K36me3 and H3K27ac of
which H3K4me2 and H3K4me3 are promoter specific while the rest are used along with H3K27ac and
H3K27me3 to define different types of enhancers. Chromatin modifier WDRS specifically interacts
with H3K4me2 and facilitates the MLL-SET1 complexes to assemble and convert H3K4me?2 to
H3K4me3. Recent evidence suggests that IncRNAs can modulate the chromatin structure by either

acting as guides or scaffolds for chromatin remodeling complexes.

In the current investigation, using modified ChRIP technique, we have characterized IncRNAs that are
associated with active chromatin enriched with histone modification H3K4me2 and the chromatin
reader and/or remodeler WDRS. Following are some of the intriguing observations from our current

study.

e Sequencing of ChRIP RNAs purified from the H3K4me2 and WDRS5 enriched chromatin
domains, identified majority of these H3K4me2- and WDRS- associated IncRNAs to be
antisense in orientation to any nearby protein coding genes. 209 IncRNAs were commonly
enriched in both H3K4me2 and WDRS pulldown chromatin fractions and we named them as
active chromatin associated IncRNAs (active CARs).

e Active CARs were found to have distinct genomic organization as 41% of them mapped to
divergent transcription units, within 2kb upstream of some protein-coding partner genes.
Functional enrichment analysis revealed these protein coding partners to primarily encode
transcription factors.

e Active divergent CARs are targeted to the promoters of partner protein coding genes and can
also interact with WDRS. This helps in maintaining transcriptionally competent chromatin at
the promoters as depletion of these active divergent CARs resulted in decrease in the levels of
mRNA of the partner protein coding genes along with loss of H3K4me2, H3K4me3 and WDRS5
occupancy at the promoters.

e Additionally, deletion of WDRS resulted in the loss of H3K4me3 but not H3K4me?2 at these

divergent transcription units.
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Conclusions:

1. ChRIP-seq identified H3K4me2 and WDRS5 enriched CARs with distinct divergent
genomic organization.

2. Expression of divergently organized transcription factor genes are epigenetically regulated
by their partner active CARs.

3. Divergent active CAR transcripts per se and not the act of transcription is responsible in
the maintaining the active chromatin architecture at these promoters.

4. Conversion of H3K4me?2 to H3K4me3 at divergent transcription units is mediated by active
CARs-WDRS interaction, whereas, the maintenance of H3K4me2 marks at these promoters

appears to be WDRS independent.
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Paper II: The Risk-Associated Long Noncoding RNA NBAT-1
Controls Neuroblastoma Progression by Regulating Cell Proliferation
and Neuronal Differentiation.

Main observation:

Neuroblastoma (NB) tumors are found in adrenal medulla and sympathetic ganglia and are derived from
the improper differentiation of the neural crest cells. NBs account for 10% of all pediatric cancer
mortality. NB is heterogeneous disease which can be categorized into two risk groups depending on the
several factors like disease identification stage and chromosomal aberration like MYCN amplification.
Because of the heterogeneous nature of the disease the treatment regime of the NB patients remains
difficult to decide and often the high-risk tumors relapse in spite of multimodal therapies. This suggests
need for reliable biomarker for NB risk stratification and better treatment options. In the current
manuscript using RNA-seq we have performed transcriptomic profiling of high-risk and low-risk NBs

and looked for novel NB specific long non-coding RNA (IncRNA) based biomarker.

Our transcriptomic profiling was able to differentiate low and high-risk NB tumors and we identified
several coding mRNAs and IncRNAs which were differentially expressed between these two disease
subgroups. We verified that previously identified differentially expressed coding mRNAs were
differentially expressed in our NB data set. Our analysis on the differential expression of the IncRNAs
between high and low risk tumors revealed a IncRNA, NBAT-1 (neuroblastoma associated transcript 1)
which showed decrease expression in high-risk NBs. NBAT1 is located in chromosome 6 and NB risk
SNP 16939340 associated with the aggressive disease is located in the intron of the NBAT-1 IncRNA.
Differential expression of the NBAT-1 was validated in another independent NB cohort comprising 498
tumors. Higher NBAT-1 expression was a better predictor of NB patient’s survival and NBAT-1 could
serve as an independent prognostic marker in predicting event free survival suggesting NBAT-1
expression can be used in risk assessment for NBs. We observed that the risk genotype (GG) for the
SNP 156939340 and DNA methylation of promoter contributes in the lower expression of NBAT-1 in

high-risk tumors suggesting both genic and epigenetic contribution in NBAT1 regulation.

Using in vitro cell culture based assays and mouse xenograft studies we observed NBAT-1 can acts as
tumor suppressor IncRNA in NBs. Consistent with this depletion of NBAT-1 in NB cells leads to change
in the gene expression signature with genes involved in the proliferation, migration, cell invasion. We
observed that in NB cells NBAT-1 interacts with one of the Polycomb complex 2 (PRC2) members
EZH2 and NBAT-1 depletion leads to de-repression of the genes which are silenced by PRC2. The
PRC2 and NBAT-1 regulated common genes participate in the tumor suppressor function of the NBAT-
1. We also observed NBAT-1 depletion leads to differential expression of the genes related to neuronal

development and differentiation. We observed NBAT-1 expression was upregulated during retinoic acid
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(RA) mediated differentiation of the NB cells and NBAT-1 depleted cells show perturbation in the
neuronal differentiation phenotype. Gene expression profiling during differentiation of the NB cells
after NBAT-1 depletion revealed that wide spread changes in the expression of the genes related to
neuronal differentiation and axonogenesis. We observed that a group of genes which were down
regulated during neuronal differentiation of the NBAT-1 depleted cells were bound by neuron restrictive
silencing factor REST. Knock down of the REST in the NBAT-1 depleted cells could rescue the neuronal

differentiation phenotype along with reversal in the gene expression changes.
Conclusions:

1. Transcriptomic profile can distinguish low and high-risk NB tumors.

2. NBAT-1 is tumor suppressor IncRNA and it regulates gene expression by interaction with
PRC2.

3. Loss of NBAT-1 leads to perturbation in the neuronal differentiation of the NB cells.

4. REST regulated genes are down regulated in the NBAT-1 depleted cells and REST knockdown
could rescue the differentiation defect in NBAT-1 depleted cells.
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Paper III: The KCNQI1OT1 imprinting control region and non-
coding RNA: new properties derived from the study of Beckwith—
Wiedemann syndrome and Silver—Russell syndrome cases.

Main observation:

Imprinted genes have a monoallelic expression depending on parent of origin-specific manner. This is
regulated by epigenetic modifications that are differentially established on the maternal and paternal
alleles. The primary targets of these epigenetic modifications are cis-acting master regulatory elements
of the imprinted loci, known as imprinting control regions (ICRs). Two independent imprinted domains
are located on chromosome 11p15.5 in human, each of which is controlled by a separate ICR. The
telomeric and centromeric ICRs (ICR1 and ICR2, respectively). ICR2 is the promoter of an imprinted
IncRNA gene KCNQ1OT1 which is transcribed in an antisense orientation from intron 11 of the protein-
coding gene KCNQI. KCNQI1OT]I transcript bidirectionally silences in cis the imprinted genes of the
centromeric domain on the paternal chromosome, whereas on the maternal chromosome, ICR2 is
methylated, KCNQ1OT] is not transcribed and the flanking imprinted genes expressed.
Heterogeneous molecular defects affecting the 11p15.5 imprinted gene cluster are associated with the
congenital growth disorders, Beckwith—Wiedemann syndrome (BWS) and Silver—Russell syndrome.
The BWS is characterized by overgrowth, macroglossia, abdominal wall defects and predisposition to
embryonal tumours in childhood. The SRS is associated with growth restriction, hypotonia and
characteristic dysmorphic features. Loss of the maternal-specific ICR2 methylation is the most frequent
defect in BWS, resulting in the bi-allelic activation of KCNQIOTI and bi-allelic silencing of the
centromeric domain genes, including the cell growth inhibitor CDKNIC. Mutations of CDKN1C is also
known to account for 5% of the BWS cases. Thus, expression of CDKNIC might play as a one of the
contributing factors for the BWS disease phenotype.

Here, we report two interesting cases of maternal 11p15.5 micro duplications in cis that is associated
with opposite disease phenotypes. The first case is a 1.2 Mb long inverted duplication including the
entire 11p15.5 imprinted gene cluster and associated with the SRS phenotype. The second is an
exceptional case in which a 160kb duplication that included ICR2 and the initial 20 kb of KCNQI10T1
co-segregates with the BWS phenotype in a three-generation pedigree.

Using MS-MLPA (methylation specific multiplex ligation dependent probe amplification assay) with
11p15.5 specific probes we identified ICR2 hypomethylation in all the BW's patients which also showed
increased copy number (CN) of the KCNQ! exons 12—-15 and ICR2 (located in KCNQ! intron 11) in
all the individuals displaying the ICR2 hypomethylation. Next the precise extent of this duplicated
regions was analysed by array comparative genomic hybridization using the Affymetrix Genome Wide
Human SNP Array 6.0 with DNA from patients. In BWS family the 160kb duplicated region was found
to include ICR2 and the first 20kb of KCNQIOT]I gene. Bisulphite sequencing strategy was used to
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check the allele specific methylation pattern of the normal and duplicated ICRs. In the BWS family
upon maternal transmission of the micro duplication, ICR2 is hypomethylated, whereas the truncated
KCNQI1OT1 is expressed and CDKNIC is silenced.

Next, we investigated the mechanism of biallelic expression of CDKNIC. To this end, we performed
chromatin RNA immune purification (ChRIP), using antibodies raised against H3 histone on cross-
linked chromatin obtained from lymphoblastoid cell lines derived from one control healthy individual,
two familial BWS patients carrying 160kb duplication and a fourth unrelated individual with ICR2
hypomethylation without duplication.

We designed allele specific primer based on the SNP (rs463924) located after 4kb of KCNQIOT!I
transcription start site, that could distinguish the parental alleles. Using allele specific ChRIP we
identified that paternally derived KCNQIOT! (normally expressed) efficiently interacted with
chromatin in all four cell lines. However, the enrichment of the maternally derived transcript in the
immunoprecipitated chromatin was found to be significantly higher in the BWS cell lines than in the
control.

To obtain a further confirmation, the ChRIP RNAs of the normal control, and three patient cell lines
were retro-transcribed, PCR-amplified and sequenced with primers around the SNP rs463924. The
sequencing electropherograms clearly demonstrated the presence of both parental alleles (A/G) in the
ChRIP RNAs of the BWS samples, but only one allele (G) in the control.

Conclusions:

Taken together, we could demonstrate that the human KCNQI1OT1 interacts with chromatin and that
the silencing of CDKNIC by this IncRNA in the BWS cells occurs via interaction with chromatin,
providing a mechanism that likely facilitates the CDKN1C silencing mediated impact to BWS disease
phenotype.
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