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ABSTRACT

Myogenesis occurs during embryonic development while all tissues are being
defined, and during regeneration of adult muscle tissue after injury and inflammation.
Among myogenesis-specific transcriptional factor, the two main players, MyoD and
myogenin, are crucial for the process. In a healthy organism, all myogenic factors work in
a strictly time-regulated manner to build new muscle fibers, and a feed-forward mechanism
of the molecular cascade has been described. Although we know the main protein factors
regulating myogenesis, still we are unable to explain the molecular pathology of various
muscular dystrophies.

Since genome wide studies have become widely accessible, researchers now
recognize novel transcripts which do not code for proteins but are functional as RNAs. It
is established that the majority of transcripts produced by the mammalian genome does not
express proteins, but is crucial for proper homeostasis of various biological systems. There
are known examples of long noncoding RNAs (IncRNAs) which are tissue-specific, and
some of them are cancer-specific. They function as scaffold molecules, chromatin

modifiers, and post-transcriptional regulators of mMRNAs.

The goal of my project was to describe novel pro-myogenic long noncoding RNAs
induced during muscle differentiation, and to investigate their functions and mechanisms.
In the beginning of the project, publicly available genome-wide datasets of differentiating
murine myoblasts, C2C12 cells, were analyzed. After combining RNA-Seq, RNA Polll
ChlP-Seq and H3K4me3 ChlP-Seq, a pool of potential long noncoding transcripts induced
during differentiation was established. After confirmation that several of these INCRNAS

are indeed induced during differentiation, we decided to focus on one specific transcript,



MyoD Upstream NonCoding Element (MUNC), whose genomic locus partially overlaps
with the DRR-enhancer for MyoD. We characterized the sequence of MUNC, and its two
isoforms: unspliced and spliced. We found a functional human homolog of the transcript.
In vitro and in vivo depletion experiments established that MUNC is pro-myogenic. By
stable overexpression we learned that MUNC does not have one domain responsible for its
action, rather at least two fragments of MUNC can independently induce myogenic
transcripts. Partial overlap between the MUNC locus and an enhancer for MY OD sequence
suggested that the only function of MUNC is activation of MYOD expression as an
enhancer RNA (eRNA). To investigate this possibility, we generated a MYOD knockout
cell line. By overexpressing MUNC in MYOD deleted cells we discovered that in the
absence of MyoD, MUNC is still able to regulate specific genes, mostly skeletal muscle
related. We characterized genes regulated by the coordinated action of MyoD and MUNC,
and genes regulated by their separate pathways. Our study showed that MUNC does not
only work as an enhancer inducing MYOD expression, but also has MyoD-independent

functions during myogenesis. Thus it is both an eRNA and an IncRNA.
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CHAPTER I: INTRODUCTION

Myogenesis- a process of skeletal muscle development and regeneration

Skeletal myogenesis is a process of skeletal muscle development during
embryogenesis and during regeneration of adult muscles that enables movement of the
whole body. Additionally, muscle tissue is important for energy metabolism because of its
high total mass relatively to the whole body. Skeletal muscles are responsible for the
majority of glucose uptake in response to insulin. During embryogenesis, paraxial
mesoderm undergoes segmentation to build somites. Somites differentiate into
dermomyotome, and later to dermatomes and myotomes. During human development first
myoblast fusions take place between 10 and 13 weeks of gestation. By 15 weeks myotubes
are grouped into bundles and build myofibers with peripheral nuclei. By birth fibers are
differentiated into type I fibers (slow-twitch fibers) and type 11 fibers (fast-twitch fibers)?.
During adult muscle regeneration, satellite cells which are stem cells for muscle have a
crucial role. Under homeostatic conditions —satellite cells are quiescent and they reside
between the basal lamina and the sarcolemma of the myofibers. In response to physiologic
and pathologic stimuli, such as denervation, muscle inflammation, exercise or injury
satellite cells are activated, proliferate and eventually exit the cell cycle to differentiate and
fuse to form new myofibers. The pool of satellite cells is maintained by asymmetric

divisions of satellite cells during the proliferation stage?.
Skeletal muscle disorders

Dystrophinopathies are diseases caused by mutations in a gene on X chromosome,

coding for a protein dystrophin. The dystrophin gene spanning 2.5 million bp is the largest



gene described in humans. It produces tissue specific isoforms of transcripts and proteins,
which are present in muscles, brain, lymphocytes. The protein is associated with the plasma
membrane of the muscle, and builds a complex with integral membrane proteins to connect
the basal lamina of the extracellular matrix with the inner cytoskeleton. Dystrophin
mutations causing disorders include intragenic deletions and rarely duplications. There is
no clear correlation between size of the deletion and severity of the disease. Different
mutations (according to their location and size) may give similar phenotype of the disease.
Commonly, but not without exceptions, mutations with loss of the reading frame are linked
to the more severe phenotype of Duchenne muscular dystrophy (DMD), while in-frame
mutations/deletions lead to the milder Becker’s muscular dystrophy (BMD). Duchenne’s
dystrophy is the most common form of inherited muscle disease of childhood with both
skeletal and cardiac muscles being affected. Progressive muscle necrosis takes place,
independent ambulation is lost by early adolescence. Other symptoms are cardiomyopathy
and disorder of respiratory function with the patients dying by their 30s. Becker’s
dystrophy is milder version of the disease that also involves skeletal impairment and dilated
cardiomyopathy?® #. Prevalence of DMD is 4.78 per 100,000 boys, while that of BMD is
1.53 in 100,000 boys®. Apart from Duchenne and Becker’s dystrophies there is a group of
highly heterogenous Limb-girdle muscular dystrophies (LGMDs). These disorders are
rare, characterized by weakness and wasting of the pelvic and shoulder girdle muscles.
They are harder to diagnose because of genetic heterogeneity*. There is a need for
development and validation of biomarkers which may help to speed up drug development
and lead to faster access to new treatments. Biomarkers used now are dystrophin, CK,

MMP9®. Using meta-analysis comparing healthy patients and DMD patients a list of



deregulated genes in DMD as potential biomarkers for the disease was proposed’. A similar
study was performed using mice models for various types of muscular dystrophy. In this
study authors focused on microRNAs as potential markers®. So far, the proposed list of
biomarkers contains protein-coding transcripts and miRs. Considering the size of the pool
of long noncoding transcripts that are produced from the genome, it is possible that we are
still missing a great group of RNA molecules whose quantification could help to diagnose

muscular diseases.

Rhabdomyosarcoma (RMS) is a type of cancer of muscle tissue. It is mainly a
pediatric disease with about 5% of child cancers being RMS. They tend to develop in head
and neck area, or in genital and urinary tracks (embryonal RMS) and in arms, legs, or trunk
(alveolar RMS). Main approaches to treat RMS are surgery and chemotherapy. Overall, 5-
year survival rate in children is 61%°. Approximate incidence of RMS is 4.5 cases per
million children®®. Characterized genes up-regulated in RMS are FGFR4, NOTCH?2,
UBE2C, UHRF1, YWHAB. The disease blocks regular skeletal muscle development,
leading to unregulated proliferation. Common mutation in RMS is fusion of PAX-FOXO1
genes, which commit mesenchymal stem cells to a myogenic lineage and skeletal

myogenesis by trans activating MYOD and myogenin®Z,

Muscle atrophy is a condition of muscle wasting after injury/surgery or when
muscles are not used or in elderly population (sarcopenia). It was documented that people
by the age of 80 lose 30% of their skeletal muscle fibers. The maintained muscles are not
flexible, they are weaker and impaired in their regeneration after injury. Sarcopenia causes
a decline in mobility and frequent falls. The main intervention is exercise training, which

delays the process of atrophy*?,



Molecular biological processes regulating myogenesis

Embryonic progenitor cells and adult quiescent satellite cells express transcription
factors Pax3 and Pax7*3 !4, During active proliferation and differentiation helix-loop helix
family transcription factors are activated: MyoD, myogenin, Myf5, Mrf4!°, MyoD, and
Myf5 are engaged in the establishment and the maintenance of myogenic precursor cells,
while myogenin and Mrf4 are important for later steps of differentiation®® ’. Satellite cells
are heterogenous in Myf. Myf™ cells are capable of asymmetrical divisions, and others that
are Myf5* are committed to differentiation®. MyoD is induced shortly after satellite cell
activation. After cells are committed to differentiation they start producing myogenin and
Mrf4 as they undergo multiple rounds of division. Eventually, after exiting cell cycle they
express muscle-specific genes, alpha-actin, troponin T, myosin heavy chain and fuse into
myotubes to contribute to mature muscle fiber'®. All four myogenic transcription factors
are able to induce trans-differentiation in non-muscle cell lines, but with different potency.
It was shown by reporter CAT (chloramphenicol acetylatransferase) assay that out of the
four, MyoD is the most potent, even factors belong to the same protein family, have
distinct biological roles?®. The high potential of MyoD to change cell reprogramming to
skeletal muscle type was shown by transfecting it into different cell types, liver, melanoma,
neuroblastoma, and fibroblasts, where it forced these cells to differentiate into muscle—like
cells? 22 22 24 Qverexpression of MYOD in non-muscle cells results in relaxation of
chromatin region in proximity to myogenin and MCK loci. This suggests that when MyoD
binds to these sites, it does not only activate their transcription, but also changes local
chromatin landscape?®. MYOD™ mice are viable and develop healthy muscles but are

defective in their regeneration capacity after injury?® 2’. Primary myoblasts derived from



MYOD™ mice show increased level of Myf5, suggesting a compensatory mechanism
between these two proteins. The differentiation process is still delayed in MYOD™ cells
compared to WT cells. They show higher proliferation rate than WT2, MyoD and Myf5
functions are somewhat redundant. Mice lacking one or another are able to develop skeletal
muscle tissue and are viable, but once interbred, double knockout pups do not develop
muscle, are immobile and die soon after birth?®. By comparison between the single mutants
embryos, MyoD seems to be more important for the development of hypaxial musculature
(limb and abdominal wall), and Myf5 for epaxial musculature (paraspinal and
intercostal)*. Lineage tracing in mice study showed the presence of two myoblast lineages,
Myf5-expressing, and MyoD-expressing. Upon ablation of MYF5 MyoD-expressing
progenitors increase, so myogenesis is recovered, suggesting that the MyoD* population
of progenitors is more dominant® 32, Molecular, genome-wide experiments show that both
factors bind to the same pool of genomic sites, but their bindings have different effects.
Myf5 induces histone acetylation marks of bound loci, but does not change gene

expression, while MyoD binding robustly induces transcription of its targets®.

MyoD protein is highly conserved between vertebrates®*. Like other members of
basic helix loop helix (bHLH) family, MyoD consists of four conserved domains: (1) a
TAD (transcriptional activation domain) in the amino terminal region, (2) a
histidine/cysteine rich domain (H/C domain), (3) a bHLH in the central region, and (4) an
amphipathic alpha helix domain in the carboxy terminal region. TAD is important for
interactions between MyoD and the histone acetyltransferase p300/CBP, responsible for
transactivation by MyoD®. The bHLH domain dimerizes with E box proteins E12, binds

DNA and changes TAD conformation. MyoD binds to E box consensus sequence



(CANNTG), found in the promoters and enhancers of muscle specific genes®. MyoD
works in a feed-forward mechanism, activating early- and late-differentiation factors in a

specific temporal manner3® 3.

Another family of transcription factors important for muscle differentiation are
MEF2A-D (myocyte enhancer factors) proteins. By shRNA screening in C2C12 cells it
was shown that functions of these proteins are not fully overlapping and that they regulate
distinct groups of myogenic genes. Only MEF2A knockdown impairs C2C12 cell
differentiation, and knockdown of other MEFs does not affect the process, suggesting a
dominant role of Mef2C in the process®. Mice with muscle-specific deletion of MEF2C
show myogenesis failure and lethality and mice which survive to adulthood show
abnormalities in myofiber types. Lack of MEF2A causes cardiovascular defects without
skeletal muscle defects, and MEF2D single deletions do not deregulate muscle
development®. In a molecular level it was shown that Mef2D interacts with MyoD at
myogenic promoters®. Interactions between Ashl2 and Mef2D and weaker interactions
between Mef2C and AshlI2 were recognized in overexpression experiments. It suggested

that Mef2C/D proteins recruit Ashl2 to methylate H3K4me3 on myogenic promoters=°.

MyoD activity is regulated temporally at both transcriptional and post
transcriptional level. A proto-oncogene c-Jun inhibits expression of MyoD, and c-Jun and
c-Fos interact with the myogenic factor inhibiting its activity** 2. MyoD is a short-lived
protein with its half-life in proliferating conditions being 30 min. It contains several
putative cyclin-dependent kinases phosphorylation sites, of which at least one, S200, is

responsible for half-life regulation. S200 is shown to be phosphorylated by Cdk1 and Cdk2.



MyoD is ubiquitylated and degraded by proteasome complex*® %, 1d (inhibitor of
differentiation) proteins interact with MyoD and E proteins to inhibit their activity. Id
proteins are HLH proteins lacking basic region in their sequence. As a result when Id binds
to MyoD, it forms a nonfunctional complex since this interaction decreases DNA binding
affinity of MyoD“. In undifferentiated cells MyoD interacts with HDAC1, which inhibits
MyoD activity and maintains deacetylated, repressed chromatin at myogenic promoters
and enhancers where MyoD is bound. On the other hand, HDACL is diluted away from
MyoD by pRb in myotubes*®. There are studies suggesting that MyoD is recruited to its
target myogenic sites (specifically MYOG promoter site) by constitutively bound Pbx1
protein, and later MyoD targets remodeling complex SWI/SNF to change local chromatin
accessibility*’. Activation by MyoD requires several modifiers and remodeling proteins
such as SWI/SNF complex, which is an ATP-dependent chromatin remodeling complex.
It functions by altering the chromatin structure at myogenic promoters, making it more
accessible for transcription factors*®. MyoD recruits p300/CBP and PCAF to the DNA®.
Both, p300 and PCAF were shown to acetylate MyoD at conserved Lys (p300- K99, K102,
PCAF- K99, K102, K104) within bHLH domain. Acetylation at these residues causes

conformational change of the protein and increases its affinity to its DNA target sites® 5!

52 53

Myogenesis is tightly regulated by the extracellular environment. Transforming
growth factor B (TGF-B) suppresses muscle differentiation. It binds to its Ser/Thr kinase
receptor, resulting in phosphorylation of Smad2 and Smad3, which form complexes with
Smad4. After forming a complex, Smads translocate to the nucleus and change

transcription level of target genes. In myogenic cells it was shown that Smad3 is able to



bind to bHLH domain of MyoD and blocks MyoD’s binding to its functional partner, E
protein®. Lack of growth factors in the extracellular environment triggers muscle
differentiation®. After mitogen withdrawal, P38/MAPK pathway is activated and
stimulates activity of MyoD and MEF2 proteins®®. Autocrine signaling of IGF-11 was also

shown to positively regulate activity of MyoD and control myogenesis °’.

Distal Regulatory Region - enhancer for MYOD and its relevance in muscle

differentiation

Gene expression is highly regulated in spatial and in temporal manner. There are
various genomic sequences which are significant for this regulation. The most common,
working in cis, are promoters, located in a proximity to TSS of a gene of interest, and
enhancers, located a few kbs upstream from TSS of a gene of interest. Promoters and
enhancers are often characterized by reporter assays, showing the minimal sequence of the
upstream region required for expression of a gene of interest (reviewed in:°®). There are
three genomic regulatory elements that positively regulate MYOD gene expression: Core
Enhancer Region (CER), 4kb element located about 23kb upstream from MYOD TSS;
Distal Regulatory Region (DRR), located 4.7-5.4kb upstream from MYOD gene locus, and
Proximal Regulatory Region (MYOD promoter - PRR), located -275bp- +1 from MYOD
TSS*. Reporter assays performed on chicken primary cells, and mammalian cell lines
showed the significance of these specific sequences for induction of a downstream gene.
Additionally, by injections of a series of mutated sequences 6kb upstream of MYOD into
Xenopus embryos PRR was found to give very weak reporter gene activation. For high

activation of the reporter both DRR and PRR are required. A positive role of DRR on



MYOD activation was shown in myoblasts and 10T1/2 fibroblast cells, both of which
convert to myotubes when transfected with MYOD 8%82, Studies using transgenic mice with
a fragment from -24kb to the TSS of MYOD ligated upstream of a lacZ reporter, showed
that both CER and DRR regions are crucial for tissue specific expression of MyoD in vivo.
B-Gal staining of these mouse embryos mimicked expression pattern of endogenous MyoD
in the body®?. Additional confirmation of the importance of DRR for MYOD expression in
vivo came from targeted mutagenesis of DRR. DRR™ mice have reduced MyoD expression
in E10.5 embryos, as well as in adult leg muscles®®. DRR sequence is conserved between
mouse and human. Comparison between established mouse DRR sequence and human
genomic sequence at -4.5kb to -5.2kb upstream from the MYOD TSS revealed blocks of
high similarity, with the highest homology in the first 445bp — 71%. Conservation of DRR
function in both species was confirmed when a reporter gene regulated by human DRR
showed a muscle-specific expression pattern in mice®?. DRR sequence has 3 consensus
MyoD binding sites, which suggests a positive autoregulatory loop. MyoD induces MYOD
expression, and MyoD protein by binding to DRR is able to induce its expression even
more®°. A serum response factor (SRF) and YY1 binding sequence is also seen in the DRR,
and needs to be intact for regular MyoD expression. Even single point mutation within this

element abolish SRF or YY1 binding and correlates with lower expression of MyoD®.

Genome-wide studies investigating myogenesis

Scientists interested in myogenesis started employing genome wide techniques in
molecular biology as soon as they appeared to better understand the process of myogenesis

and the function of crucial factors during muscle differentiation. The main in vitro models
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used in such studies are C2C12 cells, immortalized murine cell line derived from satellite
cell, and primary cultures of murine or human satellite cells. By controlling the culture
medium conditions cells can be maintained in an undifferentiated state of proliferating
muscle progenitor cells (presence of growth factors), or differentiating cells (low
mitogens). Microarray data®® % 87 and RNA-seq datasets®® compare total transcriptomes of
undifferentiated and differentiated cells, so as to identify groups of genes that are
differentially expressed in between the two conditions. Thanks to numerous chromatin
immunoprecipitation followed by high throughput sequencing (ChIP-seq) studies of
myogenic transcription factors in C2C12 cell line or in MyoD-transfected fibroblasts®® ¢’
071 we can point genes which are regulated directly by specific factors, including many
that are regulated simultaneously by a few transcription factors. Genome-wide studies
confirmed that E-boxes are the most common genomic binding motifs for MyoD. Analysis
of chromatin marks specific for promoters and enhancers (H3K4mel-3, H3K9Ac,
H4K12Ac, H3K18Ac, Polll), gene bodies (H3K36me3), and marks associated with
euchromatin and heterochromatin (H3K9me3, H3K27me3) give us great knowledge about

different state of chromatin landscape during muscle differentiation’?.

Genome-wide experiments showing a universe of potential noncoding transcripts

The paradigm, that RNA molecules are only an intermediate during protein
synthesis pathway needed modification with the discovery of functional noncoding RNA
(ncRNA). Characterization of multiple small ncRNAs: micro-RNAs, si-RNAs and piwi-
RNAs 3 74 75 76 helped to understand that RNAs per se are also crucial for cell biology.

Genome-wide techniques such as next generation sequencing and microarray-
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hybridization performed by numerous research groups during the last decade have
characterized the mammalian protein coding and noncoding transcriptome. This is when it
became apparent that there is another, heterogenous group of functional noncoding RNAs,
long noncoding RNAs (IncRNAs). LncRNAs are transcripts longer than 200 nt, which do
not code for proteins, but are functional as RNA molecules. One of the first genome-wide
analysis was RIKEN Mouse Gene Encyclopedia Project. The Project’s goal was to
determine the total transcriptome of mouse species. Full-length cDNA libraries derived
from various tissues and developmental stages were developed and sequenced’’ ", There
were also other groups using similar approaches to build mouse and human transcriptome
catalogs’® 8% 8L, Chromatin-state maps also help to establish functional transcriptional units.
Combination of ChIP-Seq analysis targeting genomic regions occupied by RNA Polll,
H3K4me3 (specific for promoters of transcripts), and H3K36me3 (along the length of the
transcribed region) define the genomic regions undergoing active transcription®. Genome-
wide projects utilizing different approaches lead to similar conclusions. All of them show
that the mammalian transcriptome contains not only protein-coding transcripts, but also
transcripts that have low protein-coding capacity and in fact, the latter are the major
component of the transcriptome. To facilitate research on IncRNAs there are catalogs
characterizing expression profiles of noncoding transcripts in human and mouse® such as
lists of INcRNAs showing biological function in eukaryotes and databases containing
specification of INcRNAs built using computational approaches®.

LncRNAs can be categorized according to their genomic position relative to
protein-coding genes loci. There are INcRNAs that are sense or antisense with annotated

genes, overlapping with exons of genes, derived from introns of known genes, or intergenic
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lying in genomic intervals between two genes®®. LncRNAs use different mechanisms of
action. There are nuclear INcRNAs, which affect expression of other genomic sequences in
cis, some of which are transcribed from enhancers. Enhancers are regulatory genomic
sequences that facilitate RNA Polll recruitment to the promoters of target genes sometimes
by looping out the intervening sequences®. Noncoding RNAs derived from enhancer loci
are able to control level of expression for their adjacent and neighboring genes and have
been named enhancer RNAs (eRNAs)®’. LncRNA transcribed from HOXA locus,
HOTTIP, regulates its target gene by chromosomal looping®. Similarly, ncRNAs are able
to activate target gene expression by DNA looping through interactions with Mediator®.
Another class of IncRNAs are Cis-Natural Antisense Transcripts (cis-NATS). They
regulate their antisense gene expression. They work either through transcriptional collision
during transcription, or post-transcriptionally as interfering RNA®. LncRNAs operate not
only in cis, but also in trans. There are transcripts which are able to diffuse from the coding
site and act on distal genes, also at other chromosomes. One of the best characterized
IncRNASs is a noncoding transcript Xist, which regulates dosage compensation for X-linked
genes between females and males. Xist is a 15kb sequence transcribed from one of the X
chromosomes in females. It coats the whole X chromosome to inactivate its transcription®?.
HOTAIR is another INcRNA, which represses transcription of its target gene in trans across
40 kb. It is encoded in HOXA, one of the four chromosomal loci comprising the HOX
cluster (HOXA-D), and transcribed in antisense direction®?. This IncRNA binds to protein
complexes which deactivate chromosomal landscape and inhibits HOXD expression®.
Human Alu ncRNA is a transcript which binds to RNA Polll and, inhibits mRNA synthesis

after heat shock®. There is also genome-wide analysis showing a group of transcripts
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which may inhibit expression of different genes in trans by interacting with the silencing
PRC2 chromatin modification complex. They were identified by RNA
immunoprecipitation of the PRC2 complex followed by high throughput sequencing of
associated RNA (RIP-Seq)®. Another example of a well characterized IncRNA is
cytoplasmic H19 RNA, a 2.5 kb noncoding transcript. It is very abundant in the developing
mouse embryo but after birth is expressed only in skeletal muscle tissue®. In exon 1 of
H19 there is an embedded microRNA, miR-675, which is involved in promoting skeletal
muscle differentiation!!'. H19 is also famous because it undergoes imprinting and is
transcribed only from maternal chromosomal copy®” %. There is evidence that INCRNAs
are important for the process of development and differentiation. Noncoding transcripts are
differentially expressed during differentiation of mouse embryonic stem cells®®. One
specific example is TINCR IncRNA, which acts in somatic epidermal differentiation by
binding to and stabilizing mRNAs crucial for the process!®. Initially IncRNAs were
thought to be transcriptional noise resulting from low fidelity of RNA Polll but the
evidence for their functionality is increasing. The functional outcome is sometimes hinted
by the expression of particular IncRNAs in developmental contexts. Most of already
characterized IncRNAs have specific cellular localizations, and for some of them the
molecular mechanism of action has been described. Sequence homology analysis shows
that INcRNAs have lower sequence conservation between species than protein-coding
RNAs, or micro-RNAs!®. Although the secondary structures of some IncRNAs are
conserved between human and mice despite the divergence in sequence. Thus, while all
IncRNAs may not be functionally conserved between species, there are definitely subsets

of IncRNAs with conserved function between species®,
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Myogenic long noncoding RNAs

Steroid Receptor RNA Activator (SRA) RNA co-regulates transcriptional factors
in different tissues and is also present in muscle. The level of SRA during muscle
differentiation does not change. The SRA RNA interacts with both RNA helicases p68/72
and MyoD and positively regulates MyoD’s function. Knock down of SRA impairs skeletal
myoblast differentiation in vitro®®. Interestingly, there is a protein product encoded by the
SRA locus called SRAP. The balance between production of RNA and protein is achieved
by alternative splicing mechanism. Production of mRNA coding for the protein is a pro-
proliferation signal, while increase of the SRA IncRNA lacking ORF is a pro-
differentiation signal. The ratio noncoding SRA/coding SRA shows equal levels of both
transcripts in samples from myotonic dystrophy muscle. Both, protein and RNA interact
together and this interaction block pro-differentiation function of SRA RNA. It shows

additional level of MyoD regulation by two products coded in the same locus®.

Linc-MD1 is an example of competing endogenous RNA (ceRNA). This pro-
differentiation factor (shown by knock down and overexpression experiments) is present
in the cytoplasm and induced during human and mouse myoblasts differentiation in vitro.
It sponges microRNAs miR-133 and miR-135 and de-represses their targets, MAML1 and
MEF2C, respectively. Both these targets are transcription factors regulating expression of
muscle genes, so linc-MD1 functions as a regulator of myogenesis. A strong evidence for
its role comes from comparison of human myaoblasts derived from healthy individuals and
individuals with Duchenne muscle dystrophy. Healthy myoblasts with higher level of linc-

MD1 expression differentiated more efficiently compared to Duchenne myoblasts®.
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Additionally, lincMD1 is the parental transcript (primary microRNA) for miR-133b, so the
regulation of lincMD1 and miR-133b expression and function is tightly coordinated.
Another target of miR-133b, HuR protein is important for the proper balance between miR-
133b and linc-MD1. HuR physically associates with linc-MDZ1protecting the linc from
being processed by Drosha to produce miR-133b. Additionally, linc-MD1 sponges
existing miR-133b. Thus induction of HUR, decreases the activity of miR-133b, which
leads to protection of HUR mRNA from miR-133b building a positive feed-forward loop

for HUR production™®.

Gtl2 (Meg3) is a long noncoding nuclear transcript coded within 1Mb long
imprinted region DIk1-Gtl2. The locus codes for INcRNAs which are expressed maternally
and for protein-coding genes which are expressed paternally. The pattern of expression is
responsible for proper organogenesis during development. The imprinting is regulated by
a cis-regulatory region 1G-DMR located between DIkl and Gtl2. Mice carrying paternal
deletion of Gtl2 are healthy, whereas mice lacking maternal copy die perinatally.
Histological analysis of pups carrying maternal deletion showed abnormalities in all
muscle tissue, while other tissues looked healthy?”. In BT-549 cells (breast cancer cell
line) GtI2 interacts with the PRC2 complex at distal regulatory elements of genes from the
TGFp pathway. Together, Gtl2 and PRC2 maintain H3K27me3 levels of enhancers which
results in silencing transcription of their target genes. Genome-wide analysis showed that
Gtl2 binds to sequences enriched with GA-rich motifs, forming RNA-DNA triplex
structures. Domains of Gtl2 which are required for DNA binding and PRC2 binding are
functionally distinct. Mutation of triplex-forming oligonucleotide of Gtl2 disrupts

interaction with chromatin, without changing affinity to PRC2. Downregulation of Gtl2
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decreases abundance of EZH2 at specific genomic loci suggesting that INCRNA recruits

silencing complex to the chromatin®,

H19, a IncRNA imprinted in mice and humans, is strongly expressed mainly in the
skeletal muscle from the maternal allele during embryonic development and after birth.
H19 is a cytoplasmic 2.3 kb long transcript. There are conflicting results whether H19 plays
pro-proliferation or pro-differentiation role. It was shown that H19 is induced during
differentiation, and its knock down causes even more efficient differentiation. The authors
suggest that H19 contains functional Let-7 interaction sites that sponge Let-7 from its
targets and thus inhibits differentiation'®. Another study showed a pro-differentiation role
of H19 by in vitro knock down and also in vivo impairment of H19 in skeletal muscles.
H19 locus encodes for two miRs: miR-675-3p and miR-675-5p, which are upregulated
during differentiation. Skeletal muscle regeneration is impaired in H19 mutant mice, but
can be rescued by ectopic overexpression of miR-675-3p and miR-675-5p. The targets for
these miRs, Smadl, Smad5, and Cdc6 are pro-proliferative factors. Thus H19 is the
primary-microRNA transcript for miR-675-3p and miR-675-5p, which block Smads and

Cdc6 and thus promote differentiation®*.

Nctcl is a lincRNA coded by the region adjacent to Igf2-H19 locus (Figure 1.). It
is known that 1gf2 and H19 are reciprocally imprinted, I1gf2 is transcribed from paternal
copy of the locus, while H19 is active from maternal locus. Expression of both genes is
dependent on shared regulatory elements. H19ICR is a regulatory region located between
Igf2 and H19 genes. H19ICR is bound by CTCF protein on maternal chromosome. CTCF

together with cohesins organizes the chromosome into loops which favor H19 expression.
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H19ICR knock out causes biallelic expression of both genes, Igf2 and H19. Additional
enhancers, EE and CME, important for regulation of H19 and Igf2 expression are located
downstream from H19. Nctcl is a skeletal muscle specific INCRNA expressed through
CME enhancer. There are two isoforms of Nctcl, one including exons 1-3, and another
with only exons 1-2. While CME loops with 1gf2 promoter only on paternal chromosome
and loops with H19 promoter only on maternal chromosome, looping between CME and
Nctcl promoter is observed on both types of chromosomes. Quantitative comparison
showed that paternal expression of Nctcl is higher than maternal one, suggesting that two
types of loops are not equal with regard to the activation of the Nctcl transcript,

Although Nctcl is skeletal muscle specific, its specific role in this tissue is not explained

yet.
0 80 92 102 108
83
lgf2 H19 Nctc1
-I'El-f O DO Hgll
H19ICR EE CME

Figure 1. Adapted from Eun B. et al. Genomic locus of Igf2/H19/Nctc1. Numbers describe kbp positions relatively to
Igf2 TSS.

LincRNA Yam-1 is a transcript that is positively regulated by Ying Yang 1 (YY1)
transcription factor. YY1 is highly expressed in undifferentiated myoblasts, but is gradually
downregulated during differentiation. YY1 may play a dual function in myogenesis by
recruiting silencing chromatin modifiers (PRC2 complex). but also activating some of its

genomic targets. Similarly, Yam-1 is abundant in undifferentiated cells and its negative
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role in myogenesis was shown by in vitro and in vivo knockdown experiments.
Differentiation of cells or regeneration of skeletal muscle after cardiotoxin injection was
more efficient when Yam-1 was depleted. Additional experiments revealed that Yam-1
positively regulates expression of miR-715, which further regulates represses Wnt7b, a
positive regulator of differentiation. There are also other myogenic lincRNAs regulated by
YY1 such as Yam2-4. They play diverse functions in myogenesis, and their expression

patterns during differentiation are different case by case!*2.

Another potential role for cytoplasmic IncRNAs is control of their targets by
MRNA decay. Rodent M1/2-sbRNAs (B1-B4) are induced during myogenesis. They
mediate Staufenl-mediated mMRNA decay (SMD) by forming duplexes with SINE-
containing 3’UTRs of mRNAs. M1/2-sbRNAs target the mRNAs of pro-proliferative
genes such as MRNF168, mCdc6, mTraf6 and thus promote myogenesis. Consistent with

this, a decrease in efficiency of SMD inhibits myogenesis*3.

There are IncRNAs, which are abundantly expressed in different tissues under
homeostasis or during pathological states. A good example of such a lincRNA is MALAT1,
Metastasis-Associated Lung Adenocarcinoma Transcript 1. MALAT1 is a nuclear
lincRNA, which promotes proliferation, migration and invasion in various cancers
(reviewed in'!*). Additionally, in vivo study, where mice were treated with Myostatin, a
member of the TGF-P family, a negative regulator of muscle development, showed that
MALAT1 is one of the most significantly inhibited transcripts in Myostatin-treated
muscles. In differentiating myoblasts, MALAT1 is induced. Si-MALAT1 treatment in

undifferentiated cells decreases cell proliferation, while si-MALAT1 treatment in
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differentiating cells decreases myogenin level. The latter result suggests a pro-
differentiation role of MALAT-1, but more experiments have to be performed to explain
the phenotype of MALAT1 knock down in proliferating undifferentiated cells'®. Custom
microarray screening of differentiating myoblasts revealed a group of transcripts induced
during differentiation. Two of them are Men € — a 3.7kb transcript, also known as Neat1,
and Menf — a 23kb transcript, derived from the same locus. They are both localized to
nuclear paraspeckles, and probably associate with a known component of paraspeckles,
NONO. Knock down of Neatl in HeLa cells suggested that both transcripts are important
for the integrity of nuclear paraspeckles. These transcripts are also present in other tissue,

and their specific role in muscle cells is not clear?®,

In muscle tissue, there are examples of IncRNAs derived from the enhancer regions
of MYOD gene: mostly nuclear CE-RNA and DRR-RNA/MUNC. Both RNAs were shown
to be pro-differentiation factors. In vitro and in vivo knockdown and knock out experiments
documented that both transcripts are responsible for upregulating MYOD transcription.
Their depletion also affects MyoD protein binding to some of its genomic target sites. My
work establishes that these enhancer RNAs are not just a side-effect of open chromatin in
these enhancer regions, that their function is not simply to open chromatin and promote the
expression of MYOD. | show that they are functional transcripts with specific roles in

muscle differentiation although their mechanism of action is not fully understood®®%’.

Another example of promyogenic IncRNA functioning in cis is Dum
(developmental pluripotency-associated 2 (Dppa2) Upstream binding muscle RNA).

Dppaz2 is a factor important for maintaining pluripotent state of embryonic stem cells. Its
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knockdown causes differentiation of cells!®

. During muscle differentiation Dum is
activated by MyoD. Dum interacts with histone methyltransferases Dnmtl, Dnmt3a and

Dnmt3b. Dum recruits them to the Dppa2 locus to silence Dppa2 transcription.*!®,

DBE-T, a nuclear IncRNA, is produced selectively in patients with
Facioscapulohumeral muscular dystrophy (FSHD). FSHD is associated with the copy
number reduction of D4Z4 repeats (CNGCCATNDNND) close to FSHD locus on
chromosome 4q35. In healthy individuals, Polycomb group proteins are recruited to D4Z4
and silence this region of chromatin. In pathogenic conditions, due to the decrease in
number of D4Z4 repeats, the PRC2 complex is not recruited and H3K27me3 mark is
decreased. Instead DBE-T, a transcript derived from a proximal region of FSHD, recruits
in cis a Trithorax group protein, the transcriptional activator AshlL to FSHD promoter.
This results in activation of the FSHD locus, leading to the production FSHD locus genes

such as ANT1, FRG1, FRG21%,

Linc-RAM, a nuclear linc-RNA Activator of Myogenesis, is upregulated during
myogenesis. In vitro knock down of linc-RAM inhibits differentiation and in vivo deletion
impairs muscle regeneration. Linc-RAM binds to MyoD and facilitates the building of the
complex of MyoD-Baf60c-Brgl, which promotes the transcriptional activity of MyoD.
Interestingly, linc-RAM encodes a pro-myogenic micropeptide named MLN, which has its
own pro-differentiation function!?! | but it is clear that it works in myogenesis as an

IncRNA1%,

Myogenesis-associated Inc-RNA, Inc-mg, is a skeletal muscle specific IncRNA that

is induced during myogenesis. Both in vitro and in vivo studies showed its relevance for
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myogenesis. Knock down of Inc-mg in myogenic stem cells impaired their differentiation.
Mice lacking Inc-mg have lower muscle mass, while mice overexpressing Inc-mg show
muscle hypertrophy. Lnc-mg acts as a molecular sponge for miR-125, inhibiting the latter’s

repression of insulin-like growth factor 2 (1gf2), a positive regulator of myogenesis'?.

Lnc-MyoD, a conserved promyogenic IncRNA is directly induced by MyoD during
muscle differentiation. It is localized to the nucleus. Lnc-MyoD binds to IMP2, which is a
pro-proliferative factor. IMP2 binds to mRNAs of Myc, Igflr, 1gf2, Nras, Rhla and
enhances their stability and eventually their translation. When Inc-MyoD binds to IMP2, it
titrates IMP2 from the mRNAs of these proliferation factors mRNAs, which are
destabilized, resulting in a decrease in the encoded proteins*?4. Thus Inc-MyoD promotes

differentiation.

Sirt-1AS IncRNA is a pro-proliferative IncRNA that is transcribed from the
antisense strand of the SIRT1 locus. Sirtl is a NAD-dependent class I11 protein deacetylases
and is suggested to promote muscle cells proliferation by inhibiting the expression of cell
cycle inhibitor p21 WAF/CIP1. Sirt-1 AS overexpression also induces cell proliferation
and expression of cyclins. Sirt-1 AS interacts with 3’UTR of Sirtl mRNA and increases its
stability by blocking the binding site for miR-34a that otherwise targets Sirtl mRNA for
degradation. Sirt-1 AS’s pro-proliferative role was also shown in in vivo by intraperitoneal
injections of AAV expressing Sirtl AS. In these experiments, Sirt-1 AS treated mice had

increased muscle fiber size for quadriceps, soleus, and gastrocnemius?.
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The name of that locus according to

cis

LncRNA name [Role in myogenesig Mechanism of action Localization Coordinates S
the screen described in Mueller et al.
Steroid Receptor ositive regulation of MyoD
RNA Activator | pro-differentiation| P guat v nucleus mm10: chr18:36,667,187-36,670,311 annotated before the study
function
(SRA)
linc-MD1 pro-differentiation sponging m'?z’r’:;:g:ry transcript cytoplasm mm10:chr1:20,669,882-20,682,958 absent
Gtl2/Meg3 pro-differentiation interaction with PRC2 nucleus mm10: chr12:109,545,398-109,568,650 annotated before the study
H19 conflicting results | SP°"9"™ m'?;?_;;g:ry anseript | o toplasm mM10: chi7:142,575,530-142,578,146 annotated before the study
Nctcl ? ? ? mm10: chr7:142,544,609-142 558,598 annotated before the study
Yam-1 pro-proliferation sponging miRs cytoplasm mm10: chrl7: ?? absent (there Iscr:ilh;; on our list from
M1/2-shRNAs ? mRNA decay cytoplasm mm10: chr19: 5825000-5845000 -
MALAT1 pro-differentiation ? nucleus mm10: chr19:5,795,690-5,802,671 annotated before the study
Neatl ? ? nucleus mm10: (chr19:5,824,710-5,845,480) annotated before the study
CE-RNA pro-differentiation activation of gerTeS expression in nucleus mm9: chr7: 53609000- 53,610,000 (approximate) -

DRR-RNA/MUNC|

pro-differentiation

activation of genes expression in
cis, and in trans

nucleus/cytoplasm

mm10: chr7:46371403-46372492

MT_19022-19023

mm10: chr16: 5kb region around 50726000

coordinate for Sirt1 protein-coding gene)

Dum pro-differentiation | recruitment of histone methylases nucleus . MT_6896 (?)
- i (anproximate)
DBE-T disease marker | 2ctivationof gec”izs expression in nucleus hg38: chr4:190,064,502-190,067,864 IncRNA was described in human cells
linc-RAM pro-differentiation induction of MyoD activity nucleus mm10: chr10:70,204,664-70,219,711 (approximate) annotated before the study
. . . " 21873; 21890; 21919;
Inc-mg pro-differentiation sponging miRs cytoplasm mm10: chr11:67,224,196-67,237,281 MT_21873; MT_21890; MT_21919;
MT_22298 (?)
Lnc-MyoD pro-differentiation | tittrating pro-proliferative players nucleus mm10: chr7:46,373,500 (approximate) MT_18580 (?)
Sirt1-AS IncRNA | pro-proliferation increasing stability of Sirtl cytoplasm mm0: chrl0:63,319,005-63,339,035 (approximate - annotated before the study

Role in myogenesis and mechanism of action is not described for all cases of reported INCRNASs.

Similarly, not all studies fully describe location and length of studied transcript. We cannot be
confident whether reported IncRNA is a part of transcript, which we found in our initial screening
for myogenic transcripts (screening described in CHAPTER I1).
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Rationale of the study

The main goal of the study presented in this thesis was to build a comprehensive
library of IncRNAs induced during myogenesis and important for this process, using
C2C12 cell line as an in vitro model. Specifically, we concentrated on noncoding
transcripts which are induced during differentiation and focused on a few that were pro-
myogenic. We are interested in the molecular mechanisms of action of these molecules and
their specific protein/RNA/DNA interactors. Ideally, this knowledge will allow us to better
understand the regulation of myogenesis. A subsequent analysis of the levels of these
IncRNAs in skeletal muscle from muscular dystrophy patients may enable the use of these

transcripts as molecular markers of myogenesis and its pathology.

After the initial screening of putative INcRNAs induced during differentiation, we
focused on one INcRNA, MUNC. Using in vitro and in vivo models of differentiation we
confirmed its significance in myogenesis (CHAPTER II). Finally, we described MyoD-

independent functions of MUNC and identified the genes that are regulated by MUNC

(CHAPTER I11I).
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Abstract

An in-silico screen for myogenic long-noncoding RNAs (IncRNAs) revealed nine
IncRNAs that are upregulated more than ten-fold in myotubes versus myoblasts. One of
these IncRNAs, "MyoD Upstream Non-Coding" (MUNC, also known as DRR®RNA) s
encoded 5 kb upstream of the transcription-start-site of MyoD, a myogenic transcription
factor. MUNC is specifically expressed in skeletal muscle, exists as an unspliced and
spliced isoform and its 5' end overlaps with the cis-acting Distal Regulatory Region (DRR)
of MyoD. siRNA of MUNC reduced myoblast differentiation and specifically reduced the
association of MyoD to the DRR enhancer and Myogenin promoter, but not to another
MyoD-dependent enhancer. Stable overexpression of MUNC from a heterologous
promoter increased endogenous MyoD, Myogenin and Myh3 (MHC) mRNA, but not the
cognate proteins, suggesting that MUNC can act in trans to promote gene expression, but
that this activity does not require an induction of MyoD protein. MUNC also stimulates
the transcription of other genes that are not recognized as MyoD-inducible genes.
Knockdown of MUNC in vivo impaired murine muscle regeneration, implicating MUNC
in primary satellite cell differentiation in the animal. We also discovered a human MUNC,
that is induced during differentiation of myoblasts and whose knockdown decreases
differentiation, suggesting an evolutionarily conserved role of MUNC IncRNA in
myogenesis. Although MUNC overlaps with the DRR enhancer, our results suggest that
MUNC is not a classic cis-acting e-RNA acting exclusively by stimulating the neighboring
MyoD gene, but more like a pro-myogenic IncCRNA that acts directly or indirectly on

multiple promoters to increase myogenic gene expression.
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Introduction

Long-noncoding RNAs (IncRNAs) are rapidly becoming recognized as important
regulators of gene expression in development and disease (1, 2) . Our genomes undergo
widespread transcription (3), and IncRNA genes are in comparable abundance to protein-
coding genes (4). While IncRNAs are not as well conserved between species as protein
coding genes (5), there have been a number of examples of IncRNAs that confer marked
cellular and developmental phenotypes when their expression is altered by experiment or
disease (6-9). Recently, a large class of IncRNAs named e-RNAs has been described that
are produced from known DNA enhancer elements, and activate transcription of
neighboring genes by facilitating enhancer-promoter contacts and/or recruiting core

transcription factors such as the mediator complex (reviewed in (10) and (11)).

Skeletal myogenesis is an ordered process where the activation of MyoD in
Pax3/Pax7/MyoD expressing skeletal myoblasts results in a cascade of gene expression
changes that leads to terminal differentiation into multinucleated myotubes and myofibers
(12, 13). The key transcriptional players in skeletal myogenesis are well known, but the
mechanisms of their activation are not fully understood. MicroRNAs play a significant role
in myogenesis at many key points (14). In addition, it is becoming clear that INcRNAs are
involved in the regulation of myogenesis. LncRNAs identified as being upregulated during
muscle differentiation often overlap MyoD-binding sites across the genome and are
transcribed in a MyoD-dependent manner (15). These IncRNAs are enriched in the
enhancer regions of MyoD target genes and may play a role in facilitating expression of a
neighboring cis-located gene, as reported for other e-RNAs that facilitate chromatin

looping and recruitment of Mediator to transcriptional start sites (8).
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Categorizing IncRNAs into classes with common roles is not yet possible by
sequence analysis. With the advent of widely available public databases of genome-wide
histone modification, transcription factor-binding and RNA expression, and the
development of INcRNA prediction models (5), it is now possible to predict IncRNAs in a
variety of developmental contexts in-silico. Using some of these available data sets, we
discovered a number of INCRNAs whose expression is activated during skeletal myogenesis
and are expressed in mature skeletal muscle. In this report we focus on one IncRNA located
upstream to MyoD in the genome, and demonstrate that it acts in trans to facilitate MyoD’s
role in initiating the myogenic cascade in vitro in mouse and human myoblasts, as well as

in vivo during skeletal muscle regeneration in response to injury.

Results

LncRNAs induced during myogenesis. We intersected publicly available data showing
where the mouse myoblast and myotube genomes are enriched in Histone H3K4
trimethylation (a mark of actively transcribed chromatin), RNA polymerase Il (16) and
RNA transcripts (17), to identify transcripts that are enriched in myotubes over myoblasts
(Fig. 1). From this set we removed all sequences containing known exons and any
sequences within 2 kb from known transcriptional start sites (TSS), to predict 29 new
potential myotube-specific genes, which could be IncRNAs (Table 1). gRT-PCR of RNA
from C2C12 myoblasts in growth medium (GM) and from myotubes obtained after 4 days
in differentiation medium (DM) confirmed that twenty of these transcripts were induced
>2-fold and nine were induced >10-fold in myotubes relative to myoblasts (Fig. 2A).
Several of these RNAs were located in the genome proximal to protein coding genes of

interest in skeletal muscle differentiation. We focused on the two most up-regulated RNAs,
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#9 and 13 and on two that were also up-regulated >10 fold and encoded very close to each
other, #2 and #3. Trans-differentiation of 10T1/2 fibroblasts by MyoD overexpression was
accompanied by the induction of these RNAs (Fig. 2B: #2 and #3 show the same pattern,
data not shown). The same RNAs were upregulated on the first day of C2C12
differentiation, approaching peak expression between days 2 and 3 of differentiation (Fig.

2C) and they were present at a very high level specifically in skeletal muscle (Fig. 2D).

MUNC IncRNA. RNAs #2 and #3 were of particular interest because they were located
upstream of the TSS of MyoD, a master regulator of skeletal muscle differentiation (12),
with #2 overlapping with a previously known MyoD enhancer element, known as the Distal
Regulatory Region (DRR) (Fig. 2E). 5’ Cap capture RACE PCR and sequencing of the
products confirmed #2 and #3 to be part of the same spliced transcript with two exons each
corresponding roughly to transcripts #2 and #3 (Fig. 3B and 3F). 3° RACE PCR using
oligo dT priming was unable to amplify a product at this locus, suggesting the RNA was
not polyadenylated. RT-PCR with a single forward directed primer (1F) and 3' primers
located downstream of this locus suggested that the 3’ end of the transcript did not extend
beyond primer R-B, at the 3' end of RNA #3 (Fig. 3C). When we anchored the 3' primer
at R-B and used a series of 5' primers, RT-PCR failed to give a product with primers
upstream from the indicated TSS (Fig. 3D). Interestingly, the 1F and 2R primers revealed
that there were two isoforms of the RNA (Fig. 3C, lane cDNA, 1) and sequencing the two
products showed that the smaller product was from a 518 b spliced RNA composed of the
two exons separated by a 577 b intron, while the larger product was a 1095 b genomic
length, unspliced RNA (Fig. 3F). Primers were designed to distinguish the spliced RNA

(primers 1F-2R) and unspliced RNA (primers 1F-1R or 2F-2R) (Fig. 2E) and indeed, RT-
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PCR with primers 1F-2R selectively detected the spliced RNA (Fig. 3E). Q-RT-PCR with
the three sets of primers shows that both spliced and unspliced isoforms are induced in

primary myotubes relative to myoblasts (Fig. 2F).

The Coding Potential Calculator (18) tool predicted the unspliced and spliced
transcripts to be non-coding RNAs with low coding potential and low evolutionary
conservation in any of their short open reading frames (Fig. 4A). Polysome fractionation
(Fig. 4B) found very little of the spliced or unspliced transcript in the polyribosome
containing fraction compared to mMRNA for proteins MyoD or GAPDH (Fig. 4C). Thus,
these transcripts are non-coding and we have named them unspliced and spliced MUNC,
for "MyoD Upstream Non-Coding". While this work was in progress, Vittorio Sartorelli

and co-workers independently discovered the unspliced MUNC as DRR®*RNA (19).

Distribution of MUNC in tissues and cells. IncRNAs MUNC, #9 and #13 levels were
high in mouse skeletal muscle, but MUNC had the greatest specificity of expression for

skeletal muscle (Fig. 2D, Fig. 5A-B).

Knockdown of MUNC decreases muscle differentiation. Two independent siRNA
duplexes targeting MUNC suppressed the upregulation of spliced and unspliced MUNC
over the course of differentiation (Fig. 6A, B). MUNC knockdown significantly repressed
the mRNAs of myogenic markers upregulated during differentiation. The mRNA for
Myogenin, an early marker of muscle differentiation and a transcription factor essential for
muscle differentiation, and for Myh3 (Myosin Heavy Chain or MHC) a marker of terminal
differentiation, were both decreased by nearly 10X on days 1, 3 and 5 of differentiation

(Fig. 6C, D). MyoD mRNA was repressed 2X on days 1 and 3 and not repressed on day 5
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of differentiation (Fig. 6E). MHC and Myogenin proteins were significantly repressed
upon MUNC knockdown (Fig. 6H). MyoD protein was reduced at most two-fold on days
1 and 3 of differentiation, with no repression on day 5 (Fig. 6H). Immunofluorescence for
MHC showed fewer MHC-positive multinucleated myotubes when MUNC was decreased
(Fig. 6G), and the fusion index was repressed by at least 5-fold (Fig. 6F). To confirm
whether MUNC was equally important for differentiation of primary myoblasts we isolated
primary myoblasts from mice which lack MUNC locus (DRR-/-) (20), and compared their
differentiation ability (after 6 days of differentiation) in vitro with primary myoblasts
which were heterozygotes for MUNC locus (DRR+/-). Cells lacking MUNC (Fig. 61, 6J)
showed 2X decrease of MyoD RNA level in both growth medium and differentiation
medium (Fig. 6K). During differentiation Myogenin RNA level was decreased 2X, and
Myh3 RNA level was diminished 3X, showing that primary myoblasts lacking MUNC are

impaired in differentiation.

A global analysis of gene expression in C2C12 cells during differentiation was
carried out by hybridization of cDNAs to Affymetrix microarrays. Unsupervised
hierarchical clustering of the gene-expression patterns show two groups of genes, I and II,
that are repressed or induced during differentiation, respectively (Fig. 7A, compare
siControl GM vs. DM3). Gene Ontology enrichment analysis shows that the repressed
genes are enriched in genes related to cell proliferation and the induced genes are enriched
in genes related to muscle function (Fig. 7B). Knockdown of MUNC clearly attenuated the
extent of repression of class | genes related to cell proliferation or induction of class 1l
genes related to muscle function (Fig. 7A). The vast majority of genes are correlated in

expression between cells in GM and DM, but the deviation from a perfect correlation
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coefficient of 1 is a measure of the extent of gene expression change during differentiation
(Fig. 7C). Knockdown of MUNC decreased this deviation from a perfect correlation
coefficient from 0.065 to 0.025. Thus there is less change in gene expression when
differentiation is induced after MUNC depletion. Consistent with this, genes that are most
upregulated or downregulated during differentiation in siControl transfected cells show a
significant attenuation in the fold change in the cells where MUNC is knocked down (Fig.
7D, E). Thus the global gene expression patterns confirm that MUNC is required for the
changes in gene expression that accompany differentiation, probably not because MUNC
acts directly on all these genes, but indirectly be affecting a few key factors during initial

steps of myogenesis.

We compared in Fig. 7F the fold change in expression of genes affected by
knockdown of MUNC (Left quadrants: genes repressed by MUNC and so induced by
SiIMUNC,; Right quadrants: genes induced by MUNC) with genes that are known to be
induced by MyoD (21) (Top quadrants: genes induced by MyoD; Bottom quadrants: genes
repressed by MyoD). There was a statistically very significant positive correlation
between the effects of MyoD and MUNC, suggesting that MUNC and MyoD stimulate
similar pro-myogenic genes. However, there were notable exceptions. In Fig. 7F and the
Table in Fig. 7G we highlight in groups I-111 a few genes up-regulated by MyoD that were
not similarly regulated by MUNC and one gene repressed by MyoD but induced or not

affected by MUNC.

Knockdown of MUNC decreases MyoD binding to the DRR but not as much to the
CER. To gain insight into the mechanism by which MUNC facilitates muscle

differentiation, we examined by ChIP the binding of MyoD and Myogenin to the following
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regulatory sites known to bind the two transcription factors: the Core Enhancer Region at
-20 kb relative to MyoD TSS (CER), the DRR (at -5 kb relative to MyoD TSS), and to the
sites in the -0.5 kb region of the Myogenin Promoter (Fig. 8). These results are expressed
as the amount of DNA (relative to input) detected in each ChIP (Fig. 8A, B, C). Under
control siRNA conditions, after 3 days in differentiation medium, all 3 loci were enriched
in the MyoD ChIP over IgG ChIP. With MUNC knockdown however, MyoD binding was
decreased to <5% at the DRR, to 40% at the Myogenin Promoter and to 60% at the CER
(Fig. 8A-C). This variability between sites could indicate that knockdown of MUNC does
not inhibit MyoD binding to all sites simply by repressing MyoD protein levels. A less
likely possibility is that the DRR has such a low affinity for MyoD (compared to the other
sites) that MyoD binding to the DRR is more severely affected by the 50% decrease of
MyoD protein seen after MUNC knockdown. We consider the latter explanation unlikely
given that in control cells >1% of the input DRR locus is precipitated with MyoD, while a
much smaller proportion of the two other sites (0.05-0.12%) are precipitated with MyoD,

suggesting that the DRR is preferentially occupied by MyoD in control cells.

Myogenin is known to facilitate chromatin remodeling in a MyoD dependent
manner (22), and binds to the DRR, CER and its own promoter during myoblast
differentiation (23). Knockdown of MUNC decreased the binding of Myogenin at the DRR
to 60%, (Fig. 8A), without any effect at the Myogenin Promoter or at the CER (Fig.8B-C).
The milder impairment of Myogenin binding to the DRR compared to MyoD binding
suggests that there is some specificity of the action of MUNC on MyoD binding to the
DRR that is unlikely to be explained by MUNC expression simply opening the local

chromatin at the DRR to make it more accessible to all transcription factors.
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MUNC expression is dependent on MyoD presence. MyoD ChIP analysis showed that
MUNC is required for MyoD binding to the DRR, which overlaps with the 5’ end of
MUNC locus. To test whether MUNC induction during differentiation is itself dependent
on MyoD, we checked MUNC expression level after MyoD knock down. MyoD depletion
in differentiating cells downregulated expression of both unspliced and spliced MUNC
(Fig. 8D-F). Given that MUNC is required for MyoD expression and binding to DRR,
these results suggest a positive feedback loop between MUNC and MyoD, where both

myogenic factors promote the expression of the other.

Overexpression of MUNC stimulates MyoD, Myogenin and Myh3 mRNA levels but
not the proteins. To assay whether expression of MUNC from a heterologous site
activates MyoD in trans, we examined the effect of stable overexpression of exogenous
MUNC on C2C12 cells. Overexpression of all three forms of MUNC: MUNC WT
(expressing both unspliced and spliced MUNC), Unspliceable MUNC (unspliced MUNC
with point mutation in the splice donor sequence (AG—AT), interfering with splicing),
and Spliced MUNC. The levels of MUNC, MyoD, Myogenin and Myh3 were measured in

GM (Fig.9 A-E) and after 3 days in DM (Fig. 9F-J).

In GM overexpression of WT unspliced MUNC (10° fold increase, Fig. 9A) caused 20X
increase of MyoD RNA (Fig. 9C), and 15X increase of Myogenin RNA (Fig. 9D). There
was a mild induction of Myh3 RNA compared to control cells (Fig. 9E). Overexpression
of WT unspliced MUNC also induced expression of spliced MUNC (10* fold, Fig. 9B) but
we cannot distinguish whether the spliced MUNC was from the exogenously derived
transcript, or from an endogenous MUNC induced by the exogenous unspliced form. In

DM3 overexpression of MUNC WT led to a 1000X induction of both unspliced and spliced
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isoforms of MUNC (Fig. 9F, G). This was accompanied by a 10X increase of MyoD, 40X
increase of Myogenin and 200X increase of Myh3 transcripts (Fig. 9H-J). The lower fold
induction of MyoD and Myogenin in DM3 is, of course, explained by the induction of the

transcripts in the control cells simply by their transfer to differentiation medium

Overexpression of the unspliceable form of MUNC was not very efficient, with only a 10X
increase of unspliced MUNC, and no increase of spliced MUNC in GM (Fig. 9A-B).
Despite this, there was a 50X induction of MyoD (Fig. 9C) but no induction of Myogenin
or Myh3 transcripts (Fig. 9D-E). In DM Unspliceable MUNC did not show a marked
induction of MUNC RNA (Fig. 9F) but still led to significant induction of MyoD RNA
compared to the Control (Fig. 9H). Thus the induction of MyoD RNA does not need supra-

physiological levels of MUNC.

Overexpression of Spliced MUNC did not increase unspliced MUNC by much, but had
approximately the same effects on the RNAs of MyoD, Myogenin and Myh3 as WT

MUNC in both GM and DM (Fig. 9C-9J).

Although we show results with single pairs of primers, to ensure that the full length MyoD,
MyoG and Myh3 transcripts were induced, we used primers distributed all along the
lengths of the RNAs and obtained the same results. Collectively, these results lead us to
suggest that spliced and unspliced MUNC are both stimulators of MyoD RNA, while
Myogenin and Myh3 RNA could be induced more by spliced MUNC than unspliceable
MUNC. However, the caveat is that the unspliceable MUNC was not overexpressed

sufficiently, perhaps accounting for the failure to stimulate Myogenin and Myh3 RNAs.
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A very interesting result was obtained when we examined the MyoD, Mygenin and Myh3
proteins in the cells overexpressing WT or spliced MUNC. Although there was robust
induction of the three RNAs after overexpression of MUNC, the levels of the three proteins

were not induced in GM (Fig. 9K) or in DM (Fig. 9L)!

This is a very exciting result on two accounts. First, MUNC overexpression dissociates
the induction of MyoD, Myogenin and Myh3 transcripts from the general differentiation
program, perhaps because of the absence of parallel signals that emerge during normal
differentiation to stimulate the translation or stability of these proteins. Second, the
induction of Myogenin and Myh3 RNAs by MUNC, without inducing the MyoD protein,
definitively suggests that MUNC's transcription stimulatory function is not secondary to

the induction of MyoD protein.

MMUNC is required for skeletal muscle regeneration in vivo. Finally, we wanted to
determine whether MUNC had a physiologic role in vivo during skeletal myogenesis. An
early surprising finding in the field of skeletal myogenesis was that MyoD is dispensable
for embryonic muscle development with MyoD knockout mice developing skeletal muscle
normally, and reaching adulthood with minimal defects. This is explained by MyoD’s close
homolog, Myf5, compensating for the loss of MyoD during embryonic development (24,
25). However, the MyoD”" mice are impaired in skeletal muscle regeneration following
injury, indicating a critical role of MyoD in skeletal muscle satellite cells that have to
proliferate and differentiate for successful regeneration of adult skeletal muscle (26). This
role of MyoD is mirrored by the requirement of the DRR DNA locus for MyoD expression
in adult satellite cells: the DRR is not required for MyoD expression during embryogenesis,

but must be intact for MyoD to be expressed in adult skeletal myoblasts (27).



52

To examine whether MUNC (which initiates in the DRR locus) is important for
adult skeletal muscle regeneration, we knocked down MUNC in the Tibialis Anterior (TA)
muscle by injection of sSiRNA to MUNC in an emulsion of Invivofectamine (Invitrogen).
The 1F-1R and 2F-2R pairs of primers measure unspliced MUNC (Fig. 2E) while the 1F-
2R pair of primers measures spliced MUNC (Fig. 3E). The steady state level of unspliced
MUNC (1F1R, 2F2R) and spliced MUNC (1F2R) are decreased in adult mouse skeletal
muscle after 5 days of sSiMUNC injection compared to siControl injection (Fig. 10A). This
was accompanied by a significant decrease in the expression of MyoD and Myogenin and
Myh3 mRNAs (Fig. 10B), suggesting a role of MUNC in maintaining expression of these
RNAs in adult skeletal muscle. Note that although Myogenin protein is not seen in adult

muscle, the mRNA is normally still detectable at low levels (29).

We next injured the TA muscle with cardiotoxin and followed its regeneration by
measuring the appearance of MyoD, Myogenin and Myh3 RNAs on day 14 after injury. All
three RNAs are normally induced during regeneration (27, 28) . MUNC was depleted
during the two weeks of skeletal muscle regeneration by siRNA injection on days 3 and 5
following cardiotoxin injury (Fig. 10C). There was a reduction in MyoD, Myogenin, and
Myh3 mRNAs in the regenerated muscle after MUNC knockdown (Fig. 10D). There was
a significant reduction in myofiber diameter and increase in inflammatory infiltrates in the
regenerating muscle after MUNC knockdown on day 14 after injury. (Fig. 10E, F). This
suggests that MUNC has a role in facilitating myogenic gene expression and skeletal

muscle regeneration in adult skeletal muscle in vivo.

MUNC is conserved in humans. LncRNAs are not well conserved in sequence compared

to protein-coding RNAs, stimulating us to experimentally determine whether MUNC has
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a role in human cells as well. Alignment of human DRR sequence with mouse MUNC
revealed striking conservation of sequence with the first exon of MUNC after allowing for
a 36 base insertion in human DRR (Fig. 11). The sequence conservation extended
upstream from the MUNC Transcription Start site (TSS), but as shown in Fig. 3C, we did
not see any evidence of transcription in mouse myoblasts upstream of the TSS. The
conservation also extended to the 5' region of the intron retained in unspliced mouse
MUNC. The region in human DRR that matched mouse MUNC exon 1 is transcribed in
human LHCN myoblasts and the transcript (human MUNC) is significantly up-regulated
during differentiation (Fig. 10G). siRNA mediated knockdown of the human MUNC
transcript in LHCN cells was not very efficient (Fig. 10H), but despite this, the expression
of MyoD, Myogenin and Myh3 mRNAs were repressed upon differentiation (Fig. 101).
Thus, human myoblasts contain human MUNC RNA similar to mouse MUNC and with

similar pro-myogenic function.

Discussion

We identified several RNAs whose expression is upregulated during myogenesis.
Within this set we discovered a noncoding RNA MUNC produced from a previously
characterized enhancer upstream from the MyoD gene, required for MyoD expression in
adult skeletal muscle satellite cells(20, 26). We fully characterized its transcriptional
isoforms: unspliced and spliced and showed that both forms can promote muscle
differentiation. Previous studies found that this enhancer element facilitates muscle
specific transcription (30). Our findings suggest that this is likely due to the fact that this

enhancer encodes a IncRNA which facilitates MyoD binding to the DRR and to a lesser
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extent to the Myogenin promoter, thereby promoting the expression of MyoD targets:

Myogenin as well as both MyoD and MUNC itself.

There has been much recent focus on the rapidly expanding roles of IncRNAs in
mammalian genomes. Noncoding RNAs have been implicated in regulation of gene
expression by facilitating gene and chromosome silencing through the recruitment of PRC2
complexes to chromatin (31). Numerous examples have been discovered suggesting
IncRNAs play a common role in gene silencing in higher eukaryotes (32-34) (1, 21, 32).
There have also been discoveries of IncCRNAs activating gene expression (11). Most
enhancer-RNAs (e-RNAs) facilitate expression of a gene neighboring the enhancer in cis,
by recruiting the transcriptional protein Mediator to chromatin (8). Some e-RNAs can
function by facilitating looping of chromatin, bringing regulatory elements on the same
chromosome into proximity of each other. MUNC differs from a classic e-RNA because
(@) it is required for MyoD binding to chromatin at the Myogenin locus (which is not in cis
with MUNC or MyoD) and (b) it stimulates the expression of MyoD and Myogenin even

when expressed from a heterologous locus in trans.

Sartorelli and co-workers recently reported ncRNA products of the MyoD DRR
and CER loci, finding them to facilitate myogenesis (19). In contrast to our study,
knockdown of MUNC (which they call DRR®RNA) in their paper had no effect on MyoD
expression, but like our study, there was a repression of Myogenin. We find that MUNC is
required for MyoD localization to the DRR of the MyoD promoter and to the Myogenin
promoter, while they report that it is required for directing MyoD only to the Myogenin
promoter. Additionally, we notice that there is differential requirement of MUNC for

MyoD binding to different genomic targets, Core Enhancer Region binding is not affected
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so much by siMUNC. In addition we saw only slight effect in binding of Myogenin to the
DRR and no effect in binding to Myogenin Promoter or CER. The differential effect of
MUNC on MyoD and Myogenin binding to the DRR suggests that MUNC is unlikely to
act at this locus by opening up the chromatin to make it more accessible to all transcription
factors. In the future we plan to do MyoD ChlP-Seq, MyoG ChlP-Seq after knockdown
of MUNC in differentiating C2C12 cells and compare with published data sets (16) (19)

to find more binding sites for MyoD and MyoG that are affected by MUNC.

In addition, we find that MUNC expressed from a heterologous artificial locus in
trans stimulates both MyoD and Myogenin promoters, and not Myogenin alone. Despite
these small differences, we agree that such trans stimulation of transcription by MUNC
from a heterologous locus eliminates models where transcription stimulation involves
specific 3-D interactions bringing the MUNC locus in proximity to a neighboring target
promoter. We also suggest that an important function of MUNC is to stimulate the auto-

activation of the MyoD promoter by facilitating the binding of MyoD to the DRR.

We provide the first evidence of MUNC function in vivo. Depletion of MUNC in
regenerating mouse skeletal muscle in vivo impaired expression of myogenic markers and
impeded regeneration, suggesting its function is important for repair of damage to skeletal
muscle in adults. Here, too, we saw a decrease in MyoD expression when MUNC was

depleted.

One mechanism by which e-RNAs stimulate genes in cis is that the act of
transcription of the e-RNA promotes the local opening of chromatin in cis. Although

MUNC induces MyoD transcript, its role in myogenesis does not appear to be limited to
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MyoD RNA induction alone. MUNC knockdown reduced MyoD binding to target sites in
the MyoD and Myogenin promoters. The reduction in MyoD binding at the DRR was much
greater than the reduction in expression of MyoD itself, and was not uniform at all MyoD
binding sites, suggesting that MUNC facilitates MyoD binding to specific target sites,
including to MyoD's auto-stimulatory DRR enhancer. Most strikingly, overexpression of
MUNC stimulated Myogenin and Myh3 transcripts without inducing MyoD protein. Thus,
while MUNC is required for MyoD transcription, increasing the level of MyoD protein is
not necessary for MUNC to stimulate the transcription of Myogenin or Myh3, clearly
suggesting that the pro-myogenic function of MUNC is not simply on account of its role
as an e-RNA that induces MyoD. The global analysis of gene expression changes after
MUNC knockdown reinforces this message by highlighting that (a) not all MUNC
regulated genes are necessarily MyoD dependent, and (b) not all MyoD induced genes

require MUNC.

Many uncertainties remain about which e-RNAs are conserved across species.
Sequence conservation of INCRNAs is often quite poor between species. Not enough RNA
secondary structures have been solved, so that it is also difficult to identify IncRNAS
conserved by structure alone. Hence we are excited to show that a MUNC-like transcript
is preserved in humans and that it may be equally important for differentiation. Future
experiments will test whether human MUNC can complement the loss of mouse MUNC.
The overexpression of unspliceable MUNC hints that spliced and unspliced MUNC may
have different target specificities, but this conclusion needs to be corroborated by future
experiments where we carefully regulate the levels of expression of spliced and

unspliceable MUNC so that they are expressed at approximately equal levels.
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Our results are in broad agreement with that of Sartorelli and co-workers (19) and
we conclude by summarizing the new findings in this report. (1) MUNC knockdown
downregulates MyoD transcript and MyoD protein. (2) MUNC is required for expression
of muscle differentiation marker genes in primary myoblasts. (3) An unexpected spliced
isoform of MUNC suggests that MUNC is an RNA Polymerase Il driven transcript, and
that not all the transcribed MUNC is simply left on chromatin like an e-RNA. (4) The
differential requirement of MUNC for MyoD binding to different E-boxes suggests a
function in addition to regulating MyoD expression. (5) The differential requirement of
MUNC for binding of MyoD and Myogenin to the DRR site, suggests that the role of
MUNC is more specific than simply opening up the chromatin at the DRR to give access
to all transcriptional factors. (6) MUNC is required for skeletal muscle regeneration in
adult mice. (7) A human homolog of MUNC suggests evolutionary conservation of
MUNC function. (8) A positive feedback loop between MyoD and MUNC suggests how
the two could be involved in turning on a switch towards differentiation. (9) Induction of
MyoD, Myogenin or Myh3 transcripts by overexpressed MUNC is not sufficient to induce
the corresponding proteins, thus dissociating the transcriptional induction program from
other aspects of differentiation. (10) The induction of Myogenin and Myh3 RNA by
MUNC does not require an induction of MyoD protein, suggesting that MUNC has actions
beyond simply acting as an e-RNA that induces MyoD. (11) The global analysis of gene
expression changes following MUNC knockdown shows that although many MUNC-
induced genes are also induced by MyoD, there are clear examples of genes induced by

MyoD alone or MUNC alone.

Materials and Methods
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Cell culture

Under growth conditions C2C12 cells were cultured in DMEM media with 10% FBS, when
differentiating, media was switched to DMEM containing 2%FBS. C3H 10T1/2 Cells were
grown in Eagle’s Basal medium with 2-mM L-glutamine, 1.5g/L sodium bicarbonate and
Earle’s BSS, with 10% FBS for growth conditions and 2% FBS for differentiation
conditions. LHCN cells were cultured on gelatin-coated plates, in DMEM/M199 media
(4:1, vol/vol), supplemented with 15% FBS, zinc sulfate (0.03pg/ml), vit.B12 (1.4pg/ml),
dexamethasone (0.055ug/ml), HGF (2.5ng/ml), bFGF (10ng/ml), HEPES (0.02M).
Differentiation was performed in serum-free DMEM/M199 media (4:1, vol/vol),
supplemented with HEPES (0.02M), zinc sulfate (0.03pg/ml), vit.B12 (1.4pg/ml), insulin

(10 pg/ml).

IncRNA screen

Myoblast sites were defined as the regions identified by both Pollll Chip-seq
(GSM721286), RNA-seq (GSM521256), H3K4me3 Chip-seq (GSM721292) experiments
in myoblast cells. Myotube sites were defined by similiar experiments in myotube cells
(GSM721287, GSM521258, GSM721293). Both sites were filtered for previously-known
transcripts, including: protein-coding and non-protein-coding genes, known miRNAs, and
transcription start sites. All of these filters were retrieved for the mm9 assembly on 2012-
06-12 from the UCSC Genome browser. Finally, myoblast sites were filtered for any
common to myotubes, and myotube sites were filtered for any sites common to myoblasts
(Fig. 1).

siRNA transfection of cells



59

Cells were transfected with Life Technologies "Silencer Select” siRNAs targeting MUNC,
of target sequence ggaugagcugugugcuucu or cgaccaaugggagagagca, or commercial
negative control silencer select SIRNAs. The "Silencer Select” RNAs have proprietary
modifications that allow them to efficiently target nuclear RNAs. siRNA was transfected
at a final concentration of 30nM in growth medium, with 3uL/mL total media volume of
Lipofectamine RNAimax. siRNA and Lipofectamine was mixed in 2mL/10mL total media
volume Optimem for 25 minutes prior to addition to cells seeded onto plates at 25%

confluency.

Stable overexpression of MUNC in C2C12 cells

Using amplified sequences of unspliced MUNC (PCR with C2C12 genomic DNA as a
template) insert was cloned into pLPCX vector via in fusion method (Clontech). The
construct was linearized and introduced to the cells (XtremeGENE transfection reagent

Roche). After 24hr, pools of stably transfected cells were selected with puromycin.

RNA expression by gRT-PCR

RNA was isolated by Trizol extraction, and cDNA synthesis was performed using Life
Technologies Superscript 11l RT cDNA synthesis kits, using random hexamer priming.
Prior to cDNA synthesis, RNA samples were treated with RQ1 RNAse free DNAse to
eliminate potential DNA contamination of samples. gPCR was performed with BioRad
iCycler, using iQ SYBR Green Supermix. Primers for the ncRNA screen were designed

using BatchPrimer3. All primers used in this study are listed in Table 2 and Table 3.

Microarray analysis
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RNA was hybridized to Affymetrix Mouse Exon ST arrays and analyzed for gene
expression using Affymetrix Expression Console software and Microsoft Excel. For
designing the heat map of genes expression the microarray data was analyzed using
Bioconductor. The top 400 genes, which demonstrated the most variance between samples,
were used for unsupervised hierarchical clustering. Gene ontology analysis of the top gene
clusters was performed using DAVID Bioinformatics Resources

(http://david.abcce.ncifcrf.gov/home.jsp) (35).

Western Blotting

Cells were lysed in IPH buffer and run on 10% polyacrylamide SDS-PAGE gels and
transferred to nitrocellulose membranes. Membranes were blocked for 30 minutes in 5%
Milk containing PBS-T, and incubated overnight with primary antibody in 3% BSA.
Secondary antibody incubation was carried out for 1 hour after washing, and at a 1:4000
dilution before washing and incubation with Millipore Immobilon HRP substrate.
Chemiluminescent images were captured on a G:BOX geldoc system (Syngene).
Antibodies and dilutions were used as follows, MyoD C-20 1:250 (Santa Cruz), Myogenin

1:250 (Santa Cruz), MHC 1:250 (Millipore), Tubulin 1:3000(Sigma).

ChIP studies

Cells were washed in PBS and crosslinked with 1% formaldehyde for 10 minutes, and then

treated with 0.15M glycine for 15 minutes. Cells were then PBS washed twice and lysed
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in lysis buffer containing 1%SDS with 50mM Tris 10mM EDTA, protease and RNAse
inhibitors. Chromatin was sonicated to an average size of 300bp, and incubated overnight
with Protein G Dynabead/Antibody complexes, with 2ug antibody per 1.5x1076 cells.
After overnight incubation, Dynabeads were washed with RIPA containing 150 mM NaCl
followed by 500mM NaCl, RIPA containing 250mM LiCl, and twice with Tris-EDTA.
Beads were then de-crosslinked overnight at 65°C and treated with Proteinase K, RNAse
A, RNAse H. DNA was then isolated by phenol:chloroform extraction and analysed by

gPCR.

Immunofluorescence

Cells were plated on glass cover slips in the presence of 30nM siRNA. Cells were collected
in growth medium or after 24, 72 or 120 hours in differentiation medium. After 60 minutes,
the cover slips were fixed with 4% formaldehyde in PBS, and permeabilized in 0.5% Triton
X-100 in PBS. Coverslips were blocked in 5% goat serum. Coverslips were incubated at
room temperature with primary antibody for 1 hour, and Alexa 488 or 549 conjugated
secondary antibody for 1 hour, with three TBS washes following each antibody incubation.
Coverslips were then mounted with Vectashield mounting solution (Vector Laboratories).
Antibodies used were anti-MyoD C-20 antibody (Santa Cruz Laboratories), and anti-
Myosin Heavy Chain A4.1025 antibody (Millipore). Antibodies were diluted 1:200 in 5%

goat serum containing PBS.

Microscopy

Images were captured using a Nikon Microphot SA upright microscope equipped

with a Nikon NFX35 camera using SPOT imaging software (Diagnostic Instruments Inc.)
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and a Nikon PlanApo 60x oil objective lens. Fluorescence images were acquired on the
same day using the same exposure times, gamma, and gain between samples. Images were

enhanced for brightness and contrast to the same extent within Photoshop.

Polyribosome fractionation and gqRT-PCR

Polysome fractionation assay was performed as described (36). The total RNAs from
monoribosome and polyribosome fractionations were extracted separately, and subjected

to gRT-PCR analysis.

Isolation and growth of primary myoblasts

Mice were genotyped and sacrified at Day 9. The procedure was performed according to

the protocol (37).

Mouse skeletal muscle regeneration following cardiotoxin injury

Cardiotoxin regeneration expreriments were performed as described in (38). Invitrogen
in-Vivo silencers targeting the MUNC-1 sequence were injected on day 2 and 5 of
regeneration using Invivofectamine (Invitrogen). Tissue samples from regenerating TA
muscle were collected on day 14 following cardiotoxin injection and analyzed by gRT-
PCR and immunofluorescence. The use of animals in all of the studies was done following
protocols approved by the Animal Care and Use Committee (ACUC) of University of

Virginia.
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Table 1.
RNAseq start RNAseq

Chromosome coordinate coordinate RNAseqlD NCRNA ID
chr7 30766640 30766824 MT_18580 1
chr7 53626843 53627031 MT_19022 2
chr7 53627330 53627626 MT_19023 3
chr7 53629487 53629561 MT_19024 4
chr7 53629872 53629954 MT_19025 5
chrl4 22566952 22567040 MT_141 6
chri4 32026105 32026292 MT _248 7
chrl9 3765132 3765533 MT_20418 8
chr8 13201970 13202444 MT_1230 9
chr8 13202768 13202922 MT_ 1231 10
chr8 13203007 13203263 MT_ 1232 11
chr8 126419999 126420073 MT _2710 12
chrl 20612312 20612490 MT_2953 13
chré 29381128 29381504 MT_24494 14
chr6 88850233 88850446 MT_25164 15
chré 149263245 149263339 MT_25901 16
chrll 46206645 46206735 MT_ 21873 17
chrll 48687223 48687425 MT_21890 18
chrll 50026771 50027017 MT_21919 19
chrll 58952620 58952746 MT_22298 20
chrl6 23989822 23989993 MT_6896 21
chr3 14530455 14530643 MT_8317 22
chrl5 27958322 27958509 MT_11215 23
chrd 119962964 119963170 MT_26893 24
chr2 91789193 91789586 MT_13961 25
chr9 21891831 21892015 MT_28975 26
chrl3 75846117 75846436 MT_16126 27
chrl3 75846651 75847469 MT_16127 28
chrb 31912782 31912875 MT 30734 29




Table 2.
ncRNA ID D|rec.t|on Sequence
of primer|
1 F [TTCGTGAGAGTATCCCACAGG
R TGTGAAGAGGAGATGTCCAGAA
2 F AGCCTCAGGATGAGCTGTGT
R CTCAATGCAGGGCCTCTTAG
3 F [TTCCAAAAAGGAGGAAGCAA
R ATGGATGTGGGGTTCATCAT
4 F CCAATGCTAAACAACCATCTGA
R ATCCATTTGGAGGGCACTG
5 F CAGGACCTTTGCACATGTTT
R GGATGAAGGGAGACAGAAGC
6 F TAAGGGTAAAGGCGGAGCTA
R TTGCAGACTCCGCTCAGTAA
7 F [TCGACATACCCTGTCTGCAA
R CTTCCCATCTCCCAGTGTTG
8 F CCATGTGCAAGAACTCCAAA
R [TGGTACCCCTTCTCCAAATG
9 F GACCTTGACCTTTCCCCAGT
R TTCCAGCTCTGTGTGGTCAG
10 F CACATGGATCCCTGGAGTG
R AGAGCATGCCTTCATTCTCAA
11 F CAGCAGAGGTTGGTCCTCTT
R GGAGGTGGGTATGCAGTGAG
12 F ACCATGGAGCCATTCACTTT
R AGCTATTTTGGGAGCGCTTA
13 F GCTTGGTGTCCCTCAGTGAT
R GTGCTCTCAGCCACACAGAA
14 F CCCGACTGGAGATCCTCATA
R AGTAGGGGTTTGGGCAGAGT
15 F GACATAGGGAGGGTCCCAGT
R AGGTAGTGTTCCTGGCTTGC
16 F TAGCGCCAGTCTTCTTCAGG
R GTTAGAGCCAGGGCCTCAAT
17 F ATCTGACCTGCCAGGAAGC
R CGTCTTTTCCTGTTCTCTTCCA
18 F CCCACAGGGACAGAGATAGG
R TCTCTGTGACAGCTGGAGGA
19 F AGTCAGACCAGGCATCTTGC
R IACAAGCCTTTCCCTTTCCTC
20 F GGGCACAGATGGTGAGTTG
R CTGGAGTGTGGGCTGCTG
21 F AAATGTGTGTGTGGGTACGTG
R GGGGGAATGTTCAAGACCTTA
22 F GGGGTTGGAACAGTGAAGAA
R CATTAGCTCCAGCAGGCATT
23 F GCCTAGATGGTTGGCATTGT
R TGAGTGGGTAAGGCACACAG
24 F TGTGCTTGCCCATACAACTC
R TTGGGACACTGTGTGGGATA
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25 F GCCACCCATCTACTTTTCCA
R [TCAGGTGCTTTCTGTGCATC

26 F CTGCAGGAAGTGCTGCTCTA
R CAAGCACAGTGGCACAAGAT

27 F CGAAAGTGGACATGTTGTCG
R AATCCTGTGGGGTGTAGCTG

28 F [TCTCAGAGGCTCCCAAAGAA
R GGCTTCCCCTTAATCTCCAC

29 F [TGAGCTCTGGGGAGTCTCTG
R

GGTGGGAAAGAACAGCACAG
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Table 3.

Direction
Name of the primer of Sequence

primer
qGAPDH F GCACAGTCAAGGCCGAGAAT
qGAPDH R GCCTTCTCCATGGTGGTGAA
qMHC F TCCAAACCGTCTCTGCACTGTT
qgMHCR AGCGTACAAAGTGTGGGTGTGT
gMYOD F CATCCGCTACATCGAAGGTC
gMYOD R GTGGAGATGCGCTCCACTAT
qgMYOGENIN F [AGCGCAGGCTCAAGAAAGTGAATG
qgMYOGENIN R CTGTAGGCGCTCAATGTACTGGAT
g human ACTIN B F GGCACCAGATCATGTTTGAG
g human ACTIN B R GAGTCCATCACGATGCCAGT
g human MHC F CTTCCCTGCACCAGATTCTC
g human MHC R GTATAAGCCCGAGGTGGTGA
g human MYOD F GGGGCTAGGTTCAGCTTTCT
g human MYOD R GCTCTGGCAAAGCAACTCTT
g human MyOGENIN F GCCAGACTATCCCCTTCCTC
g human MYOGENIN R GAGGCCGCGTTATGATAAAA

g human DRR F

CTGGGCAGAGCAGCCAAGGGAGCTG

g human DRR R

GAGGGGCTCATTTGGTGGGGAGTGGG

DM@ [Z[TM|D|TM|[D|T|D|T|D|T|D|TM|D ||| |T

CER ChIP F GGGCATTTATGGGTCTTCCT
CER ChIP R CTCATGCCTGGTGTTTAGGG
DRR ChIP F [TCAGGCCAGGACCATGTCT

DRR ChIP R CTGGACCTGTGGCCTCTTAC
Myogenin Promoter ChIP F GAATCACATGTAATCCACTGGA
Myogenin Promoter ChIP R IACGCCAACTGCTGGGTGCCA

1F AGCCTCAGGATGAGCTGTGT

1R CTCAATGCAGGGCCTCTTAG

2F [TTCCAAAAAGGAGGAAGCAA
2R ATGGATGTGGGGTTCATCAT
nested 5'RACE PRIMER outer [TCTCTCCCATTGGTCGGTTG
nested 5'RACE PRIMER inner (R-B’) GTTATTCACCGAGGGACACG
F-A [TAGCCAAGGGAGCTGAAATG
R-B GTTATTCACCGAGGGACACG
siMUNC-1 GGAUGAGCUGUGUGCUUCUTT
SiMUNC-2 CGACCAAUGGGAGAGAGCATT
si HUMAN MUNC AGUCCUCCCCUCUCAGCUCCCtt
si-MYOD CCAAUGCGAUUUAUCAGGUGCUUUG
pLPCX-MUNC F (in fusion cloning primer) GCCTCGGCCAAACATCGATA
pLPCX-MUNC R (in fusion cloning primer) GAGTCCGGTAGCGCTAGC

MUNC GT110AG F

(MUNC splicing mutant cloning primer)

GAGCTGTGTGCTTCTCCAGAGCAGTGGGCCTACAGCCTAAG

MUNC GT110AG R

(MUNC splicing mutant cloning primer)

CTTAGGCTGTAGGCCCACTGCTCTGGAGAAGCACACAGCTC
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Figure 1. A. Workflow (Left to Right) of the computational screen that identified potential long
noncoding RNA induced during muscle differentiation. B. UCSC Genome Browser screenshot

showing the locations of Polll ChIP Seq, H3K4me3 ChlIP-Seq and RNA-Seq signal.
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Figure 2. Predicted muscle specific non-coding RNAs are upregulated in myotubes

A. qPCR confirmation of predicted non-coding RNAs induced in myotubes versus myoblasts. 9
predicted RNAseq fragments at 7 independent genomic loci were >10X induced in myotubes
versus myoblasts. B. qPCR analysis of MyoD transfected trans-differentiating 10T1/2 fibroblasts
for several predicted myogenically regulated IncRNAs when transferred to low serum
differentiation medium (DM) versus growth medium (GM). C. RT-qPCR of IncRNAs from
screen in differentiating C2C12 Myaoblasts on indicated days after switch to low serum

differentiation media. D. RT-qPCR of indicated INCRNAs 2/3 (or MUNC) from mouse embryos
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(embryonic days 7, 11, 15, 17) and murine tissues showing high expression in skeletal muscle. E.
Schematic of MUNC genomic region upstream of the MyoD1 locus, MUNC overlaps previously
characterized Distal Regulatory Region (DRR) enhancer and putative noncoding transcripts 2 and
3 (pPNC2 and pNC3). F. RT-qPCR analysis of MUNC expression in primary myoblasts and

myotubes. MUNC 1F-1R and 2F-2R primers measure the primary unspliced MUNC while 1F-2R

primers measure spliced MUNC (see Fig. 3E). Data represent mean +/- SEM, n=3.
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Unspliced MUNC sequence (chr 7: 53,626,773- 53,627,862)

19022 (NCH2) 19023 (NC#3) ATTTATAGCACCTTGGAMGACTAGCCAAGGEAGCTGARATGCAAGECT
R-B’ TGGLAAGGACLAGGGEGARAT CLARGEGGCCACCTATGECGGCAGGAGE

== ACTGAGCCTCAGGATGAGCTGTGTGCTICICCABGTCAGTGEGCCTAS
CCCTGCATTGAGEEEACAATGCCTCAGCCCAGEGCCE
CLGAAGGGGIGGCTGG6GGAAGTTTTAGTGACCATAR
FC EB  FA 1F 2R RA R-B RC RD RE R.F ARTARARAGCRAGGTTGCAATCACTTAGACTCAGCATARRATTTATTT
CEETTTTIGTTATTIGTGTGCTIGCTTTGCITIGCTTTGTTIGCTCEE

GITTGAGATALGAGAGAGAGAGAGAGAGAGLGAGAGAGAGAGAGGGAR

GEAGGEAGGELCCCAGEEACEEACEEAGECAGEALCEARGEAACGAAG

B C ANGALAGARAGARAGAAANGAARGAANGANAGARAGARLG
molecular Genomic DNA ALAGAARGARAGARACTAGATTTGCACANGTGGTTTGARGTGCTTCCT
marker [bg] Wy 12345 67 TGEAGACACCAGGECACTGCATARTGARACAGACTTGCTCATTCATCE
1-1F + R-p  CCCARGGARTATTTGTGGTGCACCTAGTGTGIGCTGAGCATATTCASS

- — e e e — T TR T

e Y]

c
: A GGTTCCARAAAGGAGGAAGCAATAGCTTCCATCGARATCATTACT
1 2-1F + R-C  pnCcGRCRAATTACATCCATCCCTCACTGTAGATTTARGTCARATGARLG
3-1F +R-D  nGcacTT | GCRGCATACTGTITGGRATG

[bp]

T T —

LI CAGGCAAACCAGCCTCT
GCAGAGGCAGCGTGAGRAGCTTGTATGAGTRARGTACCT
G LGGTTTIGCTGGRAATAGRATGACTTGTAGCRCATITIG
TCRRGTATRAAGGATAGRRATCARRAGRGCCCARGRACTGITCR
ACTCGCTTGACACTTARACCRACTGTGCCCGCCGTGGGATCACTGE
TGCAGTGECTTCCGGAGACGOCATGGTGAGCARAGTACTCCTATCCAT
GETATGCTGETCTTCGTGTCCCTCGGTGRATARC

DM4 cDNA 4-1F +R-E

5-1F +R-F
<00 6- 1F + R-G
7-1F + R-H

HoO e G

D _ E Primers: 1F+ 2R Spliced MUNC sequence
GepomicDNA _DNA__ 4 p.p 4 R-B oy T8N (chr7: 53,626,773- 53,626,902 ; 53,627,475 - 53,627,862)
bpll 2 3 1 2 3 2-F-B+R-B 250 ATTTATAGCACCTTGGAAGACTAGCCAAGGGAGCTGAAATGCARGGLCC
3-F-C+R-B TGGARAGGACAGEGGGEARRTCARRGEEGCCACCTATGGLGGCAGGAGA

G L
ACTGRAGCCTICAGGATGAGCTGTGTGCTTCTCCAGATTTARGTCRARATG
T

L

Lall

Unspliced
MUNC

Spliced MUNC
2

[
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00

100

CATGGTGAGCRRAGTRC
CCATGGIATGCTGETCTICGIGICCCICGGTGRAATARC

Figure 3. Characterization of MyoD Upstream NonCoding transcript.

A. Schematic of primers used for 5’RACE PCR and PCR primer walking to determine ends of
MUNC transcript. B. 5' end mapping of MUNC: PCR product generated by 5‘RACE PCR on
cap-captured DM4 C2C12 RNA with R-B’ (nested) primer. C. 3' end mapping of MUNC: PCR
products with 1F and indicated R primers on genomic DNA (positive control) and DM4 C2C12
cDNA. Only R-B gave a product on the cDNA putting it at the 3' end of MUNC. D. PCR on
genomic DNA (positive control) and cDNA from DM4 C2C12 cells confirm the 5' end of MUNC
and the presence of unspliced and spliced isoforms. F-A + R-B produced two products on cDNA:
genomic length unspliced (~1000 bases) and spliced (~500 bases). E. PCR products amplified by
1F-2R primers. Lane 1: genomic DNA from C2C12 with extension time 60 sec. Lane 2: cDNA
from DM3 C2C12, extension time 20 sec. Lane 3 negative control (no DNA), extension time 20

sec. F, Sequence of Unspliced and Spliced MUNC amplified by F-A and R-B primers, bold



represents 5’splice site and bold italic represents 3” splice site. Coordinates according to the

UCSC Genome Browser (Assembly July 2007).
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Figure 4. Unspliced and spliced MUNC predicted to have low coding potential and is not

associated with polysomes during differentiation.
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A, Analysis obtained from the Coding Potential Calculator based on evolutionary conservation
and ORF attributes (http://cpc.cbi.pku.edu.cn/). Both forms of MUNC are likely to be non-coding
transcripts. B, Polysome fractionation profile of differentiating C2C12 cells. Monosomes:
Fractions 3-8. Polysomes: Fractions 9-18. C, gRT-PCR of polysome fractions and monosome
fractions. Spliced and unspliced MUNC are depleted from the polysome fraction while the
mRNAs for MyoD and GAPDH are enriched in the polysome fraction. Data represent mean +/-

SEM, n=3.
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Figure 5. Tissue expression of two other myogenically upregulated long noncoding RNA
transcripts, #9 and #13. A-B, gRT-PCR of indicated transcripts across a panel of embryonic and
adult mouse tissue samples. Values are normalized to expression of RPS13 a housekeeping gene
with low tissue variability and plotted relative to expression in Day 7 embryonic tissue. Data
represents mean +/- SEM, n=3.
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Figure 6. MUNC knockdown represses the induction of myogenic differentiation markers and
impairs myotube formation in culture. A-E. gRT-PCR measuring induction of unspliced and
spliced MUNC and myogenic markers MyoD, Myogenin and Myh3 (MHC) during differentiation
of C2C12 cells incubated with either control siRNA or siRNA targeting the 5* or 3’ end of MUNC.

MUNC levels normalized to GAPDH. Data represent mean +/- SEM, n=3. Note log-scale of Y-
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axis in A-D. F. Fusion index of differentiating C2C12 cells shows MUNC knockdown impairs
myotube formation. Fusion index calculated by dividing number of nuclei contained within
multinucleated cells by number of total nuclei in a field. G. Immunofluorescence of MHC (green),
and MyoD (blue) in differentiating C2C12 cells. C2C12 incubated with control siRNA show much
greater formation of MHC positive, multinucleated cells on differentiation day 3 and 5 than cells
incubated with siRNA targeting MUNC. Data represent mean +/- SEM, n=3. H. Western blot
analysis of MHC, Myogenin and MyoD in differentiating C2C12 cells. Independent siRNA
targeting MUNC reduce expression of these myogenic proteins. (I-J) gRT-PCR measuring
induction of unspliced and spliced form of MUNC and myogenic markers MyoD, Myogenin and
Myh3 during differentiation of primary murine myoblasts derived from DRR*" and DRR™ mice.

Expression levels normalized to GAPDH. Data represent mean +/- SEM, n=3.
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Figure 7. Global gene expression changes that occur during skeletal myogenesis are inhibited

by MUNC depletion. A. Hierarchical clustering of the 400 genes that varied the most upon
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differentiation of C2C12 cells. The cells were either treated with MUNC or control silencer RNAS
in both GM and DM. Signals are scaled to Z-scores of the rows. B. | and Il, denote gene clusters
that are enriched in GO terms associated with cell cycle and growth, and muscle specific processes,
respectively. C. 1 minus correlation coefficient of gene expression profiles of GM versus DM3
cells with either siControl or sSiIMUNC as measured by Affymetrix exon array analysis. D-E. Mean
expression fold change of the 50 most upregulated (D) or downregulated (E) genes in control
differentiating cells. This fold change is suppressed in siMUNC cells. Mean +/- SEM, N=5. F. Y-
axis: fold change of genes known to be induced by MyoD (21) (Top: induced by MyoD; Bottom:
repressed by MyoD). X-axis: Fold change of same genes after knockdown of MUNC (Left:
repressed by MUNC; Right: induced by MUNC). Box I: induced by MyoD but downregulated by
MUNC. Box II: induced by MyoD but not regulated by MUNC. Box IlI: downregulated by

MyoD, but not affected by MUNC. G. Genes in the three sub-classes (Boxes I-111) identified in (F).
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Figure 8. MUNC is required for MyoD binding at certain target sites and not others.
MUNC expression is dependent on MyoD. MyoD and Myogenin (MyoG) ChlIP at the MyoD
Distal Regulatory Region (A), Myogenin Promoter Region (B) and MyoD Core Enhancer Region
(C). Cells were treated with either control siRNA or siMUNC and incubated in Differentiation
Medium for 72 hours. Data represent mean +/- SEM, n=3. (D-F) MUNC expression level in
proliferating C2C12 cells (GM) and in differentiating cells (Differentiation Day 4) in control
conditions (siGL2) and after MyoD knockdown (siMyoD). Cells were transfected with SiRNA
and harvested 48hrs later (GM) or re-transfected (at DM0O and DM2) and incubated in

Differentiation Medium for 4 days (DM4). Data represent mean +/- SEM, n=3.
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Figure 9. Stable overexpression of MUNC enhances RNA of myogenic markers, but not the
corresponding proteins. gRT-PCR expression of MUNC isoforms and myogenic markers
following C2C12 transfection with linearized vectors coding 1) WT unspliced form of MUNC, 2)
Unspliceable form of MUNC with point mutation preventing RNA splicing, 3) Spliced form of
MUNC. Measurements were performed on proliferating cells (GM) and differentiating cells after
3 days in differentiation medium (DM). Expression of Unspliced MUNC (A, F), Spliced MUNC
(B, G), MyoD (C, H), Myogenin (D, 1), Myh3 RNAs (E, J). Data normalized to GAPDH
expression and then normalized again in each panel to the level in vector-transfected cells in GM
or DM. Data represent mean +/- SEM,N=3. (K) Western blot analysis showing level of MyoD and
MyoG proteins in C2C12 cells overexpressing MUNC in GM. Actin was used as a loading control.

(L) Same as in (K) except in cells are in DM for 3 days
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Figure 10. MUNC knockdown reduces myogenic marker expression during skeletal muscle
regeneration in adult mice and impairs regeneration. MUNC is conserved between humans
and mice. A-B, gRT-PCR expression of (A) MUNC isoforms and (B) myogenic markers
following knockdown of MUNC in three adult mouse TA muscles. Mice were injected twice
with sSiMUNC (Invitrogen in vivo silencer/invivofectamine complexes) and RNA was harvested
5 days following the first injection. Control siRNA was injected into the contralateral leg. 1F-1R,
and 2F-2R measure the 5’ and 3’ regions of the unspliced MUNC while 1F-2R measure spliced
MUNC. Data represent mean +/- SEM. N=3. C-D. qRT-PCR expression of (C) MUNC isoforms

and (D) myogenic markers after knockdown in adult mice TA muscle 14 days after injury with
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cardiotoxin. Mice were injected with cardiotoxin, then sSiMUNC (Invitrogen in vivo
silencer/invivofectamine complexes) twice, on day 2 and 5 following injury. RNA was harvested
14 days following the injury. Control sSiRNA was injected into the contralateral leg. Data
represent mean +/- SEM. N=4. E. Representative H&E, desmin, and laminin stained sections of
regenerating mouse TA muscle 14 days after cardiotoxin injection and control or MUNC in-vivo
siRNA knockdown. F. Quantitation of myofiber cross-sectional area. Data represents mean +/-
SEM, N=4. For statistical analysis Student’s T test was used. * p < 0.05 (significant); ** p> 0.05
(not significant). G. Induction of expression of human MUNC RNA during differentiation of
LHCN cells. H-1. gRT-PCR analysis of (H) human MUNC RNA and (I) myogenic markers in
LHCN human myoblasts after transfection with siRNA targeting human MUNC and 7 days of
differentiation in low serum. Data normalized to beta-actin expression. Data represent mean +/-

SEM N=3.
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Figure 11. Alignment between human DRR sequence plus downstream 1000 bp
(chrl1:17714232-17716026) with mouse MUNC locus, from 400bp upstream of TSS to end
of MUNC (chr7:46371003-46372492). Blue in human sequence indicates DRR, red in mouse

sequence indicates MUNC exonl and MUNC exon2.
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Adapted from: MUNC, an eRNA upstream from the MYOD gene, induces a subgroup of

myogenic transcripts in trans, independently of MyoD

Magdalena A. Cichewicz, Manjari Kiran, R6za K. Przanowska, Anindya Dutta

under review

My contribution to the paper:

| established C2C12 cells stably overexpressing different parts of MUNC

sequences and analyzed them — Fig. 1

- |l established MYOD KO and MUNC KO cells and compared their differentiation
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MYOD in them, and analyzed — Fig. 3, 4

- | confirmed regulation of a few gene candidates regulated by MUNC, found in

genome-wide analysis (Dr. Manjari Kiran) — Fig. 6
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Abstract

MyoD Upstream Noncoding RNA (MUNC), initiates in the Distal Regulatory Region
enhancer of MYOD (DRR), and is formally classified as an enhancer RNA (DRRERNA),
MUNC is required for optimal myogenic differentiation, induces specific myogenic
transcripts in trans (MYOD, MYOGENIN, and MYH3) and has a functional human
homolog. The vast majority of eRNAs are believed to act in cis primarily on their
neighboring genes (1, 2), making it likely that MUNC action is dependent on the induction
of MYOD RNA. Surprisingly, MUNC overexpression in MYOD”" C2C12 cells induces
myogenic transcripts in the complete absence of MyoD protein. Genome wide analysis
shows that while some of the MUNC-regulated gene expression is dependent on MyoD,
there is a core set of genes that are regulated by MUNC, both upwards and downwards,
independent of MyoD. MUNC and MyoD even appear to act antagonistically on certain
transcripts. Consistent with the idea that MUNC acts more like a IncCRNA than a classic
eRNA, there are at least two independent functional sites on the MUNC IncRNA, exon 1
being more active than exon 2, with very little activity from the intron. These results show
that although MUNC is an eRNA, it regulates expression of many genes as a trans-acting

InNcRNA.
Introduction

Myogenesis is a process of skeletal muscle differentiation occurring during
vertebrate embryo development, and in the adult during regeneration of muscle fibers after
injury. During embryonic development muscles derive from the mesoderm, where

myoblast — embryonic stem cells give rise to muscle fibers (3). Myogenesis requires a
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network of muscle-specific transcription factors composed of four muscle regulatory
factors (MRFs) from the basic helix-loop-helix (bHLH) family of transcription factors
(myogenic factor 5- Myf5, myoblast determination protein- MyoD, myogenin and muscle
specific regulatory factor 4- MRF4). When myogenesis is activated, MyoD with E-proteins
bind to E-box sequence in promoters of genes, driving their transcription and setting off a
transcriptional cascade (4). This activation leads to the expression of several muscle
specific target genes such as MYOGENIN, M-CADHERIN, myosin heavy and light chains

(such as MYH3), and muscle creatine kinase (5).

In vitro studies identified three MYOD regulatory elements in mice: Proximal
Regulatory Region (PRR) that is adjacent to the transcription start site (TSS) of MYOD, a
720 bp long Distal Regulatory Region (DRR) located ~5 kb upstream from MYOD TSS,
and a Core Enhancer Region (CER) located ~23 kb upstream from MYOD TSS (6) (7) (8).
The DRR sequence is functionally conserved between mouse and human, sharing blocks
of sequence identity over a 445 bp region between the two species. DRR deletion reduces
MyoD RNA and protein level in adult muscle (9) (10). DRR contains consensus binding
sites for MyoD, MEF-2 and SRF (10) (11), explaining how it positively regulates MYOD
expression like a classic enhancer. DRR is essential for skeletal muscle cells development
as an enhancer, but it also serves as the initiation site of a myogenic enhancer RNA, MUNC

or DRR®RNA which plays a positive regulatory role during muscle development (12) (13).

Long non-coding RNAs (IncRNAs) form a diverse family of RNA transcripts
longer than 200 nt, which do not encode proteins but have different functions in the cell as
RNA molecules (reviewed in (14)). Global analysis of the mouse transcriptome suggests

that IncRNAs are major functional components of the genome (15). Mainly transcribed by
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RNA polymerase Il (Polll), IncRNA can be intergenic, multiexonic, antisense to known
genes or from regulatory elements located distally from known TSS (14). High-throughput
RNA sequencing identified many novel IncRNAs specifically expressed during skeletal
muscle differentiation (16). Their mechanisms of actions are heterogenous and they are
localized differently in cells (reviewed: (17) (18)). Nuclear IncRNAs can mediate
epigenetic changes by recruiting chromatin remodeling complexes to specific genomic
loci. Muscle-specific Steroid Receptor RNA Activator (SRA), promotes muscle
differentiation through its interactions with RNA helicase coregulators p68, p72, and
MyoD (19). Another example of promyogenic IncRNA functioning in cis is Dum
(developmental pluripotency-associated 2 (Dppa2) Upstream binding muscle RNA), which
silences its neighboring gene, Dppa2, by recruiting Dnmts to its locus (20). DBE-T, a
IncRNA produced selectively in patients with Facioscapulohumeral muscular dystrophy
(FSHD), binds to the chromatin and recruits transcriptional activator AshlL, to de-repress

the FSHD locus (21).

An important group of nuclear IncRNAs may work as enhancer RNAs (eRNAs)
stimulating transcription of adjacent genes (1). A recent study of 12 mouse INcCRNAs
identified 5 that act as eRNAs in that they stimulate the transcription of the adjoining gene
in cis by a process that involves the transcription and splicing of the eRNA, but is not
dependent on the sequence of the actual RNA transcript (2). Myogenic eRNAs include
DRRRNA or MUNC and CER®*™NA and consistent with current models of eRNA function,
stimulate expression of the adjoining MYOD gene in cis by increasing chromatin

accessibility for transcriptional factors. DRR®N* or MUNC is already a little atypical as
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an eRNA because it can induce expression not only of the MYOD gene located in cis, but

also of MYOGENIN and MYH3, which are located on different chromosomes (12) (13).

In this study, we show that MUNC has a function independent of its action as an
eRNA that stimulates expression of MYOD. Specifically, MUNC has a MyoD-
independent pro-myogenic function during skeletal muscle differentiation, has multiple
separate functional regions, can act in trans on multiple genes on different chromosomes.
This raises the possibility that although many eRNAs act as classic enhancer RNAs that
stimulate transcription of adjoining genes merely from the act of transcription and splicing,
some of them may have additional roles as trans-acting INcRNA where the sequence of the

RNA matters for its function.

Results

MUNC as a IncRNA has multiple domains important for its function.

In the previous study we showed that stable overexpression of MUNC from a
heterologous site in C2C12 cells increases levels of myogenic RNAs, MYOD,
MYOGENIN, and MYH3 (13). This in itself is at odds with the prevailing model that the
act of transcription and splicing at the endogenous eRNA locus is important for the action
of the eRNA. We therefore decided to investigate the second tenet of the eRNA hypothesis:
is the specific sequence of the MUNC transcript irrelevant for stimulating the myogenic
transcripts? Fragments of MUNC containing different parts of the RNA were stably
overexpressed in C2C12 cells (Fig. 1A). The overexpression was confirmed both in
proliferating myoblasts (Fig. 1C-E) and in differentiating myotubes (Fig. 1F-H). For

comparison, we used C2C12 cells stably transfected with the spliced isoform of MUNC
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and with the genomic sequence of MUNC (overexpressing both spliced and unspliced
isoforms). We compared the expression levels of MYOD, MYOGENIN, and MYH3 RNAs
in proliferating conditions (GM) to see whether MUNC is able to induce myogenic factors
when cells still proliferate, and after 3 days of differentiation (DM3) to see whether
overexpression of MUNC is still able to change myogenic RNA levels when other
myogenic factors are already induced (Fig. 1B). In differentiating cells the overexpression
of MUNC induced MYOGENIN and MYH3 to much higher levels than in proliferating
cells, suggesting that differentiating cells may express additional factors that facilitate
MUNC’s action. Second, MYOD induction in DM3 was much lower than that of
MYOGENIN and MYHS3, suggesting that there may not be a quantitative correlation
between MYOD induction and that of MYOGENIN and MYH3, as would have been
expected if MYOD is an obligate intermediary connecting MUNC with MYOGENIN or
MYH3. This lack of correlation is consistent with our earlier observation that MUNC
overexpression induced MYOGENIN and MYH3 mRNA, without inducing MyoD protein
(despite the induction of MYOD mRNA) (13). Finally, exon 1 was more potent than exon
2 at inducing these transcripts, while the intron was virtually ineffective. Consistent with
the structure of the RNA being important, we observed that although the intron was
ineffective by itself, it inhibited the activity of exon 1 and stimulated the activity of exon 2
when fused to the exons. Therefore, the effects of MUNC overexpression on these three
genes are not coordinated, and MUNC function depends on its sequence and secondary
structure, predicting the importance of its interaction with functional partner(s) to turn on

these myogenic transcripts.
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There have been a few reports of INCRNAs encoding micropeptides with biological
function (22). Spliced MUNC transcript could code for three such micropeptides unrelated
in sequence to each other (three red lines in Fig. 1A). The structure function analysis
reported above rules out the possibility that the induction of the three genes is due to any

of these micropeptides.

The MUNC genomic fragment expressed both spliced and unspliced MUNC.
Spliced MUNC and genomic MUNC had variable patterns of induction on the three genes.
In GM spliced MUNC induced MYOD, MYH3 and MYOGENIN >4x more than genomic
MUNC. In DM3, however, spliced MUNC induced MYOD 5x more than genomic MUNC
but the two forms of MUNC induced MYOGENIN and MYH3 equally. This difference in
action on individual transcripts is difficult to explain if all genes are stimulated by the same
mechanism, namely the induction of MYOD. For simplicity’s sake, most of the subsequent
analysis was done exclusively with cells stably overexpressing spliced MUNC because it

is more potent than genomic MUNC at inducing MYOD.
MYOD1 knock out diminishes muscle differentiation in vitro.

A crucial role of MyoD during skeletal muscle differentiation was established both
in vitro as well as in vivo. Skeletal muscles of MYOD- mice displayed reduced capacity of
regeneration following injury (23), and in vitro knock down of MYQOD in differentiating
C2C12 cells decreased the efficiency of differentiation (24) (13). It is also known that
knock-down of MUNC decreases expression of MYOD, and negatively affects other
downstream effectors of muscle differentiation(13). To investigate whether the role of
MUNC during muscle differentiation is primarily through the induction of MyoD, or

whether MUNC has activities independent of MyoD, we engineered a MYOD1”- C2C12
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cells. Using CRISPR-Cas9 technology(25) both alleles of MYOD1 were knocked out by
deletion of 150bp of MYODL1 exonl (corresponding to amino acids P7-L57 of MyoD
protein and throwing the rest of the protein out of frame) (Fig. 2A). The deletion was
confirmed by PCR on the genomic DNA (Fig. 2B) and by Sanger sequencing of the PCR
products (data not shown). The homozygous deletion was associated with the complete
absence of MyoD protein in the cells, confirmed by antibodies recognizing an epitope in
the C-terminus of the protein (Fig. 2C). To check how absence of MyoD protein affects
C2C12 differentiation, we differentiated WT and MYOD™ cells for 3 days and compared
the induction of myogenic markers. WT cells showed the expected induction of specific
myogenic transcripts after differentiation: MYOD was induced 5X, (Fig. 2D), MUNC by
30X (Fig. 2E) and MYOGENIN and MYH3 by 1000X and 10,000X respectively (Fig.2F,
G). In contrast MYOD™" cells lacking the deleted part of the MYOD transcript (Fig. 2D)
had low expression of MUNC (Fig. 2E), and only a 10X induction of MYOGENIN or
MYH3 RNAs (Fig. 2F, G). In addition, myosin heavy chain (MHC) detected by
immunostaining in DM3 cells was lower in MYOD™ differentiating cells than in WT cells
(Fig. 2H). These results agree with previous reports that MYOD1 is essential for
myogenesis in vitro and confirm that we have successfully deleted MYODL1 in the C2C12

cells.
MUNC knockout causes a greater disruption of myogenesis than MYOD1 knockout.

In parallel we generated MUNC”- C2C12 clones (Fig. 21) and evaluated them after
>20 passages, hypothesizing that if MUNC works entirely in a MyoD dependent manner,
we will see exactly the same phenotype for both MUNC and MYOD1 knock-outs. We

compared the differentiation efficiency of MUNC™" clone at high passage (>20 passages)
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to that of MYOD1” C2C12 cells at low passage (<10) and high passage (>20). The
deletion of MUNC by CRISPR-Cas9 engineering was confirmed by PCR (Fig. 2J) and
Sanger sequencing of the PCR products (data not shown). The early passage MYOD1™"
cells and the MUNC™ cells were equally disabled in differentiation: MYOGENIN or MYH3
RNAs were decreased at least 10X compared to WT cells (Fig. 2L, M). Surprisingly the
late passage MYOD™ cells differentiated as efficiently as WT cells (Fig. 2L, M), even
though MYOD1 RNA was still deleted (Fig. 2K). Thus, upon passage, C2C12 cells without
MyoD protein activated some back-up pathway to substitute for MyoD. In contrast, lack
of the MUNC/DRR locus gave a more severe phenotype where the cells could not recover
their ability to differentiate even after additional passages. Therefore, lack of DRR or the
MUNC transcript caused a greater disruption of differentiation in vitro than produced by

the simple decrease of MyoD protein.

Stable overexpression of MUNC in MYOD- cells induces MYOGENIN and MYH3

transcripts levels independently of MyoD

After seeing a clear difference between MUNC” and MYOD” cells we
hypothesized that MUNC has an additional MyoD-independent role during skeletal muscle
differentiation. To test this, we stably overexpressed spliced MUNC in MYOD” C2C12
cells. Cells overexpressing MUNC (Fig. 3A) showed higher expression of MYOGENIN in
both GM (100X induction) and DM (10X induction) than control cells not overexpressing
MUNC (Fig. 3B). MYH3 RNA was also increased by 10X in both GM and DM (Fig. 3C).
This observation shows that INcRNA MUNC is able to induce MYOGENIN and MYH3 in

the complete absence of MyoD protein.
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Transient expression of MyoD does not further stimulate the induction of

MYOGENIN or MYH3 by MUNC

The 10X induction of MYOGENIN and MYH3 by MUNC overexpression in DM
MYOD”-C2C12 cells is lower than the induction of these RNAs by MUNC in WT C2C12
cells (40X and 180X, respectively) (13) leading us to test whether transient expression of
MyoD protein will stimulate the induction of these genes by MUNC. MYOD™ cells
overexpressing MUNC were transiently transfected with a vector expressing MYOD (Fig.
4A, B). Relative to control cells, MYOGENIN RNA was induced 3X by MyoD alone, 4X
by MUNC alone and 6X by both MyoD and MUNC (Fig. 4D). MYH3 RNA was similarly
induced 3X by MyoD alone, 4.5X by MUNC alone and 6X by both MyoD and MUNC
(Fig. 4E). The differences between MyoD or MUNC alone and MUNC+MyoD expression
do not reach statistical significance. Thus, although MUNC acts in a MyoD-independent
manner on MYOGENIN and MYH3, and although the induction is 4-18 fold more in WT
C2C12 cells than in MYOD™ cells, transient restitution of MyoD protein is insufficient to

add to the stimulation of these two RNAs by MUNC.

MUNC overexpression regulates many cellular genes in the complete absence of

MyoD protein

MUNC induces MYOGENIN and MYH3 independent of MyoD. To estimate the
number of MUNC-induced RNAs which are dependent and independent of MyoD we
checked global RNA changes produced by MUNC overexpression in WT cells (WT) and
MYOD™ cells after 3 days of differentiation (DM3) (Fig. 5A and C). The Venn diagram
in Fig. 5A shows that as expected, we identified many (3678) genes which were induced

by MUNC only in the WT cells, but not in the MYOD™" cells, suggesting that there is a
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large fraction of genes that are induced by MUNC in a MyoD dependent manner. There
were 35 genes similar to MYOGENIN and MYH3 that are induced by MUNC in the
presence or absence of MyoD and 157 genes that were induced by MUNC in MYOD™
cells, but not in WT cells. These last two groups clearly show that MUNC can regulate the

expression of many genes independent of MyoD protein.

The scatter plots in Fig. 5A examine how individual genes in each of these three
groups behave upon MUNC overexpression in WT cells and in MYOD™ cells. Genes that
were induced in both types of cells (top-right plot), were less induced in the absence of
MyoD, similar to the behavior of MYOGENIN and MYH3 described above. The genes that
were exclusively induced by MUNC in WT cells (lower-left plot) were mostly unaffected
in the MYOD™ cells (log2 fold change from 0.2 to -0.2), though there were a few that were
repressed by MUNC in MYOD™- cells. Surprisingly, of the 157 genes that were induced
by MUNC exclusively in the MYOD™ cells (lower-right plot), a large number were
repressed by MUNC in WT cells, suggesting that the presence of MyoD in the latter
reverses the direction of change induced by MUNC. This stimulated us to examine whether
MyoD might actually repress some of these 157 genes (Fig. 5B), by comparing their
expression in DM3 in WT cells against MYOD- cells (without overexpression of MUNC).
Out of these 157 genes, 88 are differentially regulated (P value < 0.05) when comparing
WT DM cells to MYOD” DM cells. Out of these 88 genes, 45 are higher and 43 are lower
in WT cells compared to MYOD™ cells, suggesting that 45 are positively regulated by
MyoD, and 43 are repressed by MyoD. Thus, of the 157 genes induced exclusively by
MUNC in the absence of MyoD, 43 could be repressed by MUNC in WT cells indirectly

through the induction of MyoD. However, in the absence of MyoD, MUNC regulates them
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in the opposite direction (induction), providing further support to the hypothesis that
MUNC regulates many genes completely independent of MyoD protein. However, 45
genes are induced (directly or indirectly) by MyoD and by MUNC in the absence of MyoD,
and yet, when MUNC is overexpressed in the presence of MyoD in WT cells, the genes
are repressed, suggesting that their regulation in WT cells cannot be explained by

postulating additive regulation by MUNC and MyoD.

Another interesting category of genes were those that are repressed by MUNC in
differentiating conditions (Fig. 5C). Here, too, there were many genes (4021) that were
repressed by MUNC only in the presence of MyoD, suggesting that MUNC represses these
genes perhaps indirectly through the action of MyoD. 26 genes were repressed by MUNC
in the presence or absence of MyoD and 173 genes are repressed by MUNC only in the
absence of MyoD, again showing evidence of MUNC activity independent of MyoD
protein. The scatter plots again suggest that the last category of 173 genes includes many
genes that are paradoxically upregulated by MUNC in WT cells. Of these, the plot in Fig.
5D identifies 6 genes that are induced by the presence of MyoD, and so might be induced
by MUNC in WT cells through the induction of MyoD. However, in the absence of MyoD,
MUNC independently acts on these same genes and represses them. Here again, there are
88 genes that are repressed by MyoD (in the comparison of WT and MYOD" cells) and by
MUNC in the absence of MyoD, yet overexpression of MUNC in WT cells (in the presence
of MyoD), does not lead to their repression, suggesting that MyoD and MUNC do not act

additively on all promoter.

Collectively these results suggest that although MUNC and MyoD co-operate to

regulate many genes, clearly there is a subset of genes that are regulated by MUNC in the
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complete absence of MyoD protein, consistent with our hypothesis that MUNC is not
merely an eRNA whose only role is to induce MYODL1 transcription. Additionally, we
observed a group of genes which are regulated by MyoD and MUNC in opposite directions,

which suggests that the two factors may work in some pathways as antagonists.
A co-factor for MUNC present in WT cells but not in MYOD™ cells

Since the RNA-Seq analysis identified 35 genes besides MYOGENIN and MYH3
that are induced by MUNC in WT and MYOD™- C2C12 cells (Fig. 5A), we again tested by
gRT-PCR whether the induction of these genes is significantly greater in WT cells (Fig.
6A) than in MYOD™ cells (Fig. 6B). We primarily focused on genes whose products are
functionally and structurally connected to skeletal muscle function. The genes were:
Tmema8c, a gene coding for Myomaker, a protein essential for fusion of embryonic and
adult myoblasts (26), Actal, one of the main structural proteins in the sarcomere unit (27);
Mylpf, a gene coding for the regulatory light chain of striated muscle (28); Ablim3,
encoding a protein strongly binding to F-actin suggesting its role as a scaffold for actin
cytoskeleton signaling (29); Tnncl, a gene coding for Troponin C a part of troponin
complex, a structural complex responsible for muscle contraction (27). As for MYOGENIN
and MYH3, we discovered that MUNC stimulates three of the genes much more in WT
cells than in MYOD™ cells: Tmem8c (10,000X vs 6X), Actal (40X vs. 6X) and Mylpf (7X
vs. 1.8X). On the other hand, Ablim3 and Tnncl were stimulated to the same extent in
WT cells as in MYOD™ cells, suggesting that the results with previous three genes was not
due to a global defect of MUNC expressed in the MYOD™ cells. Thus, it is likely that WT

cells possess a co-factor of MUNC for certain genes that is absent in the MYOD™ cells,
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though at present we cannot say (based on the results in Fig. 4) that the factor is MyoD

protein.
MUNC regulates muscle related genes in MYOD™ cells

To demonstrate the reproducibility of regulation of gene expression by MUNC
overexpression independent of MyoD, we performed hierarchical clustering of the
differentially expressed genes in MYOD”- C2C12 cells both in GM and DM3 (Fig. 7A). In
both GM and DM3 MUNC overexpression induces as well as represses genes in absence
of MyoD, and the pattern of this regulation is preserved in two independent experiments.
Gene Ontology terms that are enriched among the genes regulated by MUNC in DM3 in
the absence of MyoD indicate that many of them are associated with skeletal muscle
development and muscle structure (Fig. 7B). A similar analysis of GO terms enriched
among genes regulated by MUNC in GM, in MYOD™" cells, shows less enrichment of genes
involved in skeletal muscle development and structure (data not shown). This is consistent
with the idea that even in the absence of MyoD, there are other factors present in DM3
conditions, but not in GM conditions, that co-operate with MUNC to regulate myogenic

genes.

To determine the most significant molecular pathway regulated by MUNC in the
absence of MyoD, we performed a gene set enrichment analysis (GSEA) on the genes
differentially regulated upon MUNC overexpression in MYOD™ cells in DM3. The plot
shows significant enrichment of genes involved in muscle contraction among the genes
induced by MUNC. The table below the plot shows a list of the top 10 genes contributing
to the enrichment score for muscle contraction GO term, which are mainly muscle structure

proteins coding genes (Fig. 7C).
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We wanted to confirm whether the global change in gene expression induced by
MUNC in WT C2C12 cells in GM is similar to that seen when the same cells undergo
differentiation in DM. 1982 genes were induced and 1733 genes were repressed by MUNC
in WT cells growing in GM. When these genes are compared with the genes that are
induced or repressed upon differentiation of WT C2C12 cells a highly significant number
of genes are found to overlap (Fig. 7D). This result suggests that MUNC overexpression
alone in GM is able to push C2C12 cells in the direction of myogenic differentiation,
although of course, MUNC overexpression alone is not as potent as the differentiation

induced by moving cells from GM to DM.

Discussion

The first question, this paper answers is whether MUNC is an IncRNA or just an
eRNA. Recent literature suggests that long noncoding RNAs deriving from enhancer loci
directly regulate the expression level of neighboring genes by a cis-acting mechanism (2).
P53-bound enhancer regions produce eRNAs which regulate transcription of adjacent
genes, as shown by reporter assays and RNAPolll ChIP assay (30). Additional examples
are activating ncRNAs, ncRNA-a3 and ncRNA-a7, whose depletion decreases RNAPolll
abundance at adjacent genes, as well as the recruitment of Mediator to the adjoining
promoter. Chromatin looping between these enhancers and target genes is decreased when
the eRNA is depleted, which is accompanied by decreased expression of the target gene
(31). ERa- inducible enhancer RNAs are functionally important for expression of their
target genes and are crucial for proper chromatin looping between enhancers loci and target
gene bodies, which facilitates interactions between chromatin modifiers and transcription

machinery (32). It was suggested that MUNC, coded by DRR genomic sequence, also acts
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as enhancer RNA (12), inducing transcription of MYOD, and that this is MUNC’s only
function. However, we present data showing that MUNC positively regulates different
myogenic genes, not only MYOD, and it has many target genes that are deregulated by
MUNC overexpression in the complete absence of MyoD protein. The fact that the
sequence of the RNA is necessary for the induction of MYOD, MYOGENIN or MYH3
argues that the mere act of transcription or splicing of MUNC is not sufficient for its
activity, as has been suggested for eRNAs (2). In addition, the structure-function studies
show that even in WT cells, different parts of MUNC stimulate MYOD, MYOGENIN and
MYH3 RNAs to different extents that are not correlated with each other, something that
would have been expected if MYOD was an obligate intermediate to the induction of
MYOGENIN and MYH3. These results suggest that MUNC is both a classical eRNA that
induces transcription of the adjoining MYOD RNA, and also an IncRNA that has actions

independent of MYOD induction.

This result opens the possibility that there could be other eRNAs that also act as
IncRNASs. So far, reports suggest that eERNAs are not being spliced, that transcription from
the enhancer region is bidirectional and that transcriptionally active enhancers are tagged
with H3K4mel rather than H3K4me3 marks. Enhancer RNAs are also usually much
shorter than IncRNAs (33). We know from this report and our previous study (13) that
MUNC is being spliced, that the predominant stable transcript at the DRR locus is in the
direction of MUNC and that the DRR genomic locus during muscle differentiation shows
H3K4me3 marks. We hypothesize that eRNAs with similar features may have a dual action
as an eRNA (enhancing the transcription of the adjoining gene) and as an IncRNA, that

executes functions independent of its nearby neighbor.
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The next question is whether MUNC IncRNA acts through the expression of an
encoded micropeptide. There is growing literature that some IncRNAs code for functional
micropeptides of even 30 amino acids. The most recent examples are micropeptides
described by Olson and colleagues, which by interaction with SERCA regulate calcium
signaling in muscle (34) (35) and nonmuscle cells (36). Additionally, it was shown that
one genomic locus may produce both: functional micropeptide MLN and functional
IncRNA linc-RAM, working exclusively from each other (22). Spliced MUNC transcript
could code for three such micropeptides unrelated in sequence to each other (three red lines
in Fig. 1A). However, the structure-function studies on MUNC revealed two important
points. Two exons of MUNC have different potency of inducing myogenic transcripts, and
addition of intronic sequence to each of them has different effects. The intron inhibits the
activity of exon 1 and stimulates the activity of exon 2 when fused to the exons.
Collectively, these results rule out the possibility that MUNC’s IncRNA-like function

could be due to any of the three putative micro-ORFs in MUNC.

Both MUNC and MyoD are pro-myogenic factors, raising the question whether
they are additive with each other and whether they ever act in opposite directions. Our
results suggest that although MUNC and MyoD co-operate to regulate many genes, clearly
there is a subset of genes that are regulated by MUNC in the complete absence of MyoD
protein. Additionally, we observed a group of genes which are regulated by MyoD and
MUNC in opposite directions, which suggests that the two factors may work in some
pathways as antagonists. A very interesting result emerged when we compared the
differentiation of early and late passage MYOD™ cells and MUNC™ cells. The lack of

MUNC produces a more severe disability in differentiation than that obtained from the lack



108

of MyoD protein. In fact, it is quite interesting that the MYOD" cells adapt, with sufficient
passage, to the absence of MyoD and differentiate normally, but the MUNC™" cells do not.
This is yet another result that suggests that MUNC has additional functions besides the
stimulation of MyoD expression, functions that may allow cells to adapt to the absence of

MyoD.

In our first paper (13) overexpression of MUNC induced the expression of three
genes, and so we had focused on MUNC as a positive factor for gene expression. The
genome-wide analysis of genes regulated by MUNC in WT cells and in MYOD™" cells
presents a more complicated picture where in both types of cell MUNC induces and
represses a large number of genes. MyoD, similarly, was initially thought to be a
transcriptional factor that positively regulated expression of its target genes. However, it
has since been recognized that MyoD also plays a role as a repressor of transcription in
cooperation with HDACL. For example, during proliferation MyoD together with HDAC1
binds to the promoter region of MYOGENIN and suppresses its transcription. After serum
withdrawal, MyoD changes its interaction partners to P/CAF and activates transcription of
MYOGENIN (37). It is possible that similarly MyoD is bound to specific genes promoters
to repress their transcription during differentiation. It has also been proposed that MyoD
can interact with chromatin looping proteins such as CTCF to disrupt repressive loops and
thus inducing transcription from specific genomic regions (38). Thus, there are different,
independent mechanisms by which MyoD regulates its targets. Similarly, we propose that
MUNC interacts with different cellular factors, to induce or repress different targets, and
that the induction and repressive functions are sometimes MyoD-dependent and sometimes

not.
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Although one important conclusion of this paper is that MUNC can act independent
of MyoD and sometimes in the opposite direction as MyoD, it is clear that there are many
functional interactions between the two pro-myogenic factors. For one, MyoD promotes
the transcription of MUNC (as evidenced by the decrease of MUNC in the MYOD™ cells)
and the ChIP of MyoD protein to the DRR just upstream of the transcription start site of
MUNC (Fig. 8). However, MUNC also promotes the expression of MyoD. In addition,
there are many genes that are regulated in the same direction by MUNC (in the presence
or absence of MyoD) and by MyoD. Our future goal is to describe how MUNC and MyoD
co-operate together on the genes that they both induce or repress. The first possibility is
that both molecules interact physically, making MyoD more efficient. Although till now
we have failed to detect any direct physical interaction between MyoD and MUNC, we
cannot yet rule out this possibility. Transient and weak interactions between MyoD and
MUNC may be functional but difficult to show. MyoD interacts with numerous proteins to
build whole complexes that regulate the expression of target genes. MUNC may interact
with and activate another protein from such complex or may function as a scaffold, helping
to maintain stability of interaction between transcriptional factors and chromatin

remodelers.

A related goal is to describe how MUNC acts on many genes independent of MyoD (Fig.
8). We have to identify cellular proteins that interact with MUNC independent of MyoD.
The MUNC-overexpressing MYOD™ cells will be very important for such a search. As a
nuclear transcript, MUNC may interact with chromatin modifiers, transcription factors or

repressors on the chromatin. Thus, another goal will be to examine whether we can identify
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specific genomic sites at which MUNC interacts with the chromatin and/or alters the

chromatin landscape, without actually being found stably associated with the genome site.

Materials and Methods

Cell culture

C2C12 cells were cultured in DMEM-high glucose medium (GE Healthcare Life Sciences
co.) with 10% FBS (Life Technologies co.), when differentiating, serum was switched to

2% horse serum (GE Healthcare Life Sciences co.)

Knock out strategy

CRISPR protocol with minor changes was followed to achieve deletion of a part of the

MYOD1 gene(25). Briefly, sgRNAs were designed using CRISPR DESIGN tool:

http://crispr.mit.edu/. Cells were co-transfected with vectors coding for Cas9 (vector
obtained from Addgene (#41815)), sgRNAs cloned into gRNA_GFP-T2 (vector obtained
from Addgene #41820), and a spiking vector coding for a resistance gene. After 24-48 hrs
cells were treated with puromycin (C=2ug/ml), and resistant cells were seeded to 96-well
plates using single cell dilution method. Growing clones were examined for desired
deletion by PCR on extracted genomic DNA (Quick Extract DNA Extraction Solution,
Epicentre co.), and candidates with complete loss of the WT PCR product (homozygous

deletion) were screened by immunoblotting for MyoD protein.

Stable overexpression of MUNC in C2C12 cells

PCR amplified sequence of genomic MUNC (PCR using C2C12 genomic DNA) or of

spliced MUNC (PCR using cDNA from C2C12 cells DM3) was cloned into pLPCX vector


http://crispr.mit.edu/
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by ligation. The constructs were linearized and introduced to the C2C12 cells
(XtremeGENE transfection reagent Roche). After 24hr, pools of stably transfected cells
were selected with puromycin (C=2ug/ml). Vectors coding for mutant forms of MUNC

were generated similarly using genomic DNA or DM3 cDNA as necessary.

To generate reagents for MUNC overexpression in MYOD-/-cells the insert was cloned
into pLHCX vector by ligation method. The construct was linearized and introduced to the
cells (XtremeGENE transfection reagent Roche). After 48 hr, pools of stably transfected

cells were selected with hygromycin (C=300ug/ml).
Transient overexpression of MYOD in C2C12 cells

Cells were seeded on 6 well plate, and after 12 hours, were transfected with vector coding
for MyoD. The medium was changed 12 hours post-transfection to differentiation medium,

and cells were harvested 2 days later.

RNA analysis by gRT-PCR

RNA was isolated by Trizol extraction, RNA samples were treated with RQ1 RNAse free
DNAse (Promega co.) to eliminate potential DNA contamination of samples. cDNA
synthesis was performed using Superscript 11l RT cDNA synthesis kit (Life Technologies
co.) with random hexamer priming. After cDNA synthesis, gPCR was performed with
Applied Biosystems 7500 Real-Time PCR Systems using Power SYBR Green Master Mix

(ThermoFisher Scientific). All primers used in this study are listed in Table 1.
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Western Blotting

Cells were lysed in IPH buffer (50mM Tris-Cl, 150mM NaCl, 0.5%NP-40, 50mM EDTA)
and run on 10% polyacrylamide SDS-PAGE gels and transferred to nitrocellulose
membranes. Membranes were blocked for 30 minutes in 5% milk containing PBS-T, and
incubated overnight with primary antibody in 1% milk. Secondary antibody incubation was
carried out for 1 hour after washing, and at a 1:4000 dilution before washing and incubation
with Millipore Immobilon HRP substrate. Antibodies and dilutions were used as follows,

MyoD sc-304 1:500 (Santa Cruz co.), Tubulin 1:3000 (sc5286, Santa Cruz co.).

Immunofluorescence

Cells were plated on glass cover slips and collected in growth medium or after 3 days of
differentiation medium. Cover slips were fixed with 4% formaldehyde in PBS for 10 min,
permeabilized in 0.5% Triton X-100 in PBS and blocked in 5% goat serum. Coverslips
were incubated at room temperature with primary antibody for 1 hour, and Alexa 488 or
549 conjugated secondary antibody for 1 hour, with three PBS washes following each
antibody incubation. Coverslips were then mounted with Vectashield mounting solution
(Vector Laboratories). Antibodies used were anti-MyoD C-20 antibody (Santa Cruz
Laboratories), and anti-Myosin Heavy Chain A4.1025 antibody (Millipore). Antibodies

were diluted 1:200 in 5% goat serum containing PBS.

Microscopy

Images were captured using a Nikon Microphot SA upright microscope equipped with a
Nikon NFX35 camera using SPOT imaging software (Diagnostic Instruments Inc.) and a

Nikon PlanApo 60x oil objective lens. Fluorescence images were acquired on the same day
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using the same exposure times, gamma, and gain between samples. Images were enhanced

for brightness and contrast to the same extent within Photoshop.
RNA-Seq libraries preparation

RNA samples were isolated from proliferating or differentiating cells using RNAeasy Mini
kit (Qiagen co.). 1 ug of RNA was enriched for poly(A) tailed mRNA molecules using
NEBNext Poly(A) mRNA Magnetic Isolation Module and RNA-Seq libraries were made
using NEBNext Ultra Directional RNA Library Prep Kit for [llumina (NEB co.) according
to manufacturer protocol. Pooled libraries were sequenced using paired-end protocol on
[llumina platform, using NextSeq500 instrument, in the Biomolecular Analysis Facility,

University of Virginia School of Medicine.
RNA-seq Analysis

We obtained >=40 million paired-end 75 bp long reads for wildtype (WT) and MYOD
knockout (MYOD™) conditions. Both WT and MYOD" conditions are grown in growth
medium (GM) and differentiating condition (DM). Paired end reads were obtained from
the two biological replicates with EV and MUNC over-expression in both GM and DM
medium in WT and MYOD™ C2C12 cell lines. Transcripts for mm10 refseq genes were

downloaded from UCSC table browser (http://genome.ucsc.edu). We used default settings

of Kallisto (39) to build an index for the downloaded 35818 transcript sequences and then
quantified abundance of each transcripts from the paired end reads(39). We used DESeq?2
package in R for differential expression analysis of the quantified data obtained from
Kallisto (40). Gene Trail (41) and GSEA (42) were used for functional gene ontology term

enrichment analysis and gene set enrichment analysis, respectively.
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qGAPDHF GCACAGTCAAGGCCGAGAAT
qGAPDHR GCCTTCTCCATGGTGGTGAA
gMYOD F CATCCGCTACATCGAAGGTC
gMYODR GTGGAGATGCGCTCCACTAT
gMYOGENIN F AGCGCAGGCTCAAGAAAGTGAATG
gMYOGENINR CTGTAGGCGCTCAATGTACTGGAT
gMYH3 F TCCAAACCGTCTCTGCACTGTT
gMYH3 R AGCGTACAAAGTGTGGGTGTGT
gMUNC F AGCCTCAGGATGAGCTGTGT
gMUNCR ATGGATGTGGGGTTCATCAT
MUNC exonl F TAGCCAAGGGAGCTGAAATG
MUNC exonl R IAGTTCTCCTGCCGCCATAG

MUNC intron F GGTTTGAAGTGCTTCCTTGG
MUNC intron R GAGGGATGGATGTAATTGTCG
MUNC exon2 F TATGATGAACCCCACATCCA
MUNC exon2 R GGACGTGCTCTCTCCCATT

MUNC_HindIIIF (cloning into pLHCX)

TAAGCAAAGCTTATAGCACCTTGGAAGACTAGCCA

MUNC_HpalR (cloning into pLHCX)

TGCTTAGTTAACTTATTCACCGAGGGACACGAAG

MUNC Bglll F (cloning into pLPCX)

CTTAGATCGCAGATCTAGACTAGCCAAGGGAGCTGAA

MUNC Notl R (cloning into pLPCX)

CCGAGCTCTTGCGGCCGCTCAGTTATTCACCGAGGGACA

MUNCex1 Notl R (cloning into pLPCX)

CCGAGCTCTTGCGGCCGCACTGACCTGGAGAAGCACACAG

MUNCex2 Bglll F (cloning into pLPCX)

CTTAGATCGCAGATCTTCAAATGAAAGAGCACTTATGATGA

MUNC intronic Bglll F (cloning into pLPCX)

CTTAGATCGCAGATCTGTCAGTGGGCCTACAGCCTA

MUNC intronic Notl R (cloning into pLPCX)

CCGAGCTCTTGCGGCCGCACAGTGAGGGATGGATGTAATTGT

sgMYOD1

AGCTTCTATCGCCGCCACTCCGG

sgMYOD2

TGTAGCGGATGGCGTTGCGCAGG

MYODcrisprKO_F

CGAAGCTATGGAGCTTCTATCGCCGCCA

MYODcrisprKO_R

CCTTACCATGCCATCAGAGCAGTTGGAG

sgMUNC_1

CACCTTGGAAGACTAGCCAAGGG

sgMUNC_2

GCATACCATGGATAGGAGTATGG

MUNCcrisprKO_F

CTTGAGTTGGGAAAGGAAAGTCTAGGG

MUNCcrisprKO_R

GTCTCAGATCTCAACTCCAAAGTCA

Table 1. Primers used in the study.
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Figure 1. Legend

A. A schematic illustrating MUNC structure. Red lines indicate three potential micropeptides

coded by MUNC spliced sequence: two of 20 amino acids, and one of 60 amino acids.

Micropeptides were defined using translation tool (http://web.expasy.org/translate/).
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B. Heat maps showing summaries of qRT-PCR analysis of C2C12 mutant cells stably
overexpressing different truncated MUNC sequences. Levels of myogenic factor transcripts were
measured in three biological runs, normalized to GAPDH level, and to control cells in each
condition, mean values were calculated. Colors used in heat maps correspond to fold changes

according to the legend. Analysis of proliferating cells and differentiating cells.

C-H. QRT-PCR analysis of mutant cells overexpressing truncated MUNC sequences showing
levels of different parts of the transcript (Exonl, Intron, Exon2 ) in GM (C-E) and in DM3 (F-H).
Data were normalized to GAPDH, and to control cells (EV). Values represent three biological

replicates, presented as mean +/— SEM.
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Figure 2. Legend

A. An illustration showing the deletion of MYOD1 genomic sequence causing MyoD protein

deletion. Arrows indicate sites targeted by sgRNAs. Triangles indicate used genotyping primers

target sites.
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B. PCR products with the genotyping primers on genomic DNA confirming MYOD1 sequence

deletion in MYOD™ cells.

C. Western blot analysis confirming absence of MyoD protein in MYOD™ cells. Tubulin serves

as a loading control.

D-G. gRT-PCR analysis of proliferating (GM) and differentiating (after 3 days of differentiation,
DM3) cells that are wild type for MYOD (WT) or MYOD- cells. Levels of expression were
measured for MYOD (D.), MUNC (E.), MYOGENIN (F.) and MYH3 (G.) mRNAs. Data is
normalized to GAPDH expression level and shown as relative to proliferating WT cells (WT

GM). Values represent three biological replicates, presented as mean +/— SEM.

Statistical significance was calculated using Wilcoxon-Mann-Whitney Test. (*) indicates p-value

=< 0.05.

H. Immunofluorescence analysis of fixed cells 3 days after differentiation (DM3). Cells were

immunostained with antibodies against MyoD, MHC. DAPI was used to visualize nuclei.

I. An illustration showing the segment from MUNC genomic sequence that was deleted. Arrows

indicate sites targeted by sgRNAs. Triangles indicate target sites of genotyping primers.
J. PCR products genotyping MUNC in WT and MUNC cells. The lanes are from the same gel.

K-M. gRT-PCR analysis of differentiating (after 3 days of differentiation, DM3) cells that are
wild type for MYOD and MUNC (WT), MYOD early passage cells (passage number<10 ),
MYOD late passage cells (passage number>20 ), MUNC”" late passage cells (passage
number>20). Levels of expression were measured for MYOD (K.), MYOGENIN (L.) and MYH3
(M.) mRNAs. Data normalized to GAPDH expression level and shown as relative to WT cells.
Values represent three biological replicates, presented as mean +/— SEM. Statistical significance

was calculated using Wilcoxon-Mann-Whitney Test. (*) indicates p-value =< 0.05.
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Figure 3. Legend.

QRT-PCR analysis of RNA from proliferating (GM) and differentiating (after 3 days of
differentiation, DM3) MYOD" cells stably transfected with vector expressing MUNC. Levels of
expression were measured for MUNC (A), MYOGENIN (B) and MYH3 (C) mRNAs. Data
normalized to GAPDH expression level and shown as relative to proliferating cells (GM). Values
represent three biological replicates, presented as mean +/— SEM. Statistical significance was

calculated using Wilcoxon-Mann-Whitney Test. (*) indicates p-value =< 0.05.
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Figure 4. Legend.

(A, C-E). QRT-PCR analysis of MYOD” cells stably overexpressing MUNC, transiently
transfected with vector coding cDNA for MYOD, and differentiated for 2 days. Levels of
expression were measured for MYOD (A), MUNC (C), MYOGENIN (D) and MYH3 (E)
mRNAs. Data normalized to GAPDH expression level and shown as relative to control cells.
Values represent three biological replicates, presented as mean +/— SEM. Statistical significance
was calculated using Wilcoxon-Mann-Whitney Test. (*) indicates p-value =< 0.05. B. Western

blot analysis showing MyoD protein level in cells transfected with cDNA for MYOD (Ex.

MYOD), TUBULIN signal serves as loading control.
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A. Venn diagram representing overlap of genes which are upregulated upon MUNC

overexpression in WT or MYOD™ cells on day 3 of differentiation (DM3). The scatter plots
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examine how MUNC overexpression regulates (log2 fold change ovMUNC/EV) the three classes

of genes in WT cells and MYOD™" cells.

B. The 157 genes upregulated by MUNC only in MYOD™ cells are examined to see if they are
induced or repressed by MyoD. Plots represent log2 fold changes of genes on DM3 in WT vs

MYOD™ cells. The red and green dots are genes that are induced or repressed in WT cells

(induced or repressed by the presence of MyoD protein) at p<0.05.

C. Same as (A), except for genes downregulated upon MUNC overexpression in WT or MYOD™

cells.

D. Same as (B), except for 173 genes from (C) that are downregulated by MUNC in only in

MYOD™ cells.
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Figure 6. Legend.

Q-RT-PCR confirmation of genes upregulated upon MUNC overexpression. Analysis for WT
cells (A) and for MYOD™ cells (B) in differentiating conditions. Data is normalized to GAPDH
expression level and shown as relative to control cells (EV). Values represent three biological

replicates, presented as mean +/— SEM. Statistical significance was calculated using Wilcoxon-

Mann-Whitney Test. (*) indicates p-value =< 0.05.
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A. Heatmaps showing clustering of conditions based on differentially regulated genes upon

MUNC overexpression in proliferating conditions- GM (left) and in differentiating conditions-

DM (right) in MYOD™ cells. Two biological repeats for each condition were shown. Bootstrap
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values based on 1000 repetition are shown near to the corresponding branches. B. Top 30
significant Gene Ontology terms enriched in differentially expressed genes in DM upon MUNC
overexpression in MYOD™ cells. Arrows show gene terms related to skeletal muscle
development and regeneration. C. Enrichment plot from gene set enrichment analysis

(GSEA) showing the gene set involved in muscle contraction is enriched among differentially
regulated genes upon MUNC overexpression in MYOD cells in DM (P < 0.01). The table shows
list of top 10 genes contributing to enrichment score for muscle contraction GO term. D. Venn
diagrams representing overlap between differentially expressed genes upon differentiation of
control cells (EVDM/EVGM) versus differentially expressed genes upon MUNC overexpression

in proliferating conditions (MUNCGM/EVGM) in WT cells.
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Schematic showing that MUNC and MYODL positively regulate each other, and co-regulate

many genes, but also regulate many genes independent of each other.
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CHAPTER IV: UNPUBLISHED RESULTS AND DISCUSSION
Introduction

The goal of the project was to characterize the role of IncRNA MUNC in
myogenesis. We successfully identified the full sequence of the transcript and its biological
function during differentiation. Furthermore, we showed its MyoD-independent signaling
pathway during the process. Yet the mechanism of MUNC action still remains to be
addressed. One hypothesis is that MUNC acts through its protein interactor; depending on
the cellular fraction where specific molecules of MUNC reside, there could be different
interacting proteins. Candidates for such MUNC interacting proteins could be chromatin
modifiers, such as histone acetyltransferases. MUNC may be a scaffold of the whole
protein complexes and may enhance their interactions with chromatin at myogenic
promoters or enhancers, which makes chromatin more accessible for transcription
machinery. To test this hypothesis, we set out to identify the genomic loci that are directly
affected by the transcript, and the ones that are downstream from these direct effectors of
MUNC. Initial trials and future plans to characterize specific genomic sites which interact

with MUNC will be discussed later in this CHAPTER.
Genome-wide screens used to find novel or functional long noncoding RNAs

One goal of the project was to build a list of putative InCRNAs upregulated during
muscle differentiation. Genome-wide datasets of RNA-seq, RNA Polll ChlP-seq, and
H3K4me3 ChlP-seq™? were analyzed (analysis performed by Dr. Ryan Layer) to find
transcripts upregulated in differentiating cells. Transcripts located within 2 kb from known

exons were excluded to decrease the probability of getting products from alternative
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splicing variants of known protein-coding genes. Such broad criteria exclusively focused
on active transcription marks are commonly used to screen for novel long noncoding
RNAs. Additionally, transcriptome-derived results (like our analysis) are sometimes
filtered with ChIP-seq data for transcription factors. For example, Mousavi et al. focused
on sites which were bound and presumably regulated by two critical transcription factors
for myogenesis, MyoD and myogenin, to identify myogenic IncRNAs®. Another method
to filter on a genome-wide scale for novel INcRNAs is GRO-seq. This technique recognizes
nascent transcripts and so includes IncRNAs, although not all transcripts identified by
GRO-seq are stable. GRO-seq is also directional and helps to describe divergent
transcription occurring at Transcription Start Sites (TSS) for protein-coding genes, which
presumably identifies INCRNAs that are divergently transcribed from known genes and
gives an additional level of transcription regulation. The above filters do not guarantee the
putative INcRNA candidates do not code for proteins or micro-peptides. Before a specific
transcript is investigated in details, its Coding Potential should be checked to calculate its
probability of being translated into proteins® 8.  Mass spectrometry identified peptide
databases are also screened to ensure that a small peptide is not expressed from a putative

InNcRNA.

Functional genome-wide screens correlating transcript levels with various
phenotypes have also be applied to look for functional IncRNAs. Cancer biology
researchers investigate INcRNAs which are regulated by tumor suppressors, such as p53/,
by estrogens in breast cancers® or androgens in prostate cancers® 1°. There are studies that
identify INcRNAs whose expression level in a tumor correlates with the patient prognosis.

These studies hope to find INcRNAs which may be prognosis markers during diagnosis,
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and also help prioritize the IncRNAs that should be studied because of the high likelihood

that they have significant biological function®! 2,

Other IncRNAs candidates from initial screening for pro-myogenic transcripts

induced during differentiation

After the genome-wide screening for transcripts induced during muscle
differentiation, we decided to focus on one transcript, MUNC (discussed in CHAPTER II,
and CHAPTER I11). Besides MUNC, | also tested the role of two other transcripts in
myogenesis: MT_141 (number 6 from CHAPTER I, Figure 2A) and MT_2953 (number

13 from CHAPTER II, Figure 2A).

MT _141 is a transcript induced 10X during muscle differentiation. It is coded by a
locus located within an intron of Duspl3 gene (Fig. 1A). The gene encodes different
Dusp13 proteins through the alternate splicing. Dusps13 are tyrosine phosphatases, which
cooperate with protein kinases to regulate cell proliferation and differentiation. Expression
of the distinct proteins from various mMRNA isoforms of this gene has been found to be
tissue specifict®. By comparing MT_141 expression level in different murine tissues, |
found that the transcript is highly upregulated in skeletal muscle, stomach and small
intestine (Fig. 1B). Knock down of MT_141 on differentiating C2C12 cells did not change
levels of main myogenic markers (MYOD, MYOG, MYH3- data not shown). Because cells
treated with si-MT _141 lost their adherent properties, | decided to measure the expression
level of genes coding for adherent proteins. Spondin-2, a gene coding for an adhesion

protein'* was the only gene downregulated in MT_141 depleted cells (Fig. 1C). Although
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this observation was very interesting, there was high possibility of MT_141 being a part of

an unannotated splicing variant of Dusp13 gene. The project was discontinued.

During my lab work | was fortunate to work with an undergraduate student (Myles
Anderson) and a high school student (Caitlin Dutta), who with my guidance performed
experiments to show that MT_2953 is relevant for differentiation. MT_2953 is induced
during differentiation >100 fold, and its genomic locus is 46 kb upstream from linc-MD1
(Fig. 2A), another promyogenic IncRNA, reported by the Bozzoni group®®. I hypothesized
that linc-MD1 and MT_2953 may work together to regulate myogenesis, or co-regulate
each other’s transcription. Using differentiating C2C12 cells (Fig. 2B-C) and
differentiating primary myoblasts (Fig. 2D-E), we were able to confirm that MT_2953 is
highly induced during myogenesis. Knock down of MT_2953 in C2C12 cells did not
change the level of MYOD expression significantly, but decreased MYOGENIN and MYH3
(Fig. 2F-1). These preliminary data suggest that MT_2953 could be another example of a
long noncoding RNA that positively regulates skeletal muscle differentiation. I really hope
that one of the new students in the lab will appreciate these results and will decide to work

on MT_2953.
Human homolog of MUNC

While studying the role of MUNC in myogenesis, | mainly used murine C2C12 cell
line as an in vitro model. In addition, I also used human myoblasts to characterize human
homolog of MUNC (CHAPTER II). Published results showed that human myoblasts
during differentiation express a transcript from syntenic region of MUNC, upstream from

the human MYOD locus. Knock down experiment confirmed that the transcript is relevant
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for human myogenic transcripts expression. Additionally, analysis of genomic regions
upstream from MYOD between different species showed that MUNC sequence is
conserved throughout different organisms (analysis performed by Dr. Yoshiyuki Shibata)
(Fig. 3). I performed an experiment in which | stably overexpressed the human MUNC
(1.5 kb sequence of syntenic region) in murine cells. By qRT-PCR | showed that
overexpression of human MUNC sequence correlated with higher levels of murine
myogenic transcripts (Fig. 4). This result clearly showed that MUNC trans-complements
between species. Further work is needed to characterize the 5°/ 3’end, splicing-pattern and

polyA tail (if any) of the human MUNC.

RNA Pol Il ChIP on the loci of myogenic genes in MUNC-overexpressing cells

From published results (CHAPTER Il and IIl) we know that MUNC
overexpression from a heterologous locus induces MYOD, MYOGENIN and MYH3 RNA.
| tested whether the MUNC mediated induction of myogenic factors is caused by direct
upregulation of the transcription machinery. Using ChiIP, | measured the abundance of
RNA Polll molecules at the gene bodies of these three factors. RNA Polll ChlIP in control
cells (transfected with empty vector EV) was compared to that in cells stably
overexpressing spliced MUNC (ovMUNC) in differentiation medium (DM3) to show a 3
fold increase of RNA Polll abundance at the MYOD gene locus upon MUNC
overexpression (Fig. 5A). This result suggests that even when MUNC is expressed from a
heterologous locus in trans, it increases the transcription of MYOD by an unknown
mechanism, different from eRNAs acting in cis. The abundance of RNA Polll at

MYOGENIN (Fig. 5B) and MYH3 (Fig. 5C) loci was not stimulated by MUNC
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overexpression. Currently 1 am working on a nuclear run on-based assay to directly test

whether MUNC controls transcription at these three loci.

Actinomycin D and DRB treatment of cells overexpressing MUNC

Another explanation for increased level of myogenic transcripts upon MUNC
overexpression would be that MUNC stabilizes the RNAs of MYOD, MYOG, and MYH3.
To test this | treated differentiating cells with chemicals Actinomycin D and DRB, which
block the transcription machinery and | measured the abundance of the transcripts at
different time points. From the representative results (Fig. 6) I learned that MUNC does
not change stability of MYOD, MYOGENIN and MYH3 transcripts produced during

myogenesis.

Methods used to find protein interactors for long noncoding RNAs

One important question is to find the protein interactors for MUNC, which will help
explain the mechanism of MUNC action. However, this is a common bottleneck in the
IncRNA field due to the low abundance of IncRNAs. The low yield causes detection
problems for associated proteins upon pull down of the RNA. People are trying to
overcome this issue by using systems overexpressing transcripts of interest, but then false-
positive interactors become more abundant among the potential results. Another struggle
is that long noncoding RNA — protein interactions may be transient and weak so capturing
them without any crosslinking methods is difficult. Still, I performed a series of screening
experiments to capture potential MUNC-interacting protein candidates. Firstly, 1 pulled
down MUNC RNA produced in vitro and labelled with biotin-UTP or with BrUTP and

incubated the beads with cell lysate (whole cell lysate or nuclear fraction of cells). The
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associated proteins were then analyzed using mass spectrometry®®. | optimized the time of
incubation of the transcript with the lysate and stringency of the washes. None of the runs
gave me results worth pursuing further. The identified proteins were the most abundant
proteins in the cell: mitochondrial and ribosomal proteins. After experiencing problems
with high background of proteins associated in vitro with transcribed RNA immobilized
on beads | turned to techniques of pulling down endogenously transcribed RNA. To
increase pull-down efficiency, such protocols use chemical fixatives or UV light to cross
link specific interactions. | decided to pursue a protocol called ChIRP-MS*’, which uses
formaldehyde as a cross linker and a pool of biotinylated oligonucleotides specifically
antisense to a transcript of interest to pull the IncRNA down. | tried this method because
of my experience in using ChIRP to capture MUNC-associated genomic sites (experiment
discussed in another paragraph of the discussion). Pull down of endogenously expressed
MUNC gave me very few peptides, so the results were very difficult to interpret. My
experience suggests that we should stably overexpress MUNC in cells to find its protein
interactors. | would suggest overexpression of S1 aptamer tagged MUNC - a tag recognized
by streptavidin, and so captured by biotinylated beads*®. | would prefer adding a tag to the
MUNC RNA instead of pulling down the RNA using antisense oligonucleotides, because
we do not know whether MUNC interacts with its partner using its secondary structure or
using sequence specific interaction. Antisense oligonucleotides may interfere with such
interactions during the oligonucleotide hybridization step. Because of known issues with
high background, I would focus on establishing multiple negative controls, such as
overexpression of S1 aptamer fused to a nonmyogenic INCRNA, and optimize the fixation

(cross-linking) times.
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Chromatin Isolation by RNA Purification (ChIRP) for MUNC

From cellular fractionation on differentiating C2C12 cells we know that MUNC is
mostly present in the cell nucleus!®. We hypothesized that the transcript interacts with
specific unknown genomic sites and changes their genomic landscape to activate or to
silence expression of specific genes. To investigate this, | performed ChIRP experiment in
which glutaraldehyde-fixed differentiated C2C12 cell lysate is incubated with biotinylated
20-mers antisense to the MUNC IncRNA. After hybridization and pull down, genomic
DNA is recovered and sequenced. This approach will identify specific genomic sites which
interact with the transcript, both directly and indirectly through additional proteins?. In the
pilot experiment, | used differentiated WT C2C12 cells, which after lysis were incubated
with MUNC-specific oligos (positive sample) or with lacZ-specific oligos (negative
control). The experiment was performed twice to isolate DNA and prepare ChIRP-seq
libraries. Libraries were sequenced on Mi-Seq Illumina platform (in total 4 libraries). After
analysis of DNA reads (performed by Dr. Manjari Kiran), a few thousand peaks were
enriched at least 4x for each biological run in MUNC-specific pull down compared to
nonspecific (lacZ) pull-down , but the overlap of enriched peaks between two independent
biological runs was low. We assumed that read depth of Mi-Seq platform is not enough to
reach saturation level of ChIRP-seq. Re-analysis was performed, where all reads were
pooled together (2 lacZ libraries were treated as one sample and 2 MUNC specific libraries
were treated as one sample) (Fig. 7) and the top hits were confirmed by ChIRP-qPCR (Fig.
8A, B). An additional problem appeared when | used MUNC knock-out cells (described in
CHAPTER I11) to perform the same pull-down experiment. Genomic DNA sites retrieved

by MUNC specific oligos were also present in pull down samples from MUNC knock out
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cells. This suggests ChIRP may have a high rate of false positive results, probably because
of the irreversible crosslinking with glutaraldehyde (Fig. 8C). Other groups working with
this technique used additional steps to narrow down genomic sites that truly interact with
the transcript of interest: (1) use of additional sets of nonspecific oligos, (2) use of two
separate pools of specific oligos (odd and even) to focus only on the DNA sequences which
are enriched in both pools, (3) additional pull down samples with a cell line that does not
express the transcript of interest (in our case MUNC knock out cells), (4) ChIRP results
are compared with complementary techniques, such as CHART or RAP (discussed below)
and only common DNA sequences are followed up?. In the future, 1 recommend we
perform ChIRP-seq on C2C12 WT cells and C2C12 MUNC KO cell simultaneously, with
two separate pools of MUNC specific oligos, for higher stringency of defining positive
genomic sites which interact with MUNC. | would also like to sequence DNA libraries on
Hi-Seq platform to achieve better depth of reads, so the analysis would be statistically more
reliable. Taking into account that MUNC yield in cells is low, it is also a good idea to work

with higher number of cells or to use cells stably overexpressing MUNC.
Recently developed methods to describe structure and function of IncRNAs

Capture Hybridization Analysis of RNA Targets (CHART) is a method similar to
ChIRP technique. The goal of CHART protocol is the same, which is to find genomic sites
and proteins that specifically interact with the IncRNA of interest. Like ChIRP, CHART
uses biotinylated antisense oligonucleotides which hybridize to the transcript and pull
down all interactors of the specific RNA. This method uses a different cross linker,
formaldehyde. To initially test whether an antisense oligonucleotide binds to its target, an

RNAse H sensitivity screen could be performed. RNA retrieval is compared between
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samples pulled down by a given oligonucleotide followed by with or without RNase H
treatment. RNAse H hydrolyzes RNA molecules in RNA:DNA hybrids. Accessible parts
of the transcript are hybridized to the oligonucleotides and recognized by RNase H. As a
result, the transcript’s signal is high in the pull down sample without RNAse H, while the
signal is very low in the sample after RNAse H treatment. Only the antisense
oligonucleotides that produce the greatest sensitivity to RNase H will be used in the
following pull down steps. Fragments of the transcript which are not accessible to the
oligonucleotides, are probably parts of the transcript that are protected by interacting
proteins or are annealed to other parts of the transcript to form double-stranded RNA.
CHART is an improvement over ChIRP because it uses oligonucleotides that are known to
bind to the RNA, and like ChIRP helps to describe whether given INcRNA functions in cis

close to its locus, or in trans on multiple genomic sites 22 2% 24,

| described earlier my negative results with ChIRP-MS to identify proteins
associated with MUNC RNA. A newer protocol, RNA antisense purification followed by
mass spectrometry (RAP-MS), is another method developed to describe protein interactors
of an IncRNA. Cells are grown in heavy or light SILAC medium, and UV crosslinked to
“freeze” direct RNA-protein interactions. The cell lysate is then hybridized with a 90 nt
biotinylated DNA probe antisense to the specific RNA with say the samples from the heavy
medium. After streptavidin capture of DNA-RNA-protein complex, the eluate is saved. As
negative control the cells grown in the light medium are processed similarly, except that
the antisense oligonucleotide pull down a negative control RNA. The samples are mixed

and analyzed by MS, with the SILAC protocol allowing us to detect peptides that are
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significantly enriched in the heavy peptides relative to the light peptides?®. These are likely

to be from proteins that associate specifically to the test InCRNA.

The structure of MUNC IncRNA may also help to understand its function. SHAPE-
MaP (selective 2’-hydroxyl acylation analyzed by primer extension and mutational
profiling) identifies RNA functional motifs. The protocol uses 2’-hydroxyl-selective
reagents which form a covalent 2’O-adduct with nucleotides at conformationally flexible
RNA regions where the RNA is in a single-stranded form. The reverse transcriptase
misreads SHAPE-modified nucleotides and incorporates mutations, which are mapped by
high throughput sequencing. Sequences are aligned to the reference sequence to identify
mutations, and SHAPE reactivity map is built. The map is used to model secondary
structure of the transcript with the understanding that heavily mutated sites are in more
single-stranded conformation, while the protected sites are either in double-strand form or
protected because of their interactions with proteins. The SHAPE-MaP profile obtained
from naked RNA compared to that of RNA obtained from a cell lysate with associated
proteins will help distinguish sites that become protected when cellular proteins are present.
The method was first used to model the structure of the HIV genome, but it is also useful

for INcRNA structure modeling® 7.

These recently developed methods will allow us to investigate the molecular
mechanism of MUNC and other IncRNAs in detail. Researchers can use these
complementary techniques to obtain additional confidence about the results. LncRNAS
were once believed to be transcriptional noise at the time of their discovery by high
throughput sequencing a few years ago. Now with technical advances and efforts from

various labs, we are finally beginning to understand their functional significance.
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Summary

We characterized a pro-myogenic IncRNA, MUNC, which is induced during
muscle differentiation by direct interaction of MyoD to its genomic locus. Initially it was
proposed that MUNC is an eRNA for MyoD, and its only role during differentiation is to
induce MyoD expression. Experiments performed by us suggest that this is not a case.
MUNC must work through a different mechanism rather than simple induction of its
adjacent gene, MYOD. We hypothesize that MUNC targets multiple genomic sites to
change their transcriptional status. To collect evidence for this, we need to perform ChIRP-
seq experiment, ideally combined with CHART method to characterize MUNC-specific
genomic sites. When we learn which genomic sites are directly affected by MUNC, we
may start looking for transcription factors, or histone marks specific for these sites. We
will try to characterize common binding motif of these sites, which may be recognized by
MUNC itself or by its protein partner. We need to keep working on pull down experiments
to find a specific protein partner for MUNC. After establishing MUNC overexpression

system it may be easier to specifically pull it down and characterize its interactors.

It is known that MyoD, as a master transcription factor for myogenesis, works in a
feed-forward mechanism. It activates other myogenic factors which bind to multiple
myogenic sites to activate them. MyoD also binds to its own promoter to enhance its
transcription. MUNC is also activated during the process, and probably interacts with one
of the myogenic factors that are recruited to its target sites. Although MyoD starts the whole
myogenic transcriptional cascade, cells are able to adapt and differentiate upon MyoD
deletion, probably because of the redundancy between MyoD and Myf5. Interestingly, we

did not observe such redundancy while deleting MUNC. This suggests that unlike MyoD
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and other myogenic transcription factors, MUNC does not have other “MUNC-like

INCRNAS” family members.

MUNC and MyoD are coded by adjacent loci and both positively regulate
myogenesis. They also co-induce each other. MUNC depletion decreases MyoD level, and
si-MYOD treatment decreases MUNC transcript level. These features could suggest that
both genes form an eukaryotic operon-like structure?®. In bacteria, the genes in an operon
are transcribed as a common pre-mature transcript is processed to form the RNAs of the
individual genes. In Eukaryotes, perhaps the only aspect of the operon that is retained is
that the adjoining genes have a common function. The mature IncRNA MUNC and mRNA
for MyoD protein are adjacent to each other. From Mousavi et al. study*® we also know
that Core Enhancer Region for MYOD, CER, located -20kb from MYOD TSS, produces
another pro-myogenic IncRNA. Another report described a Inc-MyoD, another pro-
differentiation noncoding transcript transcribed from the locus -30kb from MYOD TSS?.
Hypothetically, all four transcripts IncMyoD, CE-RNA, MUNC, and MYOD could be part
of a eukaryotic operon, simply because they are adjacent to each other and are all positive
regulators of myogenesis. My PCR-based analysis showed that there is no common
transcript encoding MUNC and MYOD. Also from RNA-Polll ChIP seq data we see
separate peaks of RNA Polll at the four loci. Finally, from RNA-seq analysis we know that
absolute abundance of protein-coding MyoD transcript is higher than the abundance of the
noncoding RNAs which would suggest that IncMyoD, CE-RNA, MUNC and MYOD are
transcribed as separate transcriptional units. With the present data, we cannot say that
IncMyoD, CE-RNA, MUNC, and MYOD are transcribed as one transcription unit, but we

know that all four transcripts are co-regulated, are closely located next to each other and
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that they all function as pro-myogenic factors. It is tempting to suggest that they have co-

evolved as one unit, although they are not exactly the same as a prokaryotic operon.
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expression level in various murine tissues. Representative results. C. MT_141 knock down
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Figure 2. Legend. A. Genomic location of MT_2953 locus and its distance from another pro-
myogenic INcCRNA, linc-MD1. QRT-PCR analysis of differentiating C2C12 for 1, 3, 5 days

showing expression of MT_2953 (B.) and expression of MYH3 (C.) Representative results
(Caitlin Dutta)

QRT-PCR analysis of differentiating primary myoblasts for 6 days showing expression of
MT_2953 (D.) and expression of MYH3 (E.) Representative results (Myles Anderson). MT_2953
knock down experiment of C2C12 cells differentiating for 4 days. Analysis of expression of
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>Mmusculus_Pre-Munc mRNA

ATTTATAGCACCITGGRAGACTAGCC
MMWMMMWWTCAGTM@ ACAGCCT. AAGAG-(SCCC
TGECATTEAGGGEACAATSCCTCAGCOCAGAGCCAATGECACGLTCCAGARGEGET GECT GEGEEAASTTTTAGTGACCA
TARRRTARRRRGCRARGETTGCRATCACTTAGRACTCAGCATARRRTTIATTIC

AGRRRGRARGRRACTAGRATT TGCACRRAGTGGTTTGARGTGCTTCCTIGRAGACRCCAGGGCACTGCATART
GRRACAGACTTGCTCATTCATCCEORAGGRATATTTGTGGTGCACCTAGTGTGTGCTGAGCATATTICAGCTGAGETTC
CRARARAGGAGGAAGCARTAGCTTCCATCGARATCATTACT AACGACAATTACATCCATCCCTCACTGTAGATTTARGTIC
ARATGAMAGAGCACTTATGATGARCOCCACATCCATCGGCAGCAT

AGCACGTCCCAGGCRARCCAGCCTCTIGLTTIGCCTEEECAGAGGCAGCGTGAGAGCTTGTATGAGTRAGTACCTACATA
GRGCCCAGGTTIGCTGEARTAGRRTGRCTIGTAGCACAT T TTIGCTARRT TCARGTATARGGRTAGRRATCARARGRGLCC

GCCATGGTGAGCARAGTACTCCTATOCATGGTATGCTGGTCTITCGTGTCCCTCGGTGARTARC

>Rat_Pre-Munc_mRNA

TGCTCOCTTCGEGAAGCCGAGGCACTGCATACTGAAGC GGACTTGCTTGTTCATCAGD
'CTACTGTGTGC' Ci 'ATTTTCCA
TCAARATCACTGCTAGTARCAA CCTCACCGTGGATGTARGTCARAOGARAGGGCGTTTATGATGAGCA
TACCGCTGCGA
ACTTTGOCGGGGAAGAOGCAGTGTGAGGGC TCATGTGAATAATCACTTACACAGT) TAGAATG
ACCTGTAACACATTTTGCTAAATTCAAATATAAGGATAGAMA® PATTCATTCACTTGAC
ACGTAACCACTGTTACOGCCGTGGARGA TGCCCCTCA
GTGAATAAC
>Guiana Pig_Pre-Munc_mRNR
ATTTATAGTCCCTGAGCATACTGGCCAAGGRGGCTGAGCA CTAGHAAGGGC COCRG

CRAGCCCTCCCTCTARCTCCCTGCCARAGGAGCCTCTCATGTGAAGACAGGAGAAGCAAGGC TCAGGRAAGAGACATCTGC
AGAGCCATARCT GAGGEARGAGGT TCTGAGGATCCCTCTGAAGACCTT CAGCCCATICCCATGECCTCTCCCAGARCAR
ACCCAGICTGGEGCAGEAGCACACTTGACTAGATGOCACAGTGARGCATTTIGEGCTTCTTCAGCTICTGTACTTGARC
TCCATCCRCTCTGICCOCAGTCCAGCRCTAGGACTAAGRGGACRTCAGETCCCAGCATGEACRACACTICTCCCTGLTCT
TIAGETARCTGERATGGEATGRCCATGT TGACRRRCCTCTCCARRGCCRTGGCACRRGCAGCRTGRAGCCCAGGTGEERRT
AR TCCCAGETCTGGRAGARGTCTGTARRGETCACCCAGT TCARTGAGT TCCAGACCTTTTTACARGT GGCRARAGCCTICR
TAGCRLARGRRRATCCOCACT TGGRAGCCCRTTAGEAGRGT GGCATTT TACCATGGERATGTGCACRCATTTCRRRACE
GTGCTTOCTAAT TACGEA A AR AGEAGACGCTACRAGT CAACCT TAR AL CTGTCARAGCAGT TTAGATTTATAAGCCACR
AGTGETAARRCAGTARAT GCATTTAGTARGT TGCARGCATGTARCATI TACT TATTGTARAGGCTCTTCACTGACAGCC
CARAGGAARTGT TCACTSACAGARRACATGARARG ARAGTTTARRTCACTGAAGTCTIAGCATCCAATTTATITCTGT
ATTTICTITGCTTGCTTAGAT TTGGGEERARACTAGATTTTCAT,

Figure 3. Legend.
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~Hsapiens_Pre-Munc_nfl
ATTTAT] WCT GG

GEEECAECCCR
GECACCACT CCCT COCCACTCCCCACCAAA TCACC COCTC AT CA TCAACACACC ACAACCCACCCCCACCCCCACCTC T
GCACATGOCCCCARGCACAGAGCCTACC AT TCT GG TCAGACC TGOGT TGAGG GG TEARE 5 EC TECCRGEEETCCOICT
‘CAAACTCCCTCACCCCAT TCC TAGT COCCCCTCACAGAACAACT LA CCACCTCTCCACAR ACCOCACCCT TGACT ACR
CTCTECAETATRAGAGTT TERAT GT TTT CRGCT TCCR AACTT GETAT OO TTT TT OCCTC CECoCOCRR CTGG
GACTAAAACCACAA A TCTOCCAGC TICRACAT ACT T CTCCC TG CTC TG TCO CCAC CAC CCAACACAT AT CCTCT TGA
CARRCCTCT CTOCR AR GRGER GRCECRA CC AGR MEGETER TT CCAGE (A GET CT CRATE CCAG CLATE GREACETCTCA
AATCCTCACOCACT TCASTEAGT TOGAA TCTIT TT TTCACCAACOEA A OCT O TAGCARA CA AAR AT COCACTTGAA R
GOCTAATATAARARTGECATT TTACCAC TRGRATETCTGT GT GO TTTARRACAGORCTT CCTRATTAT GER RERRAGAT G
TAGCTGCARATCARGCTT TCARAGCAGT TTACATT TATARGCCATARCT GATAA BA TAT TARAT CTGTTIGGE
TARGTTCRARCATATARCATT TRCT TAT TTATTGTAR MEECARCTTGAT GACAGOCCIGACGRACT TT TTAGR RACACA
AMCACAARAROCAAAGCT TETAT TCACT TETCT CAGCATCCAAT TTATT TG TACT TRCTTGCTIATT CACATTTORGG
RARATCTAGAT TTGCATAGATAAGTGET TTGRA TAGE TCACC TGGGART CTCAGAGTAC TC TT TAATT AMGTAGAC TCA
TTCATTCAT TTOCCCAACAMA TATT TAT TCAGT CCCTACTATCCACC TCOCT TTCTCCT CAGCCTTGACCAAC TACGAA
GAAGTATTTGTTTCTARATCATC AR TAC AACRA TTAC TTACATT CCTCATTG TGAGTATAGTGARARA ACA NTAAGAAG
ACACATOCACATOCCARA TCTCTCTATACT ATACCAC TACAA TATTCCACCATCOCATCTATARTCCCCACTTCAAGAC

TGEARATGTCATTGTGAACARAACA TCT TTGCC TTCATGEGECT!
Yellow: start and end of hDRR 1000dwnstrm seq

>Horse Dre-Munc mRMNA
ATTTATAGCCCOGGG
mmmmmmm mmcmcm TAC
GTAGOCCCCAGTCTGE TCAGC CC TGAGT TGAMGGGEOEAEETECT GE5AGCAC OO TEC TAGG TOCCT CAGCCCACTGE
CATTGCODC CT oD ACAA CAACT R CCA O OeT T OO CTC A CE R R CCTTT GACT ARACT CTCCART CER RCACTTIC
GACTCT TICACCTTOCAA MOCTEACTCCAT TTTOCCT CTC TE TCO0C AS OOC M CA OCA GEAT TAR AR COCATCAGGTC

TTAACTCTCACCATCCAATTTAT TTCTCTC TTCCC TT TCC TT'CC TCACC TTTCACRACAATCT COCTT TOCAACCATAR
GTGGCT TAARGAGC TCACCTGGARA TCT CAGGG TACTCTTAGAT TCA AGAAT TTGA TTCAT TCATCCACCCAACAAATA
CTTATTGACTCTCTAGTACCT CTCACCCAT TCT CC TGACC TT TCAACAA TAACCACCAC TATT TCT TTCAC TCTAACT T

CEEETEAEEAAGET R GOGTE G0 G0 CCR GE OO GEGREET CTAT ACR G TCR OFER CTT CRGT GCTTT TCRRBACTT TIT
TIAACCAOCARANCTATT COCCCCARCACA RTCCCACTICCAACOCT!

GTECETTIT CTTCCTARTT AT GEA REARATCAAGT TTARCACT GT CAAGECAGT TIRGT TTTATARGICA
AGACTGATARARTATTARATCCR: TCAARCATATCACACT TACTT AT TCT ACACGCRCCCIGATGTCATC
ATCCCTOREECTET TTTTATEARCACRAGR TEETRATCACTT CRETCTCAECAT TCRATTTATTT

Syntenic upstream from MYOD TSS region sequences from different species: mouse, rat, Guiana

pig, human, horse, armadillo. Blue color highlights exons of MUNC described in mouse, and

putative exons in other species. Orange color highlights highly repetitive region in intronic region

of murine MUNC. Bold font shows highly conserved stretches of sequences between species

(analysis performed by Dr. Yoshiyuki Shibata).
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Figure 4. Legend.

Q-RT-PCR analysis of myogenic genes expression in C2C12 cells upon human MUNC
overexpression under proliferating conditions. Data is normalized to GAPDH expression level

and shown as relative to control cells. Values represent three biological replicates, presented as

mean +/— SEM.



A. MYOD locus

0.4 —x
0.35 03
= 03 —0.25
£0.25 2 05
£ 02 z
5'30 15 R0.15
01 0.1
0.05 I 0.05
ool @ .

O = U =

w o W o

o (a8

o < 2 <«

= - =

o E o

> . %

i

°© 3

=

>

o

Figure 5. Legend
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A-C. RNA Polll ChIP analysis in control cells (EV) at day 3 of differentiation (DM3) and cells

overexpressing MUNC DM3, showing abundance of RNA Polll at MYOD genomic locus (A.),

MYOGENIN genomic locus (B.), and MYH3 genomic locus (C.) Values represent three

biological replicates, presented as mean +/— SEM. Statistical significance was calculated using

Wilcoxon-Mann-Whitney Test. (*) indicates p-value =< 0.05.
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Figure 6. Legend. Representative results of relative transcript levels after Actinomycin D
treatment. Contreol cells (control) and cells overexpressing MUNC unspliced form (ovMUNC
gen WT) were differentiating for 3 days, and then they were treated with the drug (C=5ng/ul).
Samples were collected after 1, 2, and 4 hrs of treatment. QRT-PCR was performed to measure
RNA level for MYOD (A.), MYOGENIN (B.), and MYH3 (C.). D. Representative results of
relative transcript level of MYOGENIN after DRB treatment. Control cells (control) and cells
overexpressing MUCN spliced (ovMUNC spliced) were differentiating for 3 days. The drug was
added for 8 hrs (C=25uM), and after 8 hrs cells were washed out. Samples were collected after 2,

4, 8 hrs of treatment and 1, 2, 3, 4hrs after wash out. QRT-PCR was performed to measure RNA
level.
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A. Workflow of ChIRP method. B. Top hits of genomic sites interacting with MUNC according

to the initial ChIRP-seq screen. Genomic sites are called by Gene Name- the adjacent gene name

for specific genomic site, and their specific genomic coordinates. The table presents peak scores

for each of biological runs (enrichment of MUNC specific read over lacZ reads) separately, and

as an average.
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Figure 8. Legend. A. Representative results of retrieval level of MUNC after ChIRP-gRT-PCR,
presented are both isoforms: unspliced MUNC, and spliced MUNC. B. ChIRP-qPCR

confirmation for top hits. Peaks are called by their adjacent gene name and relative distance

between a peak and TSS for a gene (- peak is located upstream from the TSS, + peaks is located

downstream from the TSS. Results show 3 biological runs, with error bars representing +/- SEM.
C. Representative results of ChIRP-qPCR performed on C2C12 MUNC knock out cells and on
C2C12 WT cells, using two sets of MUNC specific oligos (I and I1).
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Appendix
Scientific contribution to another study

In addition to my main project | made a contribution to the study listed below:

Regulation of several androgen-induced genes through the repression of the miR-

99a/let-7c/miR-125b-2 miRNA cluster in prostate cancer cells.

Sun D, Layer R, Mueller AC, Cichewicz MA, Negishi M, Paschal BM, Dutta A.
Oncogene. 2014 Mar 13;33(11):1448-57. doi: 10.1038/onc.2013.77.

Abstract

The androgen receptor (AR) stimulates and represses gene expression to promote the
initiation and progression of prostate cancer. Here, we report that androgen represses the
miR-99a/let7c/125b-2 cluster through AR and anti-androgen drugs block the androgen-
repression of the miRNA cluster. AR directly binds to the host gene of the miR-
99a/let7c/125b-2 cluster, LINC00478. Expression of the cluster is repressed or activated
by chromatin remodelers EZH2 or JMJD3 in the presence or absence of androgen,
respectively. Bioinformatics analysis reveals a significant enrichment of targets of miR-
9943, let-7c and miR-125b in androgen-induced gene sets, suggesting that downregulation
of the miR-99a/let7c/125b-2 cluster by androgen protects many of their target mRNASs
from degradation and indirectly assists in the gene induction. We validated the hypothesis
with 12 potential targets of the miR-99a/let7c/125b-2 cluster induced by androgen: 9 out
of the 12 mRNAs are downregulated by the microRNA cluster. To ascertain the biological

significance of this hypothesis, we focused on IGF1R, a known prostate cancer growth
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factor that is induced by androgen and directly targeted by the miR-99a/let7c/125b-2
cluster. The androgen-induced cell proliferation is ameliorated to a similar extent as anti-
androgen drugs by preventing the repression of the microRNAs or induction of IGF1R in
androgen-dependent prostate cancer cells. Expression of a microRNA-resistant form of
IGF1R protects these cells from inhibition by the miR-99a/let7c/125b-2 cluster. These
results indicate that a thorough understanding of how androgen stimulates prostate cancer
growth requires not only an understanding of genes directly induced/repressed by AR, but

also of genes indirectly induced by AR through the repression of key microRNAs.

My contribution (all experiments were performed under close supervision of a senior

graduate student at that time, Dandan Sun):

- | analyzed pri-miR99a/let7c/125b cluster level in LNCaP cells treated with
androgen, and after addition of androgen receptor inhibitors: Bicalutamide and
Flutamide to confirm that listed miRs are inhibited specifically by androgen
receptor activation — Fig.2. E.

- | performed knock down of JIMJID3 (H3K27 demethylase) in cells which were not
treated or which were treated with androgen to discover that JIMJD3 is required for
therepression of the three pri-miRs by androgen— Fig.3. D.

- | performed proliferation assay on Du145 cells, after addition of androgen and miR-
99a/let7c/125b to show that this miRs cluster did not suppress cell growth in

androgen-independent cell line- Dul145 — Fig S4. D.



