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SUMMARY

Gene-regulation is a key feature of all biological systems, which enables organisms to respond to
various environmental stimuli. It can be mediated at the transcriptional and post-transcriptional level. It is
also crucial in developmental processes like differentiation of embryonic stem cells into all lineages of a
maturing embryo. Post-transcriptional silencing of messenger RNAs by small regulatory molecules called
microRNAs is a type of a gene regulatory mechanism whereby multiple genes can be simultaneously down-
regulated by a single microRNA entity. In order to understand how microRNAs might regulate pluripotency
(the ability of stem cells to differentiate into any cell type) and homeostasis (steady state) in mouse
embryonic stem cells, I used an in silico approach to build regulatory models of microRNA actions in stem
cells. Transcripts and entire transcriptional networks belonging to key stem cell transcription factors were
scanned for microRNA binding sites using miRanda on miRBase (John et al., 2004, Griffiths-Jones et al.,
2006), TargetScan (Lewis et al., 2003, Lewis et al., 2005, Grimson et al., 2007), Pictar (Krek et al., 2005), a
perl script (devised by Dr. Anton Enright) and Sylamer (a program devised by Dr. Stijn van Dongen). A
number of stem cell microRNAs were predicted to interact with these transcripts and transcriptional

networks hinting at a role of these microRNAs in regulating stem cell properties.

Furthermore, expression dynamics of both microRNA and mRNA molecules during stem cell
differentiation into embryoid bodies was studied using Illumina bead arrays, which constitute a highly
sensitive and robust expression measurement platform. Many microRNAs which are expressed in stem cells
were found to be down-regulated during differentiation of stem cells indicating that these microRNAs might
be essential in maintaining pluripotency and homeostasis in stem cells. MicroRNAs which are up-regulated
during stem cell differentiation might be required for formation of new cell types. This work also uncovers a
previously unseen sequence bias in AT-GC composition of 3’'UTRs of genes that are most differentially
expressed during differentiation. There is some evidence that this bias might facilitate the action of
microRNAs which are also differentially expressed during stem cell differentiation. Correlation analysis of
expression trends of pluripotency transcripts and their predicted microRNA interacting partners reveals both
positive and negative correlations between the two. Analysis of Gene-Ontology terms in genes that are most

differentially expressed, offers clues regarding the nature of gene-expression in day 3 embryoid bodies.
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Lastly, targeting vectors for the purpose of making homozygous knock-outs of microRNAs in stem
cells were constructed. Loss of function analysis in embryonic stem cells is expected to reveal further
information regarding the role of microRNAs in maintaining stem cell pluripotency and causing
differentiation. Expression or proteomic analysis of knock-out stem cell lines should also help classify

microRNA targets in stem cells based upon whether they are degraded or in a state of translational inhibition.
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CHAPTER ONE: LITERATURE REVIEW

1.1 Introduction

Stem cells are unique in their ability to divide continuously and differentiate into multiple
cellular types upon receiving certain internally or externally mediated signals. These cells can be
classified into embryonic, germ and somatic stem cell types according to their tissue of origin.
Embryonic stem (ES) cells were first established in culture from the inner cell mass of the mouse
blastocysts (Evans and Kaufman, 1981, Martin, 1981) and can give rise to all cell types found in
the adult including germ-cells (Bradley et al., 1984) . This ability of stem cells to form all cell types
is térmed as ‘pluripotency’. Over the years, these cells have proved to be of immense use in
engineering genes in transgenesis experiments to understand gene function in vivo, obtaining animal
models to study human diseases, and in generating tissues and specific cell types in vitro.
Differentiation of stem cells into different lineages has been shown to be dependent upon
expression of certain transcription factors (Pesce and Scholer, 2001, Reid, 1990). Recent advances
involving reprogramming of somatic cells into pluripotent cells (Takahashi and Yamanaka, 2006,
Takahashi, 2007) by introduction of specific factors like Oct4 (Octamer 4), Sox2 (SRY-box 2), K14
(Kruppel like factor 4), and cMyc (called “Yamanaka factors’) in mouse fibroblasts and Oct4, Sox2,
Nanog and Lin28 in human somatic cells (Yu et al., 2007) has spurred interest in using these
‘induced pluripotent stem cells’ for transplantation in patients suffering from diverse degenerative
disorders. Most of the identified molecules happen to be transcriptional regulators with the
exception of Lin28 which has been implicated as a negative regulator of microRNA processing
pathway (Viswanathan et al., 2008). In my thesis, I examine the role of a class of small regulatory
RNA molecules called microRNAs in regulation of expression of stem cell pluripotency transcripts
and transcriptional networks by computational methods. I also study changes in expression of these
molecules and messenger mRNAs, including their potential targets, during the process of stem cell

differentiation. Lastly, I describe the construction of two targeting vectors for microRNA loss of
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function analysis in embryonic stem cells for discovery of specific modes of microRNA mediated
messenger RNA regulation in embryonic stem cells and their potential role in embryonic stem cell

differentiation.

1.2 What are MicroRNAs?

MicroRNAs (miRNAs) are short, single stranded 21-23nt family of RNAs which were first
discovered in Caenorhabditis elegans (C.elegans). In pioneering experiments performed by Ambros
and Wightman, the founding member of the microRNA family, lin-4, was shown to be involved in
regulating the heterochronic gene lin-14 (Ambros and Horvitz, 1984, Lee et al., 1993, Wightman et
al., 1993, Olsen and Ambros, 1999). MicroRNAs repress gene expression by targeting cognate
messenger RNAs (mnRNAs) for degradation or translational repression (Bartel, 2004). MicroRNA
mediated post-transcriptional silencing is similar to the mechanism of RNA interference which was
initially described in plants (Vanderkrol et al., 1990) and plant viruses (Baulcombe, 1996).
However, recently it has been documented that under conditions of serum starvation and cell cycle

arrest, some microRNAs may also up-regulate translation (Vasudevan et al., 2007).

1.3 MicroRNA Synthesis and Processing

MicroRNAs are primarily transcribed by RNA polymerase II (Lee et al., 2004) as monocistronic or
polycistronic primary transcripts (pri-miRNAs). The transcription of microRNAs interspersed
among Alu elements has also been shown to be dependent on RNA Polymerase III (Borchert et al.,
2006). Primary transcripts (pri-miRNAs), which can be thousands of base pairs (bp) long are
processed into 60-70bp precursors (pre-miRNAs) by the Microprocessor complex, which comprises
of Drosha , a member of RNAase III family of nucleases and DGCRS (Denli et al., 2004, Gregory
and Shiekhr"crlttar, 2005), a double-stranded RNA binding protein. Directional cloning of pri-

miRNA had initially revealed the presence of a stem structure of approximately 33 bp, with a
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terminal loop and flanking segments (Lee et al., 2003). Recent studies have shown that the terminal
loop may not be essential, whereas the flanking ssRNA segments are critical for processing (Han et
al., 2006). The cleavage site on a pri-miRNA occurs at a distance of approximately 11bp from the
stem-ssRNA junction. Purified DGCRS interacts specifically with pri-miRNAs and the surrounding
ssRNA segments are crucial for this binding to occur. Hence, DGCRS8 has been termed as a
“molecular-anchor” which performs the function of measuring the distance from the stem-ssSRNA
junction to initiate cleavage and processing of pri-miRNA molecules. There are also other features
found on pri-miRNAs which include internal loops and bulges at specific positions and are
conserved between microRNAs in different species (Han et al., 2006). These loops and bulges are,

however, not essential for pri-miRNA processing (Saetrom et al., 2006).

Some microRNAs located within introns are processed by the spliceosome instead of the
Drosha-DGCR8 Complex (Ruby et al., 2007, Okamura et al., 2007). Subsequent to splicing they are

linearized by the debranching enzyme and folded into hairpin loops.

After initial processing of pri-miRNA into pre-miRNA in the nucleus by the Drosha
complex or the spliceosome, pre- miRNAs are transported into the cytoplasm by Exportin 5 which
is a carrier protein located in the nuclear membrane, and RanGTP (Bohnsack et al., 2004, Lund et
al., 2004). In the cytoplasm the pre-miRNAs are processed by Dicer into short double-stranded
RNA duplexes with 2 nucleotide 3'-overhangs (Hutvagner et al., 2001, Bernstein et al., 2003).
These duplexes are then loaded onto the Agol ( Argonautel ) or Ago2-RISC (RNA nduced stiencing
complex) complexes depending on the degree of matches between the RNA molecules in the RNA
duplex, as shown in Drosophila (Forstemann et al., 2007, Tomari et al., 2007). Perfectly matching
duplexes like let-7 are loaded mostly onto Ago2-RISC complex while mismatches in the duplex
shift the balance of loading towards Ago1-RISC (Tomari et al., 2007). After being loaded onto the
RISC complex the double stranded RNA is unwound to a mature single stranded RNA (called guide

strand) (Nykanen et al., 2001) and its complementary strand (the star sequence containing passenger
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strand) is degraded by RISC (Gregory and Shickhattar, 2005, Matranga et al., 2005, Rand et al.,
2005, Leuschner et al., 2006). Recently it has been shown that the star sequence also has a chance

to be incorporated :nto RISC and can be actively used in gene regulation (Okamura et al., 2008).

The functional human RISC complex (Gregory et al., 2007) is composed of three proteins
Ago2, Dicer and TRBP and has been shown to cleave target RNA by using precursor mictoRNA
@re-miRNA) hairpin as the source to guide single stranded RNA to cognate RNA transcripts. RNA
helicase A has been shown to interact with RISC by promoting association of double-stranded RNA
With Ago2 in human cells (Robb and Rana, 2007). The entire processing pathway is depicted in
Figure 1.1. The next section describes how microRNAs loaded in the functional RISC complex

mediate their regulatory effects.
1.4 Regulatory Effects of MicroRNAs
1.4.1 MicroRNA mediated Repression of Translation

Although the exact mechanism of microRNA mediated gene silencing is not completely
understood, various pathways have been clucidated for triggering this process. An mRNA molecule
could be cleaved (Hutvagner and Zamore, 2002), translationally repressed at initiation or elongation
steps (Olsen and Ambros, 1999, Seggerson et al., 2002) or rendered unstable by the cooperation of
microRNAs and certain AU rich elements (ARES) (Jing et al., 2005) (Figure 1.2). Sufficient
sequence complementarity between a microRNA and its target sequence is a requirement to initiate

site-specific cleavage.

The formation of a continuous A-helix between the 2" and 12" nucleotide of a microRNA
(Chiu and Rana, 2003, Haley and Zamore, 2004) results in cleavage between the 10™ and 1t

nucleotides by the active site on Argonaute proteins (Song et al., 2004, Ma et al., 2005). The
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degradation fragments released are then processed in the exosome (Mitchell et al., 1997, Orban and

Izaurralde, 2005), a macromolecular complex responsible for RNA degradation (Figure 1.2A).

miRNA genes

RNA pol 11 or 11

pri-miRNA

mirtron
s e |
|
spliceosome | +
v degradation
lariat (T

~
A . Nucleus
debranching A pre-miRNA

~
~ A
-~—a

Exportin-5 it ¥ Tudor-SN

X

deqgr i0
l ‘z Cytoplasm sracaten

m —" '\__Hlsc_ —/

—

Exportin-5

miRNAduplex / \

translational repression mRNA degradation

Figure 1.1: MicroRNA Processing, copied from Faller and Guo, 2008. MicroRNA genes are transcribed by RNA polymerase
I/ to generate the primary transcripts, referred to as pri-miRNAs which can be either mono or polycistronic. The first-step
processing mediated by DGCR8/Drosha results in pre-miRNAs of ~70 nt, which are recognized and exported into the cytoplasm by
Exportin 5 complex into the cytoplasm. Upon export, Dicer participates in the second-step processing to yield an RNA duplex which
is then incorporated into RISC (RNA induced silencing complex) as a mature single stranded RNA. The mature microRNA leads to
translational repression or mRNA degradation depending upon complementarity to the target sequence. Alternatively, a class of
microRNAs called mirtrons can be processed by the spliceosome machinery and the de-branching enzyme. The A-to-I modification
of microRNAs by the process of RNA editing might further alter their specification. The non-processable microRNAs get degraded
by nucleases such as Tudor-SN in the cytoplasm.
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CAP @

Initiation
Complex

P-bodies

Figure 1.2: Different pathways of microRNA mediated degradation by the RISC complex. A. Sufficient complementarity
between the mictoRNA and mRNA results in endonucleolytic cleavage by Argonaute protein, which is a part of the RISC complex
and subsequent processing in the exosome. B. Insufficient complementarity could lead to translational inhibition of mRNA molecule
by interference with initiation or clongation steps and ribosomal drop-off or C. where mRNAs could be transported to the
cytoplasmic P-bodies and subjected to deadenylation-dependent decapping followed by degradation. Alternatively, mRNA molecules
could be stored in these bodies temporarily and rescued later for translation.

The majority of microRNAs have limited complementarity to their known mRNA targets
and the microRNA -target interaction is mostly restricted to the 5'end of the microRNA. However,
sven in these cases. a perfect match between nucleotides Z-8 of the microRNA fthe so called “seed
sequence” , See Figure 1.2A and 1.3) and the mRNA is important for recognition of the targets

(Lewis et al., 2003, John et al., 2004, Kiriakidou et al., 2004).
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Figure 1.3: Predicted target sites for miR-26a on SMAD-1 transcript (from Lewis, Shih et al. 2003).

MicroRNA mediated inhibition of translation has been reported for a number of microRNAs
(Olsen and Ambros, 1999, Seggerson et al., 2002, Nelson et al., 2004, Humphreys et al., 2005)
where they associate with polysomes, silencing translation of the target at the initiation and
elongation steps (Petersen et al., 2006) (Figure 1.2B and 1.2C) and causing ribosome drop off and
accumulation of target transcripts in P-bodies (Liu et al., 2005, Sen and Blau, 2005). This
localization is mediated via Argonaute proteins that interact with the proteins present within the P-
bodies (Sen and Blau, 2005) where they are degraded by the RNA decay enzymes. Sometimes
microRNA targeted, translationally repressed mRNA molecules might localize to P-bodies for
storage purposes, from where they might be rescued later for translation (Kedersha et al., 2005,

Pillai et al., 2005) (Figure 1.2C).

MicroRNA binding can also induce deadenylation-dependent decapping of mRNAs
(Giraldez et al., 2006) followed by 5' to 3' decay (Wu et al., 2006). For some microRNAs like miR-
16_binding to AU rich elements might recruit TTP (tristetraprolin) to AREs through members of the
Argonaute tfamily. TTP forms a complex with decapping enzymes like Dcpl, Dep2 and Xrnl in the
P-bodies, thereby promoting mRNA decay (Jing et al., 2005, Kedersha et al., 2005, Lykke-

Andersen and Wagner, 2005).

Hence among the various pathways available for microRNA mediated mRNA decay, the
inherent stability of the mRNA molecule determines whether it will be either translationally

repressed or subject to accelerated degradation (Valencia-Sanchez et al., 2006). Some of the factors
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influencing this decision are sequence complementarity between the microRNA and mRNA
molecule and AU composition of 3'-UTR of the mRNA, distance of the binding site from the center
of long UTRs and cooperativity between microRNAs in eliciting repression (Grimson et al., 2007).
However the triggering of the degradation pathway might be dependent upon certain developmental

and environmental signals which are still not known.

1.4.2 MicroRNA mediated Activation of Translation

Previously it was demonstrated that tumor necrosis factor- oo (TNFo) ARE can be
translationally activated by serum starvation mediated cell-cycle arrest (Vasudevan and Steitz,
2007). This up-regulation in translation has been shown to be dependent upon microRNAs which
facilitate recruitment of Argonaute (AGO) and fragile X mental retardation-related protein (FXR1)
to AREs (Vasudevan et al., 2007). It has been proposed that microRNA mediated repression of
translation is a property of proliferating cells, while cell cycle arrest results in translational up-
regulation of AREs in cell lines (Vasudevan et al., 2007). These findings further expand the
repertoire of regulatory activities mediated by microRNAs which might be important in their roles

in development, differentiation and carcinogenesis.

1.5 Clues regarding MicroRNA Functions in Mouse Embryonic Stem Cells

The exact biological tuncuion of most individual microRNAs remains largely unknown.
However, some clues regarding their role in embryonic development have been provided through
studies loss of function analysis of Dicer and DGCRS, two key microRNA processing enzymes, in
mice a nd stem cells. Dicer-/- mice die at embryonic day 7.5 and lack multipotent stem cells
(Bernstein et al., 2003). Dicer deficient ES cells have a severe proliferation defect and they fail to
differentiate (Murchison et al., 2005). However, Dicer plays an important role in the RNA

interference pathway by controlling the processing of both microRNAs (Hutvagner et al., 2001,
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paddison et al., 2002) and other families of double stranded interfering RNAs. Recently it has been
shown that many of the defects of Dicer-/- ES cells can be reversed by transfection of microRNAs

pelonging to the microRNA miR-290 cluster (Sinkkonen et al., 2008).

DGCRS deficiency results in a global loss of all the microRNAs found in ES cells (Wang et
al., 2007). In contrast to Dicer deficiency, DGCRS deficiency results in delayed differentiation of
ES cells. These results imply that the effect of Dicer loss in ES cells is independent of microRNAs
(Wang et al., 2007) whereas DGCR8 deficiency phenotype is caused by the generalized loss of all

microRNAs,

More direct evidence for the involvement of microRNAs in regulation of ES cell
pluripotency has been provided by transfection of anti-miR-21 in ES cells which has resulted in
reduction of stem cell pluripotency potentially through down-regulation of Sox2 and Nanog

expression (Singh et al., 2008).

Additionally miR-134 has been shown to play a specific role in ectoderm differentiation of
ES cells (Tay, 2007) by attenuating Nanog and Lrh-1 expression. These key findings have provided
vital clues regarding the role of microRNAs in governing stem cell pluripotency. However, stem
cell pluripotency is dependent on specific gene expression patterns governed by a consortium of
JLUrIpoOTency 1dClors. i Oy tiesis L ave atcliipicu W uiiavel ic sroadacr runchon ol microRNAS
in regulating this phenomenon using computational target prediction tools to extend my search for

microRNA binding to a wide array of transcription factors and transcriptional networks and

microRNA and mRNA expression analysis as described in subsequent chapters.
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1.6 Determining MicroRNA-mRNA Interactions with miRanda, TargetScan, Pictar

and Sylamer

Interactions between microRNAs and their target genes were first identified in a genetic
screen carried out in C.elegans (Lee et al, 1993). ldentification of microRNA targets
computationally through specific base-pairing rules, thermodynamic parameters using classical
RNA folding programs and cross-species conservation scores offers a useful approach for
discovering potential microRNA-3"UTR interactions (Sethupathy et al., 2006). Indeed, there have
been some application of in silico mictoRNA target prediction methods for narrowing down
potential candidates for experimental validation of targets in various biological processes ranging
from cancer (Koscianska et al., 2007) to viral infection (Skalsky et al., 2007). Current experimental
approaches for microRNA-target verifications rely on performing luciferase assays (Rodriguez et
al., 2007b), co-expression analysis of microRNAs and their targets in vivo by tagging microRNAs
and their targets with specific fluorescent proteins (Stark et al., 2003), quantitative PCR, in sifu

hybridisation and western blot analysis (Kuhn et al., 2008).

MicroRNA target sites have been classified into three categories (Sethupathy et al., 2006):
(i) 5’-dominant canonical, which have perfect base pairing to the ‘seed’ sequence at the 5’end of the
microRNA as well as towards the 3’end, (ii) 5’-dominant seed only, which have perfect base pairing
to the 5’seed only and limited base-pairing to the 3’end and (iii) 3’-compensatory sites, which have
extensive base pairing to the 3’end of the microRNA to compensate for imperfect or a shorter

stretch of base pairing to the 5’end of the microRNA (Figure 1.4).
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Figure 1.4: Three kinds of microRNA target sites (from (Sethupathy et al., 2006)).

miRanda is a target prediction algorithm that optimizes sequence complementarity using position
specific rules and interspecies conservation (John et al., 2004) to predict target sites on 3’UTRs of
mRNAs. This algorithm allows flexibility for (i) non-uniform distribution of a number of
sequence-complementary sites for different microRNAs (ii) 5’-3” asymmetry, with higher scores for
matches at the 5’end, compared to the 3’end, but at the same time allowing matches at the 3’end to
compensate for low complementarity at the 5’end and (iii) G:U wobbles, which are detrimental to
repression (John et al., 2005). These computational rules have been deduced from a wide range of
experiments (Brennecke et al., 2003, Johnston and Hobert, 2003, Lin et al., 2003, Vella et al., 2004,
Doench and Sharp, 2004). This program has also been found to be most sensitive for predicting 3’-
compensatory target sites (Sethupathy et al., 2006) compared to other algorithms like TargetScan
(TLewis et al.. 2005) and PicTar (Krek et al.. 2005) which have been found to be more appropriate
ior prediction ot 5'-dominant sites (Sethupathy et al., 2006). Targetdcan also takes into accoum
certain other parameters like AU-content, distance from the center of 3’UTR and cooperativity of
microRNA binding sites (Grimson et al., 2007). For, miRanda I have filtered targets from miRBase
based upon org p-values (Griffiths-Jones et al., 2006, Griffiths-Jones et al., 2008) (which denote the

probability of the same microRNA family binding to multiple transcripts within the same

orthologous group) to minimize false positives.
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While TargetScan and miRanda are programs that help identify all the targets of a single
microRNA, Pictar (Krek et al., 2005), is another program that relies on probabilistic identification
of combinations of target sites (PicTar) for multiple microRNAs on a single target. The statistical

model applied by Pictar relies on synergistic effects of microRNAs binding in a cooperative manner

to a single target molecule.

In my thesis I have applied these three programs to identify crucial microRNA-transcription

| factor transcript interactions that might be critical in the maintenance of stem cell pluripotency.
Additionally 1 have also applied ‘Sylamer’, a program developed by Stijn van Dongen (paper
submitted) which ranks genes in order of decreasing expression, comparing two different
conditions, and calculates cumulative enrichment of microRNA sequence ‘words’ or motifs in the

entire spectrum of differentially expressed genes. Sylamer plots can help detect specific

enrichments of sequence motifs and microRNA seeds in the 3’UTRs of entire transcriptomes.
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CHAPTER TWO: IN SILICO DETECTION OF MICRORNAS INTERACTING WITH KEY

PLURIPOTENCY TRANSCRIPTS

2.1 Introduction: Generating Hypotheses for MicroRNA Functions in Mouse

Embryonic Stem Cells

Embryonic stem cells have the potential to continuously renew themselves in culture and an
ability to differentiate into multiple cell types upon manipulation of culture conditions. This ability
of stem cells to form any cell is termed as ‘pluripotency’. Major evidence for the potential role of
microRNAs in regulating stem cell pluripotency has been provided by knocking out DGCRS in
stem cells, one of the key proteins involved in binding to the stem-loop structure of microRNA
precursors in the microRNA production pathway (Wang et al., 2007). As mentioned earlier, DGCR8
deficiency results in delayed stem cell differentiation and failure of these cells to down-regulate
expression of certain transcription factors like Oct4, Nanog and Sox2 during this process (Wang et
al., 2007). Hence, one can hypothesize that microRNAs expressed in stem cells may function in

regulating stem cell pluripotency and differentiation by the following mechanisms:

1. MicroRNAs directly bind to key stem cell specific transcripts belonging to the
Yamanaka factors (Takahashi and Yamanaka, 2006) and Nanog (Mitsui et al., 2003),
regulating their expression in stem cells.

2. MicroRNAs bind to transcripts of co-regulators (Zhou et al., 2007) of Oct4, Nanog
and Sox2, regulating their expression.

3. MicroRNAs might bind to 3’UTRs of the downstream targets of Oct4 and Nanog
transcription factors (Loh et al., 2006) which would constitute entire transcriptional

networks (Chapter three).
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In order to test the first two hypotheses, the 3’UTRs of transcripts belonging to Yamanaka
transcription factors, Nanog (Mitsui et al., 2003) and co-regulators of Oct4, Nanog and Sox2,
mainly Esrrb (estrogen related receptor beta), Stat3, Tcf7 (Transcription factor 7), Sall4 (Sal-like
protein 4) and Lrhl (liver receptor homolog 1) (Zhou et al., 2007), were scanned for microRNA
binding sites using a microRNA target prediction algorithm, miRanda (John et al., 2004) on
miRBASE (Griffiths-Jones et al., 2006), a web-based resource of all known microRNAs and
targets. This algorithm reports predicted microRNA-target interactions based upon sequence
complementarity between a mature microRNA and a target site in the 3’UTR of a transcript,
binding energy of the microRNA-target duplex and evolutionary conservation of the target site
sequence. Only microRNAs with predicted target sites having org p-value (Gritfiths-Jones et al.,
2006, miRBase Targets) less than 0.01 were taken. All star sequences (Figure 2.1), corresponding
to the part of the precursor sequences, complementary to the mature microRNAs were excluded
from the analysis. Further, all the microRNAs identified to bind to these transcripts were filtered
based upon their expression signatures in stem cells. The identity of microRNAs expressed in stem
cells was determined from microRNA.org (see Materials and Methods). I have also used TargetScan
(Lewis et al., 2003, Lewis et al., 2005, Grimson et al., 2007) and Pictar to detect interactions

between these transcripts and stem cell microRNAs.

# T

— 3 1
/ RNA precursor
Na 5" et ey 3

miR:miR"

B ey 5 3
miR* degraded mature miRNA
Figure 2.1: Star sequence. Asymmetric processing of microRNA hairpin loops by Dicer results in

mature microRNAs and the complementary star sequences which are subject to degradation.
Figure taken-from http://www.sciencemag.org/feature/data/prizes/ge/2006/schwarz.dtl
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2.2 Results

2.2.1 Increased Propensity of ES Cell MicroRNAs towards ES Cell Pluripotency

Transcription Factor Transcripts

In order to test the first two hypotheses which predict that microRNAs might directly bind to
3°UTRs of transcripts belonging to “Yamanaka factors’ (Takahashi and Yamanaka, 2006), Nanog
(Chambers et al., 2003), and a number of additional transcription factors like Esrrb, Stat3, Tcf7,
Sall4 and Lrhl implicated in regulating stem cell pluripotency (Zhou et al., 2007), I searched for
binding sites on these transcripts corresponding to microRNAs found to be expressed in ES cells
(from microRNA.org, See Materials and Methods). These searches were performed using miRanda
(on miRBase) (Griffiths-Jones et al., 2006), TargetScan (Grimson et al., 2007) and Pictar (Krek et
al., 2005). As a control set I used ten additional transcription factor transcripts found to be
expressed in ES cells and down-regulated during differentiation (derived from mRNA expression

Illumina data, Chapter four).

As seen in Figure 2.1, there are greater number of binding sites observed on the ten core
pluripotency transcription factor transcripts as compared to the control set (p-value : 0.002).
Binding sites corresponding to ES microRNAs are predicted for Oct4 (Pou5£1), Nanog, Sox2, K14,
cMyc, Stat3, Tcf7, Sall4 and Lrh1 transcripts. There is considerable overlap between predictions for
microRNA binding sites found on Sox2, cMyc, Stat3, Tef7 and Sall4 transcripts obtained with these
three prediction programs. There are also a number of binding sites detected exclusively by
individual programs which reflect the differences in the statistical procedures applied by them to
generate microRNA target predictions (Sethupathy et al., 2006). The greatest enrichment of sites is

observed on Stat3 and Sall4 transcripts.
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Analysis of microRNAs interacting with these transcripts reveals that multiple transcripts
could be potentially regulated by a single microRNA entity. For example, microRNA mmu-miR-21
has been shown recently to regulate stem cell pluripotency by affecting Nanog and Sox2 expression
(Singh et al., 2008). In addition to Nanog and Sox2, I also find binding sites corresponding to this
microRNA on Tef7 and Stat3 transcripts (Figure 2.1). MicroRNA mmu-mir-24 might potentially co-
regulate Oct4 and Tcf7 transcripts. Further, one also observes that microRNAs belonging to miR-
290 and miR-93 cluster families might co-regulate Stat3 expression (Figure 2.6) indicating common
functionality of these microRNAs in regulating stem cell pluripotency. Overall these results suggest
that microRNAs expressed in ES cells have greater propensity of binding to key stem pluripotency

transcription factor transcripts.

Transcripts having longer UTR length might be expected to possess greater number of sites
by chance alone. In order to estimate whether these pluripotency transcripts have longer 3’UTRs
than the control set, I compared the average length of the 3’UTRs and found that the 3’UTRs
belonging to pluripotency transcripts are slightly longer than the control transcripts, although the
difference between them is not statistically significant (Figure 2.3). It is likely that the UTR length
has very little effect on these results for ES cell microRNA binding site enrichment on stem cell
transcripts. However one cannot rule out the possibility that these transcripts might have evolved
slightly longer UTRs to accommodate microRNA regulatory functions in determining ES cell

pluripotency.

28




Poulil |Manog |Soxd El4 eMyc Esnb Sty Tel? Sans Lik1 Hnipl Zseandec] Lebl GemlZ | Rnfi7 KHT Telepde | Dosdt | Mtosd Pufl
PC PC PC PC PC PC C PC FC PC PC PC PC PC PC PC PC PC PC PC PC

P'IHPTMPTIIPT“I"HPT"PTHPT"P"MP"M FTMPTHPT”FTMF‘I’HI’TMPTMPTHPT“PTH

st mif- 18
- mii1-322
s i M2 Bp
i =
- mir-700
i enil-308 = m
TR
it miA-A35
pimeg- i 17
ytai- A 15D
e eolF-10a -
]

e L -
=127

- mifl- P48

nrvig - PR 32

P L)
iR 12615
wing-lel:Te -
auni-miF E3a

nini iniA-381 -
mu-mle:Z-h
enpnu-miF-3de

mml-mi_:-ﬂb -
et mift- 923

g mifl-136 -
il -mifl-26
et -mi1- 370
et - T8
wmvia-iF- 124
izl 198
enmu-min27a

nnu- 183

el b - 200

sy mifi-33

ann-ndFL- 100D =]

mna-miF- 19
smu-mifi: 19

wnnas-mili- 234

o enifl-2 310 Sp

-l V03

i il -G BT Bp
)

iR 46 76
k- mif-291a-5p
g mifl-20a

miingmif-T0s

wmimas-mmiFl- 1 1:
mai-mlF- 180

i miFl- 26
s mif2d

mvma-mif 2

iR 202 p

- miA-230-3p

mim-miF- 294
mmai-mif-2313-3p
- i 2895 |

Contekt Score rc ¢ miRanda org p  Plctar Score
20.30 n-02.0-03 1-2
3040 03004 2-3
8-50 ©.04.6.04 34
4£0-80 e-05.0.06 45
E0-T0 o-0E-a-07 56
To.80 0-07.0.08 B-7
8090 78
J0-100 89

9-10
>10

g‘l‘rgalllll;e .2.2: Increased P.ropensity of Ste_m Cell MicroBNAs towards Core Pluripotency Transcription Factor
oy cripts. Ten core plurlpoten_cy transcription fa(?tor transcripts (left panel) and ten control transcription factor transcripts
ﬁlu%m t pz.mel) were screened for microRNA binding sites using Pictar, Targetscan and miRanda. MicroRNAs have been derived
= C(I)mcroRNA.org based upon their expression in ES .cells. Context score (TargetScan) with distinct poorly conserved (PC)
A nlseryed (C) scores, org p-value (miRanda) and Pictar score ranges are depicted below the chart. One observes that core
failod tr_’t:;g)otency transcription factors have greater number of binding sites compared to control set (p-value: 0.002, single

29




3000 = —

2500

2000

'@ Core Pluripotency TF
' Transcripts

m Control

1500

Average 3'UTR length

1000

500

Figure 2.3: Average 3°UTR length of core set of pluripotency transcripts and control set. Also
shown are error bars (n=10, s.d). The difference between the pluripotency transcript set and the
control set is not statistically significant (p: 0.23).

222 Is Enrichment of ES Cell MicroRNA Binding Sites on 3’UTRs of Pluripotency

Transcripts due to Chance?

After binding sites corresponding to kev ES cell microRNAs were detected on 3’UTRs of
key pluripotency transcripts, it was decided to test whether this enrichment of binding sites 1s
caused by ‘chance’. In order to test this hypothesis, ten thousand iterations were performed for
detecting binding sites corresponding to all microRNAs expressed in stem cells on 3’UTRs of four
out of ten randomly selected transcripts using miRanda. Transcript sets with greater than O hits for
microRNAsu were counted and the p-value was calculated to be 0.24. A very strict cut-off of greater
than 0 hits for microRNAs binding to randomly selected transcripts could be responsible for this

high p-value. As Sall4 possesses binding sites corresponding to 4 microRNAs, it was decided to
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! repeat this test of enrichment for greater than 1, 2 and 3 microRNA binding sites in 3’UTRs of these

randomly selected transcripts. A reduction in p-value was observed with an increase in microRNA
pits from O to 3 (Table 2.1). These results imply that there might be a slight enrichment of ES
microRNA binding sites on Sall4 transcript as compared to other randomly selected transcripts,

although transcripts containing greater than 0 microRNA binding sites, may be identified by chance

alone (p=0.24).

Table 2.1: p-values for ES MicroRNA Enrichments in Randomly Selected Transcript Sets

(Acknowledgements: Dr. Harpreet Saini)

ES MicroRNA Hits in 4/10 Randomly Selected Transcripts p-value
>0 0.24
>1 0.19
>2 0.078
>3 0.015

2.2.3 Predicted Regulatory Networks for MicroRNAs in Mouse ES Cells

These in silico results suggest that ES cell specific microRNAs might directly regulate the
expression of Oct4, Nanog, Sox2, K1f4, cMyc, Stat3, Sall4, Tcf7 and Lrh-1 transcripts. Using these
results, hypothetical regulatory networks were built to graphically depict interactions between
microRNAs and these key stem cell specific transcripts in relation to stem cell pluripotency.
Figures 2.4-2.6 depict these regulatory networks. It is known that knock-down of Oct4 results in
differentiation of stem cells into the endoderm and trophoblast lineages (Hay et al., 2004). ES cells
containing homozygous deletions for Nanog lose their pluripotency and differentiate into the extra-
embryonic éndoderm lineagf; (Mitsui et al., 2003, Yuan et al., 1995). Sox2 cooperates with Oct4 in

regulating gene expression and is expressed in pre-implantation embryos and in ES and EC
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(embryonic carcinoma) cells in a similar manner as Oct4 (Yuan et al., 1995). These transcription
factors form a core network regulating pluripotency in stem cells (Figure 2.4). Sall4 and Tcf7 have
been implicated in the extended regulatory network of transcription factors in stem cells, composed
of Oct4, Nanog and Sox2, by co-regulating the expression of these transcripts (Loh et al., 2006).
The overall model demonstrating the putative impact of microRNAs on these transcription factor

transcripts is shown in Figure 2.4.

KIf4 or Kruppel-like-factor-4 has been identified as a binding partner for Oct4 in regulating
the expression of an ES cell specific gene Lefiyl which has been shown to be important for left-
right axis determination during early embryogenesis (Nakatake et al., 2006). Although Klf4 null
mice show no abnormalities during early embryogenesis, over-expression of K1f4 has been shown
to inhibit embryoid body formation during differentiation indicating that this gene is essential for
maintenance of stem cells in the pluripotent state (Li et al., 2005). Figure 2.5 highlights the model,
whereby stem cell specific microRNAs might negatively regulate KIf4 transcript thereby regulating

the expression of Lefiyl.

The key player of LIF (leukaemia inhibitory factor)dependent self-renewal pathway in
embryonic stem cells, Stat3, has been shown to regulate the expression of Myec transcription factor
(Cartwright et al., 2005). Maintained expression of unphosphorylated stable Myc (T58A) is
sufficient for stem cell pluripotency, even in the absence of LIF, while the dominant negative form
0i Myc promotes prematurc differentiation. Phosphorylation v T384 promotes GSk3p mediated

degradation of Myc (Sears et al., 2000, Cartwright et al., 2005).

Figure 2.6 depicts the overall model for microRNAs negatively regulating the expression of
cMyc transcript. Hence it is possible that microRNAs might provide an additional layer of
regulation to maintain the expression level of these key transcription factors in a state of

homeostasis.
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Figure 2.4: Diagram depicting predicted binding sites for microRNAs on transcripts belonging to key pluripotency
transcription factor transcripts. Octd, Nanog and Sox2 form the core of this regulatory network, with Sall4 and Tef7 playing the
role of regulators of these core transcription factors. There exists a feed-back relationship between these core set of regulators and
Salld and Tef7. MicroRNAs mmu-miR-21 and mmu-mir-24 have been highlighted in red and blue text respectively as they are
predicted to target more than one set of transcripts. Diagram partially adapted from Zhou ef al., 2007. (Legend shown in bottom left
of the Figure).
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Figure 2.5: Diagram depicting predicted binding sites for microRNAs on KIf4 transeript. K1f4 cooperates with Oct4 and Sox2
to activate the promoter for Lefty in embryonic stem cells. Inhibition of KIf4 by microRNAs is predicted to reduce lefty expression
and stem cell pluripotency. Legend is shown in the bottom left of the figure.
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Figure 2.6: Diagram depicting predicted binding sites for microRNAs on the cMyec and Stat3 transcripts. Inhibition of these
two transcripts is predicted to reduce stem cell pluripotency. MicroRNAs mmu-miR-291, mmu-miR-294 and mmu-miR-295 belong
to the same cluster, while mmu-miR-93 and mmu-miR-106 belong to a separate cluster. MicroRNA miR-21 is highlighted in red-as it
has been shown to regulate a number of other pluripotency transcripts like Sall4, Sox2 and Tcf7. Legend is shown in the bottom left
of the figure.
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2.3 Summary

Scanning 3’UTRs of key stem cell pluripotency transcripts like Oct4, Nanog, Klf4, Sox2,
Stat3,Sall4, cMyc, Tct7 and Lrhl reveals the presence of binding sites for numerous microRNAs
also expressed in stem cells (Houbaviy et al., 2003, Thomson et al., 2004). Moreover, I find that
microRNAs expressed in ES cells show increased propensity towards these transcription factor
transcripts as compared to other randomly selected transcripts. It is also observed that multiple
transcripts might be regulated by a single microRNA entity. Additionally, a number of microRNAs
belonging to the same cluster family are predicted to interact with Stat3 transcription factor
transcript indicating common functionality of family members in regulating stem cell pluripotency.
Overall, these results hint at a potential function of these microRNAs in regulating the expression of

pluripotency transcripts in stem cells.
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CHAPTER THREE: IN SILICO DETECTION OF MICRORNAS IMPACTING THE

OCT4/NANOG TRANSCRIPTIONAL NETWORK

3.1 Introduction

The properties of self-renewal and pluripotency of embryonic stem cells depend upon
specific gene expression patterns which in turn are determined by transcription factors. Oct4 and
Nanog constitute a key set of transcription factors that regulate pluripotency and self-renewal in
stem cells. In order to study the microRNAs impacting the downstream network of genes affected
by a combination of these stem cell transcription factors, the microarray data obtained from
experiments involving knock-down of Oct4 and Nanog by RNA interference in embryonic stem
cells (Loh et al., 2006), was downloaded from GEO DataSets at NCBI as CEL files and processed
in GEPAS (Herrero et al., 2003) for log transformation and normalisation (See Materials and
Methods). Figure 3.1 shows the entire set of differentially expressed genes in the Oct4 and Nanog
transcriptional network. Genes expressed differentially in wild type and knock-down cells were
ranked according to their t-statistics and scrutinized for motif and microRNA binding site
enrichments using two giifferent computational approaches. In the first approach a perl script
(provided by Dr. Anton Enright) was used to detect microRNA binding site enrichments in genes
that were most up and down-regulated in stem cells upon Oct4/Nanog knock-down compared to
wild-type cells. In the second approach entire transcriptional networks downstream of these
trancorintion factore were scanned for microRNA binding site enrichments using ‘Sylamer’

(program devised by Dr. Stijn van Dongen, paper submitted).
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Figure 3.1: Genes in the Oct4/Nanog Transcriptional Network (Loh et al., 2006). A. Genes either down-
regulated, 1, or up-regulated, 2, upon Nanog or Oct4 knock-down by RNA interference in mouse
embryonic stem cells. The y-axis depicts the t-statistic values where positive values indicate genes which
are most highly expressed in the control (mouse embryonic stem cells not subjected to RNA interference for
either Nanog or Oct4) versus experimental cells (subjected to knock-down by RNA interference for Nanog or
Oct4). The genes were filtered according to a family wise error rate (FWER) <0.001 and 0.01. There were 11
and 30 genes in the down-regulated and up-regulated sets (upon Nanog knock-down) respectively which
passed this filtering in the Nanog transcriptional network at p< 0.001. Similarly, 76 and 123 of the down-
regulated and up-regulated genes respectively (upon Oct4 knock down), passed this filtering for the Oct4
transcriptional network at p<0.001. At p<0.01 there were 40 genes which were down-regulated and 66 genes
which were up-regulated in the Nanog transcriptional network. For the Oct4 transcriptional network, there

were 209 and 328 genes in the down-regulated and up-regulated genes respectively.

3.2 Scanning most Up-regulated and Down-regulated Genes in the Oct4/Nanog

Transcriptionai Network

The most up-regulated or down-regulated genes were identified by filtering out genes based
on their t-statistics and FWER (Family wise error rate< 0.001 and <0.01) (see Materials and
Methods). Figure 3.2 describes a model for the effect observed in ES cells upon knock-down of

Oct4 and Nanog and the resultant changes in gene expression.
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Figure 3.2: Graphical depiction of changes in gene-expression upon Oct4/Nanog knock-down in ES
cells. Knocking down either Oct4 or Nanog causes ES cells to differentiate and also results in dramatic
changes in the genes in the entire network. Genes previously up-regulated in ES cells are down-regulated
upon Oct4/Nanog knock-down, while genes down-regulated in ES cells are subsequently up-regulated.

Entire sets of up-regulated and down-regulated genes, were scanned for the presence of 6-
mer, 7-mer, 8-mer and double 6-mer microRNA binding sites. The 6-mer sequence corresponds to
the ‘seed’ sequence which has been shown to be important for microRNA binding. The 7-mer and
Q-mer seguences are extensione of thic seed sequence. MicroRNA mmu-miR-101a is shown as an
example (Figure 3.3). The over-representation cut-off scores selected for microRNA enrichment in
specific gene sets are listed in the table in Figure 3.3. These scores were calculated as described in

the Materials and Methods Section.
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A. mmu-miR-101a Seed Patterns for finding Overrepresented Targets in the 3’UTRs of a Gene Set

6 'mer CAUGACAU
NERRRRR
GTACTGTA
CAUGACAU
5’ Tmer LTI
GTACTGTA
3" 7mer CAUGACAU
LITTTH]
GTACTGTA
8-mer CAUGACAU
NRREERN
GTACTGTA
Double 6'mer CAUGACAU..cvuves CAUGACAU
NERRRRR RERRRN
GTACTGT Aneerense GTACTGTA

Identification of MicroRNAs Overrepresented in Up-regulated/Down-regulated Genes Set

6-mer | 5'-7-mer | 3'-7mer | 8-mer | Double 6-mer

Overrepresentation Filtering Scores >1.0 >1.2 >1.2 >1.5 >1.0

Figure 3.3: MicroRNA binding patterns scanned in specific up-regulated and down-regulated gene
sets, with mmu-miR-101a shown as an example (A). Targets obtained were subjected to filtering for seed
pattern averrepresentation scores according to the figures shown in the table

The flowchart shown in Figure 3.4 describes the entire protocol for target identification.
MicroRNA targets were discovered for most up-regulated and down-regulated gene sets in the
Nanog and Oct4 (Figures 3.1) transcriptional networks. Genes downstream of these transcription

factors are important in the maintenance of stem cell pluripotency (Loh et al., 2006).
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Figure 3.4: Flowchart showing the protocol for microRNA target identification in the Oct4 /Nanog
Transcriptional Network.

According to the hypothesis of ‘selective avoidance’ proposed by Farh et al. (Farh et al., 2005),
microRNAs and their targets localise in a different space-time during development. Hence, one
would expect microRNAs and their targets (which are normally expressed in stem cells and down-
regulated upon Oct4 and Nanog knock-down) to localise in different tissues or cell types during
development. Hence, in order to investigate if computational results obtained from this analysis are
in agreement with ‘avoidance hypothesis’, information regarding tissue specific localisation of
microRNAs predicted to interact with these genes was also determined from expression data

oblaineda by Landgrar el dai. (Landgrar Ci di., 2007 ).
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3.3 Results

MicroRNAs impacting genes most up and down-regulated upon Oct4 and Nanog knock-

down at FWER (Family wise error rate) < 0.001 and <0.01 were identified using a perl script.

3.3.1 Identification of MicroRNAs targeting the Nanog and Oct4 Transcriptional Network at
FWER<0.001

There were 11 transcripts down-regulated upon Nanog knock-down at this FWER cut-off
value of 0.001. As can be observed in Figure 3.5, mmu-miR-345 is predicted to target the most
down-regulated genes in the Nanog transcriptional network. mmu-miR-345 is specifically
expressed during mammalian brain development (Miska et al., 2004). It is also expressed in the
adult brain, kidney and placenta (Landgraf et al., 2007). Most of the high affinity (8-mer) binding
sites for these microRNAs are concentrated in 2 of 11 transcripts in this gene set. There is a greater
than 8 fold enrichment of the 8-mer binding sequence in this gene set compared to a random set of
UTRs obtained from the mouse genome. These results are in agreement with the ‘avoidance
hypothesis’ described previously according to which target expression often precedes microRNA
expression during development (Farh et al., 2005). In this case, the expression of genes downstream
of Nanog transcription factor in embryonic stem cells precedes the expression of miR-345 in the

mammalian brain during development (Miska et al., 2004).

ln the Oci4 transcripuonal network, one detects /6 transcripts downregulaied upon Ui
knock-down in ES cells at this FWER cut-off value. MicroRNA mmu-miR-101a is seen to target
the most down-regulated set of genes (Figure 3.6). This microRNA shows widespread expression in
differentiated tissues like brain, skin, adipocytes, kidney, T-cell, B-cell, pancreas, testis, ovary,
placenta and embryo (Landgraf et al., 2007). This microRNA is also found to localise in embryonic
stem cells and potentially targets 4 of 76 transcripts in this gene set with high specificity

corresponding to 8-mer target sequence. There is a greater than 3-fold enrichment for the 8-mer
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binding sequence in this gene set compared to a random set of 3’UTRs obtained from the mouse

genome.

MicroRNA targeting Down-regulated Genes in the Nanog
Transcriptional Network

Overrepresentation

mmu-miR-345

mmu-miR-345

6-mer (p:0.0314)

5'-7mer (p:0.0028)
3'-7mer (p:0003)

8-mer (p:0.00004)
Brain+kidney-+placenta - Double 6-mer (p: 0.0071)

Figure 3.5: A. MicroRNAs targeting the Nanog Transcriptional Network at FWER<0.001. A. mmu-
miR-345, expressed in brain, kidney and placenta, targets the most down-regulated genes in the Nanog
transcriptional network upon Nanog knock-down in ES cells compared to Nanog expressing ES cells. The p-
values for individual binding sites are also shown.

MicroRNA targeting the most Down-regulated Genes in the Oct-
4 Transcriptional Network

3.5
3
g 25 - mmu-miR-101a
% 6-mer (p:0.003)
2 \ 5. Zrmer (n:0.014)

3'-7mer (p:0.0006
8-mer (p:0.0005)
| I Double 6-mer (0.0073)

mmu-miR-101a

ES+brain+skint+adipocytes+kidney+T-cell+B-cell+pancreas+testis+ovary+placenta+embryo

Figure 3.6: MicroRNA targeting the Oct4 transcriptional network at FWER<0.001. mmu-miR-101a
targets the most down-regulated genes in the Oct4 transcriptional network upon Oct4 knock-down in ES
cells compared to ES cells expressing Oct4. This microRNA is expressed in ES cells, brain, skin,
adipocytes, kidney, T-cell, B-cell, pancreas, testis, ovary, placenta and embryo. The p-values for individual
microRNAs are shown.
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There is no clear agreement of these results with the ‘avoidance hypothesis’ (Farh et al.,
2005) as mmu-miR-101a shows overlap in its expression pattern with its target genes in embryonic

stem cells.

No microRNAs were found to be enriched in the up-regulated gene sets at this cut-off.
Hence, it was decided to screen up-regulated and down-regulated genes at lower FWER cut-off

values of 0.01 for microRNA binding sites.

3.3.2 Identification of MicroRNAs targeting the Nanog and Oct4 Transcriptional

Network at FWER<(0.01.

At a higher FWER cut-off threshold of 0.01, there were 40 genes which were down-
regulated and 66 genes which were up-regulated in the Nanog transcriptional network. For the
Oct4 transcriptional network, there were 209 and 328 genes in the down-regulated and up-regulated
sets respectively. In the Nanog transcriptional network, mmu-miR-541 was found to be enriched in
the most down-regulated genes. This microRNA shows widespread expression in various
differentiated tissues like the brain, kidney, lung, pancreas, ovary, embryo and stem cells (Landgraf
et al., 2007). 14 of 40 transcripts show high affinity for the 8-mer binding site on this microRNA.
There is a greater than two-fold enrichment observed for the 8-mer binding sequence in this set of
genes compared to a random 3’UTRs obtained from the mouse genome (Figure 3.7(A)). Again,

LUICSEC TCSUILS ai€ CoNnmadiCiony W uic avVildallee Oypotilcsis (ralil ol di., EASLE Y N

mmu-miR-300 was found to be enriched in up-regulated genes in the Nanog transcriptional
network. 19 of 66 transcripts showed high aftinity of binding of the 8-mer sequence (3.7(B)). This
8-mer sequence is overrepresented more than three fold in these 3’UTRs as compared to
randomized set from the whole mouse genome. Furthermore, mmu-miR-300 is expressed in

embryonic stem cells (Landgraf et al., 2007, Houbaviy et al., 2003). Here, one detects a reverse
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cenario of the ‘avoidance hypothesis” where microRNA ex ression is seen to precede expression of
s p

target genes most up-regulated upon Nanog knock-down in stem cells.

A.
MicroRNA targeting the Most Down-regulated Genes
in the Nanog Transcriptional Network
s mmu-mir-541
g  6-mer (p:0.0005)
S | B 5-7mer (:0.018)
£ 3'-7mer (p:0.000016)
2 8-mer (p:0.035)
2 I Double 6-mer (0.010)
i

mmu-miR-541

ES+brain+kidney+lung+pancreas+ovary+embryo

B.
MicroRNA Targeting the Most Up-regulated Genes in
the Nanog Transcriptional Network
3 I— e e — e
25

c
e
g 2 - mmu-miR-300
o ' ~ 6-mer (p:0.001)
g._ 5'-7mer (p:0.099)
o 3'-7Tmer (p:0.0002)
4 8-mer (p:0.053)
© B Double 6-mer (p:0.010)

mmu-miR-300

ES

Figure 3.7 MicroRNA targeting the Nanog Transcriptional Network at FWER<0.01. A. mmu-miR-541 targets the most down-
regulated genes in the Nanog transcriptional network upon Nanog knock-down in ES cells compared to wild type ES cells. This
microRNA is expressed in ES cells and differentiated tissues including brain, kidney, lung, pancreas, ovary and embryo. B. mmu-
miR-300 targets the most up-regulated genes in the network. This microRNA is expressed in stem cells. The p-values for individual
binding sites are also shown.

For the Oct4 transcriptional network, mmu-miR-130a and mmu-miR-291a display
enrichment in the most up-regulated genes. 94 of 328 and 97 of 328 transcripts show high

enrichment of the 8-mer binding sequence for mmu-miR-130a and mmu-miR-291a respectively.
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Further, there was a greater than two-fold and a greater than 1.5-fold over-representation of the 8-
mer binding sequence for mmu-miR-130a and mmu-miR-291a respectively, in the 3’UTRs of the
up-regulated gene sets compared to a randomized set of mouse 3°’UTRs (Figure 3.8). Both these
microRNAs are expressed exclusively in stem cells. There was no significant microRNA
enrichment observed for the down- regulated genes. In these results, one also detects a reverse
scenario of the ‘avoidance hypothesis’ where microRNA expression is seen to precede expression of

target genes most up-regulated upon Oct4 knock-down in stem cells.

MicroRNAs targeting the most up-regulated Genes in the Oct-4
Transcriptional Network

3
2.5
s 2
g mmu-miR-130a
[=
@ 1.5 ~ 6-mer (p:0.003)
E‘, e 5'-7mer (p:0.00003)
g 1 A 3'-7mer (p:0.014)
° A 8-mer (p:0.0004)
0.5 polt - Double 6-mer{p:0.004)
g
whl
0 — | mmu-miR-291a-3p
mmu-miR-130a mmu-miR-291a-3p e ! . 6-mer (p:0.0001)
5'-7Tmer (p:0.023)
ES ES 3'-7mer (p:0.0001)
8-mer (p:0.008)
Double 6-mer (p:0.005)
Fioure 2.8. MicroRNA targeting the Octd Transeriptional Network at FWER<N.01. mmu-miR-130a and mmu-miR-2914-3p
arget the most up-regulated genes in the OC4 transcrmptionl network upomn Ut Kiock-dow ES cells compared o wild type
cells. Both microRNAs are expressed in ES cells. The p-values are depicted adjacent 1o U

3.3.3 Scanning entire transcriptional networks with ‘Sylamer’

‘Sylamer’ is a program developed by Stijn van Dongen which ranks genes according to increasing
fold change values across different conditions, and calculates cumulative enrichment of sequence

‘words’ or motifs in the entire spectrum of differentially expressed genes. Sylamer plots can help
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detect specific enrichments of sequence motifs and microRNA seeds in the 3’UTRs of entire
transcriptomes. Oct4 and Nanog transcriptional networks were scanned for specific microRNA seed

enrichments using this program.
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Figure 3.9: Sylamer Plots for microRNA seed enrichments in the Oct4 and the Nanog transcriptional
networks. Genes have been ranked according to their fold-change from left to right. (Acknowledgements:
Dr. Cei Abreu-Goodger). Each grey line depicts enrichment for a particular word or microRNA seed across
ranked genes, while seeds or words showing maximum enrichments and depletions have been coloured. The
y-axis represents log of p-values of cumulative hyper-geometric test performed for detecting enrichments or
depletions. The x-axis consists of probes ranked according to their t-statistics which have been scanned for
seed or word enrichments in windows consisting of 100 genes. The y-axis represents the logl0 transformed
significance p-value (positive for enrichment and negative for depletion). The error line depicts an e-value
(Bonferonni corrected p-value) of 0.01.
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One detects specific enrichments for mmu-miR-19a, mmu-miR-692 and mmu-miR-124
seed sequences in genes up-regulated upon Oct4 knock-down in ES cells. Seeds belonging to miR-
124 and let-7 are overrepresented in genes up-regulated after Nanog knock-down in ES cells.
MicroRNAs miR-19a and miR-124 are known to be expressed in stem cells and differentiated
tissues ((Landgraf et al., 2007). MicroRNA miR-692 has been isolated from developing mouse
embryos (Mineno et al., 2006). These results suggest that these microRNAs might regulate genes
down-stream of these transcription factors which might be down-regulated during differentiation of
stem cells. There is an enrichment of seeds belonging to miR-4661 in genes expressed in ES cells.
This microRNA has been isolated from ES cells, and cells treated with 5-aza-deoxycytidine which
is a, DNA-methyl transferase inhibitor (Calabrese et al., 2007) and might be involved in regulation
of DNA methylation pathway. It is possible that genes downstream of Nanog transcription factor in

ES cells might also be involved in regulating this pathway in ES cells.

The two different computational approaches applied, yield different results for microRNA
enrichments. The first method analyzes microRNA seed overrepresentation scores in selected gene
sets compared to the whole mouse genome, while Sylamer calculates cumulative enrichment of
seeds across ranked gene sets and helps determine more global enrichments and depletions across
entire transcriptional networks composed of thousands of genes. The first approach is useful if one
is interested specifically in small gene sets, like those consisting of genes most differentially

expressed between two conditions, while the second approach detects microRNAs with a more

RS ey :)}Ji;t.LL» SoaiiTNL W bCiLC ;;mIJL:/b;JiUAL.,

Summary

Scanning entire transcriptional networks downstream of Oct4 and Nanog transcription
factors reveals enrichment of binding sites of stem cell microRNAs in genes which are most up-

regulated upon knock-down of either of these transcription factors in stem cells. One also observes
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an enrichment of binding sites corresponding to microRNAs expressed in differentiated tissues
among transcripts which are most down-regulated upon knock-down of these transcription factors
in stem cells. Sylamer analysis has resulted in further identification of binding sites corresponding
to microRNAs expressed in stem cells in these transcription networks indicating a function of these
microRNAs in specifically regulating genes involved in pluripotency pathways. These results show
that microRNAs in stem cells might help regulate entire transcriptional networks down-stream of
Oct4 and Nanog forming an additional layer of regulation in maintenance of stem cell homeostasis.
Some of the results obtained in this chapter are in agreement with the ‘avoidance hypothesis’ (Farh
et al., 2005) while others are contradictory. These computational predictions could be further

verified by experiments such as luciferase assays.
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CHAPTER FOUR: ANALYSIS OF THE ‘MIRNOME’ AND ‘TRANSCRIPTOME’ IN

DIFFERENTIATING ES CELLS
4.1 Introduction

In this chapter, I study microRNA and mRNA expression dynamics during the process of
stem cell differentiation, during which there is a systematic loss of stem cell pluripotency and
differentiation of mouse embryonic stem cells into ectodermal and endodermal layers of embryoid
bodies. Embryoid body formation recapitulates many aspects of embryogenesis in vitro enabling
one to study of stem cell differentiation in a well defined system (Martin et al., 1977). However,
one must note that overall it is an artificial system that cannot completely represent the phenomenon
of in vivo differentiation.

The following questions were addressed by the microRNA and mRNA expression analyses

carried out in this chapter:

How do expression levels of microRNAs (constituting the ‘mirnome’) change during

stem cell differentiation into day three embryoid bodies?

What are the characteristics of messenger RNAs (constituting the ‘transcriptome’) most

differentially expressed during stem cell differentiation in terms of Gene Ontology (GO)
enrichment scores, general sequence composition and microRNA seed over-
TePresentanons

How do expression levels of transcripts belonging to key pluripotency transcription
factors, discussed in Chapter two, change during differentiation of stem cells into day
three embryoid bodies?

What is the correlation between temporal expression trends of pluripotency transcripts
e;nd microRNAs (predicted to interact with them using miRanda (John et al., 2004))

,TargetScan (Grimson et al., 2007) and Pictar (Krek et al., 2005) during differentiation of
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4.2 Optimizing Embryoid Body Formation

Initially mouse embryonic stem cells were plated in feeder free conditions and monitored for
embryoid body formation. It was observed that ES cells tended to aggregate randomly resulting in
embryoid bodies of various sizes. It was also observed that larger embryoid bodies tended to
differentiate into ectodermal and endoermal layers faster than smaller embryoid bodies. In order to
overcome this problem of asynchronous stem cell differentiation, it was decided to utilize the

hanging drop method to synchronise differentiating stem cells.

Mouse embryonic stem cells were plated in hanging drops to form embryoid bodies at a
density of 1000 cells per drop (Kurosawa, 2007) using a previously described method (Guan et al.,
1999). The three dimensional environment provided to stem cells allowed them to form uniform
aggregates resulting in the formation of a single embryoid body per drop. The hanging drop method
enables cells to differentiate in a synchronised manner compared to other differentiation procedures

which lead to random aggregation of cells in culture (Kurosawa, 2007).

4.3 MicroRNA and Messenger RNA Expression Analysis

W A e e VR, vy B i A SpeweEsooeory UIad Ynnaaeirsy 14 ‘ T Vionise. c
VLICTURG N A dila s e CADICssIUN Whs IHCUoulcl Uoling Lavilinlich VIV mil G At sy

at days 0, 1, 2 and 3 of embryonic stem cell differentiation (See Materials and Methods).
Advantages of this platform include greater sensitivity, high feature density allowing smaller
reagent and sample volumes and standardized hybridization set ups for reproducible data
generation. MicroRNA expression was also measured using an alternative Exiqon microarray
platform (See Materials and Methods). The mRNA and microRNA Illumina expression experiments

were performed by the Sanger Institute Microarray Facility Staff.
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I 4.3.1 Quality Control Assessment of mRNA and MicroRNA Expression Data

Quality Control assessment of microarrays relies on looking at systematic differences
between arrays and spatial artefacts within individual arrays. Prior to data processing it was ensured
that all arrays contained uniform density of spots. Images were subject to background correction
and raw data was transformed and normalised using lumi (Du et al., 2008) on R/Bioconductor
(Team, 2007), a package for statistical computing. The normalisation procedure applied for both, is
quantile, which makes the distribution of intensities equivalent across all samples. This method
proved to be most efficient in reducing variation between microRNA arrays. For of consistency, this
method was also applied to the mRNA data. Box-plots, density plots, pair-wise correlation plots,
pair-wise MA plot between microarrays and sample-relation plots were plotted for both raw and
normalised data. For convenience, only box-plots of microRNA and mRNA data, before and after
normalisation, are depicted in Figures 4.1 -4.4. As can be observed, there is variation in expression
levels between mictoRNA and mRNA chips, which is minimized after transformation and
normalisation procedures. Figures 4.5 and 4.6 depict the sample relations based on hierarchial
clustering of individual replicates at various time points. Replicates at various time-points cluster
well together, even before normalisation for microRNA data (Figure 4.5), whereas, normalisation
significantly improves sample clustering for mRNA data (Figure 4.6). There is a high degree of

correlation between replicates of normalised mRNA and microRNA data (Table 4.1).

MicroRINA expression analysis was also perfonmed using Exiqon as an aliermative plaion
Total RNA isolated from cells at day 0, day 1, day 2 and day 3 was labelled with Hy3 and Hy5
labelling dyes and hybridised onto microarray slides, with corresponding dye swaps for each

sample.
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Table 4.1: Average Correlation between Replicates in
lllumina arrays
mRNA miRNA
Day 0 0.98 0.99
Day 1 0.99 0.99
Day 2 0.99 0.99
Day 3 0.99 0.99
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Figure 4.1: Box-plots of raw microRNA expression data obtained from time points 0, 1, 2 and 3 of stem
cell differentiation into embryoid bodies. (Acknowledgement: Dr. Cei Abreu-Goodger). The x-axis
shows MAF Ids. which represent the Illumina chip Ids used. (MAF IDs 13-15 represent Day 0 replicates,
MAF IDs 16-18 represent Dav | replicates. MAL 1s [ V=21 Teprese Day 2 replicates and MAF [Ds 22-24
represent Day 3 replicates)

R1, R2,R3: Replicates 1,2 and 3.
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Figure 4.2: Box-plots of normalised microRNA expression data (obtained from time points 0,1,2 and 3
of stem cell differentiation into embryoid bodies). (Acknowledgement: Dr. Cei Abreu-Goodger). The x-
axis shows MAF Ids, which represent the Illumina chip Ids used. (MAF IDs 13-15 represent Day 0
replicates, MAF IDs 16-18 represent Day 1 replicates, MAF IDs 19-21 represent Day 2 replicates and MAF
IDs 22-24 represent Day 3 replicates)

D0,D1,D2.D3: Days ¢,1.2 and 3.
R1, R2,R3: Replicates 1,2 and 3.
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Figure 4.3: Box-plots of raw mRNA expression data (obtained from time points 0,1,2 and 3 of stem cell
IDs are indicated (eg. 4158323182_A) on the X-axis.

differentiation into embryoid bo

D0,D1,D2,D3: Days 0,1,2 and 3

R1, R2,R3: Replicates 1,2 and 3.
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sample relations based on 127 genes with sd/mean > 0.1
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Figure 4.5: Cluster analysis of raw (A) and normalised (B) microRNA expression data. (Days 0,1,2 and
3 MAF IDs 13-15 represent Day O replicates, MAF IDs 16-18 represent Day 1 replicates, MAF IDs 19-21
represent Day 2 replicates and MAF IDs 22-24 represent Day 3 replicates) (Acknowledegment: Dr. Cei
Abreu-Goodger). MAF IDs represent the Illumina chip Ids used.
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Sample relations based on 5985 genes with sd/imean > 0.1
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Figure 4.6: Cluster analysis of raw (A) and normalised (B) mRNA expression data (corresponding to
days 0,1,2 and 3) (Acknowledegment:Dr. Cei Abreu-Goodger).
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The slides were scanned using ScanArray Express and the images were quantified in the
EasyQuant mode. All images were subject to background correction. The data thus obtained was
normalized for all the arrays using the print tip loess method within arrays and aquantile
normalisation between arrays (Figure 4.7). The average correlation of M-values between individual
replicates was determined to be 0.17, which is poor. This could be due to possible technical
variations in the sample preparation and processing stages or spotting errors on arrays. As the data
from the Ilumina platform was reproducible, it was decided to rely on this for all further

downstream analysis.

4.3.2 Assessing Positive and Negative Controls for Illumina Mouse mRNA and

MicroRNA Chips

Microarray data is characterised by a lot of noise and hence it becomes important to
distinguish actual biological signals from non-specific intensity values to extract meaningful data.
Tliumina bead-arrays have certain negative control probes incorporated in their chips which help in

setting filtering thresholds for selecting genes for further downstream analysis.

For mRNA arrays, the negative control corresponding to GFP, which is not present in the
mouse was selected. 1 manually picked ubiquitously expressed GAPDH (glyceraldehyde 3-

phosphate dehydrogenase) GOPD as a positive control.

Similarly median expression values for negative control for microRNAs were also plotted
along with mmu-miR-15a which has been previously shown to be expressed in stem cells
(Houbaviy et al., 2003, Thomson et al., 2004). The negative control was also used for filtering out

probes in lists containing differentially expressed microRNAs.
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Figure 4.7: Box-plots of raw and normalised Exiqon data. Normalization was performed within arrays (print-tip
loess) and between arrays (aquantile). The x axis represents 8 different arrays, ‘Day 0°: 1 and 2(Dye swap); ‘Day 1”:
3 and 4(Dye swap); ‘Day 2”: 5 and 6 (Dye swap); ‘Day 3”: 7 and 8 (Dye swap). The y axis represents the raw intensity

values for each array. Acknowledgement: Dr. Anton Enright.
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Figure 4.8: Median Expression Values of Positive and Negative Control Probes on the Illumina mouse
mRNA array. GFP (Green Fluorescent Protein) was used as negative control. A cut-off of 6 (average
median-value across all time-points) was chosen as the detection limit after normalisation of data for further
expression analysis. GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) was used as positive control

probe. (n=3, sd error bars are very small)
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Figure 4.9: Median Expression Values of Positive and Negative Control Probes on the Illumina mouse
microRNA array. A cut-off of 8 (average median-value across all replicates) was chosen as the detection
limit after normalisation of data for further expression analysis. MicroRNA mmu-mir-15a was selected as

positive controls. (n=3, sd error bars are very small).

60




4.4 Results

4.4 .1 Analysis of MicroRNA Differential Expression

Out of a total of 380 microRNAs probed for expression in mouse embryonic stem cells and
differentiated states, there were 322 microRNAs detected on day 0 and 312 in day 3 embryoid
bodies after log transformation and normalisation at a threshold p-value less than 0.01. There were

305 microRNAs expressed at both time points (Appendix Table 1).

Differential expression of microRNAs was determined between days 1-0, 2-0, 3-0, 2-1 and
3-2-by the eBayes method (Smyth, 2004) in the limma package in R. Top tables with the most up-
regulated and down-regulated microRNAs at adjusted p-values <0.01 and log fold change >1 were
constructed (See Supplementary Table 1). Figure 4.10B shows expression changes of microRNAs
observed during first three days of differentiation of stem cells into embryoid bodies observed at p-
value cut-off of 0.0001 (after Benjamini Hochberg Correction (Benjamini and Hochberg, 1995)). A
number of microRNAs previously shown to be expressed in stem cells (Houbaviy et al., 2003,
Thomson et al., 2004) were simultaneously down-regulated, coinciding with differentiation of stem
cells and loss of pluripotency. These results hint at a potential role of these microRNAs in
maintenance of stem cell self-renewal capacity and pluripotency. Other microRNAs which are up-
regulated during differentiation might be required for formation of new cell types. There have been
numerous examples where microRNA expression co-incides with appearance of new cell types, like
the photoreceptor cells it Lrosophila (L aiit Lardiew, 2005), Th2 cells in mice (Rodrgue:

2007a) and muscle cells in Xenopus laevis (Chen et al., 2000).
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Figure 4.10: Heatmap depicting changes microRNA and mRNA expression during synchronised
differentiation of stem cells into embryoid bodies. A. Day 3 embryoid body. B. Heat-map demonstrating
microRNA expression changes. Color key depicts row-wise z-scores calculated for drawing a heat map
representing microRNAs expressed differentially from day 0 to day 3 of embryoid body formation. A
number of microRNAs previously shown to be expressed in ES cells (*) are down-regulated between these
time points. The heatmap depicts microRNAs expressed differentially at adjusted p-value cut-off of 0.0001
(derived after Benjamini Hochberg correction) between day 0 and 3 of ES cell differentiation, C. Heatmap
depicting mRNA expression changes between day 0 and day 3 of embryoid body formation at adjusted p-
value cut-off of 10" (derived after Benjamini Hochberg correction). Acknowledgements for microRNA plot:
Dr. Cei Abreu Goodger.

62




16

D :
o —o—mmu-miR-
|5 503
=
0 —o— mmu-miR-
0w 4
o 150
a .
iy —#—negative
c control
o
? 2
=

1 L] T T

DayO Day1 Day2 Day3

Figure 4.11: MicroRNAs showing increased transient expression during differentiation of
stem cells ints embryoid bodies. Negative control probe is also plotted. Also shown are error bars
corresponding to standard deviation obtained for three independent replicates.

A few microRNAs like mmu-miR-503 and mmu-miR-150, show a transient increase in
expression between days 0 and 3 (Figure 4.11), implying that they might be required during

intermediate stages of differentiation of stem cells into endodermal and ectodermal layers. One also

observes very small standard deviation observed between replicates at individual time points.

IDSEIVES CACCLICTIL CcOTTTIatllnl CUWCLCILI
expression measurements, I have relied on plotting median expression in subsequent plots without

error bars.
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4.4.2 Analysis of Gene Ontology Biological Process Enrichment in Differentially

Expressed mRNAs

Differential expression of mRNA transcripts between days 1-0, 2-0, 3-0, 2-1 and 3-2 was
carried out using eBayes method in limma (Smyth, 2004), a Bioconductor package in R. There were
11,798 and 11,733 probes detected on day 0 and 3 respectively (Appendix Table 1). There were
10,533 probes detected on both days. Figure 4.10B demonstrates changes in mRNA at adjusted p-

value (Benjamini Hochberg correction) of 1077,

Functional analyses of genes most differentially expressed between days 0 and 3, based
upon Gene Ontology Biological Process enrichments (Ashburner et al., 2000) was performed using

GOstats (Carey et al., 2005).

This analysis revealed high over-representation of ‘DNA-replication’ and ‘blood-vessel

formation’ biological process terms in genes that were up-regulated between day 0 and 3 (Figure

4.12). In contrast, there was a high enrichment observed for ‘actomyosin structure organisation and

biogenesis’ and ‘B-cell proliferation’ biological process terms in genes which were most down-

reoulated durine differentiation. Growth of embryoid bodies, is marked by increased cell
proliferation which could explain the requirement ot DINA replicaton producis. mence gericy Ll Hls

category would need to be highly expressed.
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Figure 4.12: Odds Ratios of Gene Ontology Biological Process Term Enrichment in genes which are
most up and down-regulated during differentiation of embryonic stem cells into embryoid bodies.
(Acknowlegement: Siarhei Manakou)
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ES cells have often served as model systems for studying vasculogenesis both in vivo and in
vitro (Doetschman et al., 1993). Also, when undifferentiated ES cells are injected subcutaﬁeously or
intraperitoneally into syngeneic mice, they form solid and cystic tumours called teratocarcinomas
which are not only angiogenic (in that they attract and induce growth of host endothelial cells) but

also differentiate into vascular endothelium (Doetschman et al., 1993). Hence, our finding that

genes corresponding to ‘blood vessel formation’ are highly overrepresented in embryoid bodies,

could explain the tendency of these cells to undergo this developmental process in culture.

4.4.3 Sequence Biases and MicroRNA Seed Enrichments in 3'UTRs of Most

Differentially Expressed Genes

In order to estimate whether there are any unique sequences enriched in the 3’UTRs of
mRNA molecules which are most differentially expressed from days 0 to 3 of stem cell
differentiation into embryoid bodies, ‘Sylamer Plots’ were generated for all possible 4-mer
sequence motifs in these gene sets. As described previously, ‘Sylamer’ is a program developed by
Stijn van Dongen (manuscript in preparation) which ranks genes in order of decreasing expression,
comparing two different conditions, and calculates cumulative enrichment of sequence ‘words’ or
motifs in the entire spectrum of differentially expressed genes. Sylamer plots can help detect
specific enrichments of sequence motifs and microRNA seeds in the 3’UTRs of entire

lranscripionies

Genes expressed differentially between days 3 and 0 were ranked horizontally, with genes

on the right expressed most highly in day 3 with respect to day 0. As can be observed in Figure
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Figure 4.13: Sylamer Plot for sequence enrichment in 3°UTRs of genes most differentially expressed
between day 0 and 3 of embryoid body formation. The x-axis represents individual genes which have
been ranked horizontally in decreasing order of their expression from day 3 to 0. Genes on the left are most
highly expressed in day 3 while those on the right are most highly expressed in day 0. These genes have been
scanned in windows consisting of 1000 genes for enrichments or depletions of sequence motifs. The y-axis
represents log of p-values of cumulative hyper-geometric test performed for detecting enrichments or
depletions in these gene sets. Positive values indicate enrichments, while negative values depict depletions.
Each grey line depicts enrichment for a particular sequence motif across ranked genes. Also shown are error
lines for p-value:0.0001. As can be observed there is a considerable enrichment of GC-rich sequences and a
depletion of AT rich sequences in 3'UTRs of genes most highly expressed on day 3 of stem cell
differentiation. This plot has been generated very kindly by Dr. Cei Abreu-Goodger. In contrast, there is an
enrichment of AT rich sequences and a depletion of GC rich sequences in genes most highly expressed in day

4.13, there is a considerable enrichment of GC-rich sequences (log p-value~ 40) and a depletion of
AT-rich (log p-value~60) sequences in 3’UTRs of genes most highly expressed on day 3 of stem
cell differentiation. In contrast, there is an enrichment of AT rich sequences and a depletion of GC
rich sequences in genes most highly expressed in day 0 compared to day 3. It is also interesting to
note the 's{ne-wave' periodicity of both AT and GC enrichments across differentially expressed

genes.
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In order to investigate whether this bias in sequence composition of 3’UTRs of genes
subject to differential expression could be due to microRNAs, I compared the frequencies of AT and
GC bases in the seeds of microRNAs which are most differentially expressed at these time points to

seeds of all the microRNAs known to be expressed in stem cells using a perl script.

A Chi-square test was performed to test the differences between these frequencies. As seen
in the Table 4.2, there was a slight increase in the frequency of occurrence of GC bases (0.57) in
seed sequences belonging to microRNAs which are most down-regulated between days 0 and 3,
although the p-value is not significant (0.83). There is no change in AT composition of seeds
belonging to microRNAs that are most down-regulated (p-value 0.99). These results suggest that

microRNAs might be responsible for the substantial over-representation (p—value~10'40) of GC rich

3’'UTRs observed on day 3, based upon the observation that seeds corresponding to most down-

regulated microRNAs are also GC rich. The causes of fluctuations with genes with high AT

enrichment in their 3’UTRs are not known.

Table 4.2: Frequency of AT/GC base-pairs in Seeds of Differentially Chi-
expressed MicroRNAs Square
AT GC p-value
Seeds of MicroRNAs most Up-regulated at Day 3 0.53 0.47 0.99
Seeds of MicroRNAs most Down-regulated at Day 3 0.43 0.57 0.83
| Seeds of all MicroRNAs Expressed in ES cells 0.54 0.46 =
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Figure 4.14: A. Sylamer Plots for maximum enrichments and depletions for microRNA seeds across all
differentially expressed genes. The x-axis represents individual genes which have been ranked horizontally
in decreasing order of their expression from day 3 to 0. Genes on the left are most highly expressed in day 3
while those on the right are most highly expressed in day 0. These genes have been scanned in windows
consisting of 1000 genes for microRNA seed enrichments. The y-axis represents log of p-values of
cumulative hyper-geometric test performed for detecting enrichments or depletions in these gene sets.
Positive values indicate enrichments, while negative values depict depletions. Each grey line depicts
enrichment of a microRNA seed across ranked genes, while seeds or words showing maximum enrichments
and depletions have been coloured. This plot was generated very kindly by Dr. Cei Abreu-Goodger. B. and
C. Expression changes for microRNAs with maximum seed enrichments in day 3 versus 0 (B) and maximum
seed depletions (C). The y axis represents the median expression value across three replicates, while the x
axis depicts individual time-points of differentiation. Negative controls 1 and 5 have also been plotted.

69




Y

In order to assess whether microRNA seed enrichment and depletion patterns were due to
changes in microRNA expression levels, median expression values of these microRNAs were
plotted (Figure 4.14). One indeed observes a generalised reduction in expression levels of
microRNAs let-7d, mmu-miR-202, let-7i and let-7e. In contrast, an increased expression is
observed for microRNAs mmu-miR-302 and mmu-miR-302c. Little changes in expression are
observed for mmu-miR-714 and mmu-miR-325. These results indicate opposing trends between
expression of microRNAs let-7d, mmu-miR-202, let-7i, let-7e, mmu-miR-291a, mmu-miR-295,
mmu-miR-302 and mmu-miR-302¢ and their seed enrichment and depletion patterns in

differentially expressed mRNAs.

These observations for increased expression of microRNAs mmu-miR-302 and mmu-miR-
302¢, and a corresponding depletion of their seeds in mRNAs co-expressed with these microRNAs
are in accordance with previous findings whereby expression of microRNAs and their targets is
localised in a different space-time during formation of different cell types during differentiation
(Farh et al., 2005). One also observes that a reduction in expression of microRNAs let-7d, mmu-
miR-202, let-7i, let-7¢ and mmu-miR-325 during stem cell differentiation results in a corresponding
increase in enrichment mRNAs containing their seeds on day 3 of embryoid body formation
implying that these microRNAs might help regulate the expression of their target genes in

embryonic stem cells.

4.4.4 mRNA Expression Anaiysis of ixey &5 Pluripotency Lranscripts

As discussed in Chapter two, stem cell pluripotency is dependent upon certain transcription
factors like Oct4, Sox2, Nanog, cMyc,K1f4, Esrrb,Stat3, Tcf7,Lrh1 and Sall4 (Zhou et al., 2007).
The normalized median expression values of three replicates from the Illumina mRNA experiment
were plotted across different time points of stem cell differentiation. There is a distinct up and

down-regulation observed for key pluripotency transcripts during this early differentiation phase
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(Figure 4.15). Certain transcripts like Oct4, Sall4, Tcf7 and cMyc are up-regulated. However, a
marked reduction in the expression of many transcripts belonging to Nanog, KIf4, Esirb, Stat-3,
Sox2 and Lrh1 transcription factors is also observed. Comparison of these results and previously
published findings involving expression analysis of some of these transcripts during stem cell
differentiation, reveals considerable overlap in expression trends observed for Oct4, Sox2, Klf4,
Esrrb, Nanog and Stat3 (Niwa et al., 2000, Glover et al., 2006, Palniqvist et al., 2005). For cMyc,
one observes an increase in expression levels contrary to previous findings which have reported

reduction in its expression during stem cell differentiation (Cartwright et al., 2005).

However, one must note that previous studies have carried out differentiation of embryonic
stem cells after LIF withdrawal or after retinoic acid treatment. I have used the methodology for
differentiating stem cells developed by Wobus and Guan (Guan et al., 1999). It is possible that
different procedures applied for eliciting differentiation of stem cells might result in alteration of the
external environment in ways which would affect expression signatures of key pluripotency
transcripts. Moreover, embryoid bodies consist of a mixed population of cells which might exhibit
differences in their gene expression patterns from one another. Hence the expression trends
observed above indicate over-all changes in gene expression occurring in whole embryoid bodies

and not individual cell-types.
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Figure 4.15: Expression profiling of key pluripotency transcripts (Nanog, Pou5f1(Oct4), Esrrb, Stat3,
Tef7, Sall4, KIf4, cMyc and Sox2) across three days of stem cell differentiation into embryoid bodies.
(Acknowledegment: Dr. Cei Abreu-Goodger) The y-axis represents the median expression values. Also
shown are error bars corresponding to standard deviation across three replicates.

4.4.5 Determining Correlations between Expression Values of Key Pluripotency

Transcripts and their Predicted MicroRNA Regulators

As stated in Chapter two, microRNAs expressed in stem cells might function in negatively
regulating stem cell pluripotency, by inhibiting expression of transcripts belonging to the core
correlations between the expression values of these pluripotency transcripts and their predicted
microRNA interacting partners using miRanda miRBase targets, TargetScan and Pictar. Negative
correlations between microRNAs and their predicted targets would possibly hint at a regulatory
effect on mRNA expression mediated by microRNAs. However, it is also known that microRNAs

can activate translation of transcripts under conditions of cell cycle arrest (Vasudevan et al., 2007).

Cell cycle arrest often occurs early in the differentiation program of certain cell types like the
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myotubes (Walsh and Perlman, 1997) and dopamine expressing neurons (Castro et al., 2001). It is
known that during the process of cavitation in embryoid bodies, many cells undergo programmed
cell death (Coucouvanis and Martin, 1995). Tt is possible that this might be preceded by some kind
of cell cycle-arrest. In this scenario one would expect increased expression of target messenger
RNAs, positively correlating with increased microRNA expression. However correlation may not
always imply causation, and it is possible that some of these positive or negative correlations might

be observed by chance alone.

Figures 4.16 and 4.17 depict the trends in expression levels observed for selected

pluripotency transcripts and their predicted microRNA interacting partners. Table 4.3 shows the

calculated Pearson’s correlation values to depict the linear relationship between expression values

observed in Figures 4.16 and 4.17. For Oct4, Sox2, K14, Stat3, cMyc, Sall4, Tcf7 and Lrhl one
observes a negative correlation between these and their predicted microRNA interacting partners

described in Chapter two.

Positive correlations are observed for Nanog. A mixture of positive and negative correlations
are observed for Oct4, Sox2, KIf4, Sall4, Stat3 and Lrhl. Negative correlations are observed for
cMyc and Tef7. Carrying out real-time PCRs, microRNA over-expression and luciferase assays in
stem cells would help validate these results further. Nevertheless, these results provide mechanistic
interacting partners. Loss of pluripotency in stem cells might not only depend on down-regulation
of transcription factor transcripts, but also on down-regulation microRNAs which are predicted to
interact with these transcripts. Further, increased expression of many pluripotency transcripts

correlates with the simultaneous down-regulation of their predicted microRNA interacting partners,

hinting at a regulatory relationship between the two.
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‘ Figure 4.16: Expression changes for key pluripotency transcripts Kif4, Nanog, Stat3 and Tef7 and their
predicted microRNA interacting partners (identified in Chapter two) were plotted to determine
correlations between them. Negative controls 1 and 5 (for microRNAs) and eGFP-S (for mRNA) and
AmpR (for mRNA) are depicted in each plot. The y-axis represents the median expression values in log-
scale.
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Figure 4.17: Expression changes for key pluripotency transcripts Sox2, Pou5fl1 (Oct4), Sall4 ,cMyc and
Lrhl and their predicted microRNA interacting partners (identified in Chapter two) were plotted to
determine correlations between them. Negative controls 1 and 5 (for microRNAs) and eGFP-S (for
mRNA) and AmpR (for mRNA) are depicted in each plot. The y-axis represents the median expression
values in log-scale.
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Table 4.3: Pearson’s Correlation Values for Expression Values of Pluripotency Transcripts

and their Predicted Interacting Partners.

I Pou5f1 | Nanog | Sox2 Klif4 Stat3 cMyc Tcf7 Sall4 Lrh1
mmu-miR-186 0.97
J' mmu-miR-24 -0.62 -0.88
mmu-miR-30a-3p 0.26
mmu-miR-21 0.45| 0.93 0.62 -0.88
i mmu-miR-126-3p 0.87
mmu-miR-182 0.57
mmu-miR-467a 0.69
l mmu-miR-292-5p 0.77
mmu-miR-290-3p -0.83
mmu-miR-135b -0.23
mmu-miR-32 0.65
mmu-miR-381 0.38
mmu-miR-92a -0.90
mmu-miR-130a 0.36
mmu-miR-26a 0.96
mmu-let-7c -0.31
mmu-miR-125b -0.40
mmu-let-7d -0.40
mmu-miR-132 0.40
mmu-miR-20b -0.93
mmu-miR-93 -0.49
mmu-miR-106b -0.15
mmu-miR-291b-5p 0.86
mmu-miR-20a -0.91
mmu-miR-294 0.88
mmu-miR-291a-3p 0.69
mmu-miR-295 0.62
mmu-miR-322 -0.93
mmu-miR-15a 0.34
mmu-miR-106b 0.19
mmu-miR-103 0.48
mmu-miR-16 0.88
mmu-miR-15b -0.15

mmu=miK-381

mmu-miR-27b ~U.dc
mmu-miR-27a 0.61
mmu-miR-466 0.84

4.5 Summary

Expression analysis of microRNAs using Illumina bead arrays reveals the presence of
around 322 microRNAs in stem cells. These numbers are around six to eight fold greater than

previously reported estimates of microRNAs expressed in stem cells (Houbaviy et al., 2003,
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Landgraf et al., 2007).

MicroRNA expression analysis reveals simultaneous down-regulation of multiple
microRNAs expressed in stem cells. This down-regulation coincides with stem cell differentiation
and loss of pluripotency implying that these might be important in maintenance of pluripotency and
stem cell homeostasis in general. Similarly microRNAs that are up-regulated during differentiation

might be essential in formation of new cellular types.

Analysis of over-representation of Gene Ontology Biological Process (GOBP) terms in
mRNAs that are most differentially expressed between day 0 and 3, reveals the presence of ‘DNA-
replication” and ‘blood vessel patterning’ enriched in genes which are most up-regulated in day 3
embryoid bodies. Among genes which are most down-regulated, one finds an enrichment of terms:

‘actomyosin structural organisation” and ‘B-cell proliferation’.

Sylamer (unpublished) program has been applied to scrutinize 3’UTRs of entire
transcriptional networks for specific sequence biases and microRNA seed over-representations. This
analysis has resulted in revealing a fascinating AT-GC sequence bias in the 3’UTRs of genes most
differentially expressed between days 0 and 3. It is possible that this bias might be caused by
microRNAs with similar sequence biases. An increased GC frequency in seeds belonging to
microRNAs which are most down-regulated on day 3 was observed, although the difference is not
statstically signiticant (p:U.85 ). Lhis resuit correldies Well wilil the Cortesponaiing Gl bids 0bserved
for genes most up-regulated on day 3. However, one cannot completely rule out other factors which

might be involved in causing this phenomenon.

MicroRNAs and 3’UTRs containing their over-represented seeds are inversely related with

respect to their expression patterns.

78




Correlation analysis of temporal expression values of key pluripotency transcripts and their
predicted microRNA interacting partners reveals both negative and positive correlations between
transcripts and their predicted microRNA interacting partners. These results would have to be
further validated by experiments such as luciferase assays and microRNA over-expression in stem

cells.
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CHAPTER FIVE: MAKING TARGETING VECTORS FOR MICRORNA LOSS OF

FUNCTION ANALYSIS IN ES CELLS

5.1 Introduction

As discussed in the previous chapters, microRNAs regulate gene expression at the post-
transcriptional level by silencing hundreds of genes simultaneously. In order to decipher their
functions, gene targeting vectors were constructed to make homozygous deletions of microRNAs in
stem cells. The miR-192 poly-cistronic cluster (consisting of miR-192 and miR-194) and miR-345
were chosen for making homozygous deletions. The miR-192 cluster is expressed in embryonic
stem cells (Thomson et al., 2004). miR-345 is expressed specifically during mammalian brain

development (Miska et al., 2004).

Stem cells containing homozygous knock-outs of microRNA genes could be further studied

in the following ways:

1. Messenger RNA expression profiling of miR-192 homozygous null embryonic stem cells
could be used to identify genes which are up-regulated and down-regulated with respect to
wild type stem cells. MicroRNA targets could be identified in these gene sets. It is known
that most microRNAs silence genes by triggering the mRNA degradation pathway
(rurvagner and Zamore, 2Uu4, SEREEIsuil Sl di., ~Vu-, Jilig b dl., 26035). mence, one would
expect most microRNA targets to localize within the down-regulated gene sets. However, as
discussed in the Introduction section, there are some microRNAs which might affect gene
expression by interfering with translational initiation and elongation steps and causing
ribosome drop-off from mRNAs (Liu et al., 2005, Sen and Blau, 2005, Kedersha et al.,
2005, Pillai et al., 2005). It is possible that the expression of a particular mRNA molecule is

detected, even if it is in a state of inhibition. It has also been shown that microRNAs can
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Y activate translation of certain genes under conditions of cell-cycle arrest (Vasudevan et al.,
2007). Therefore, in this case, some target molecules might be detected in the up-regulated
gene sets as well. Classification of targets based upon their over-representation in both up
and down-regulated gene sets would help us gain more insights into their mode of action. It
is might be possible to do proteomic studies in the future to identify changes in protein
levels in a high-throughput manner, to answer questions regarding the nature of microRNA

mediated repression or activation.

2. miR-345 is expressed exclusively during mammalian brain development (Miska et al.,
2004). miR-345 anCR-out cells could be used to analyze any defects in neurogenesis by
carrying out differentiation of these neurons in vitro. Alternatively, homozygous null mouse

embryos could also be studied to identify any defects in brain development.
5.2 Making Targeting Vectors by Recombineering

Gene targeting involves homologous recombination between a targeting vector and
chromosomal DNA present inside embryonic stem cells (Capecchi, 1989). This technology has
been widely used for creating and analyzing mice with specifically mutated genes, an approach that
has been vital in our efforts to characterise the function of genes and their potential role in

development and disease.

Originally, construction of targeting vectors involved screening of a genomic library with
cDNA probes to isolate corresponding genomic fragments obtained by restriction enzyme digestion
(Capecchi, 1989) and cloning them with ligases into appropriate vectors containing antibiotic
resistance markers for selection of targeted ES cells. Although using restriction endonucleases and
ligases has been very useful in the generation of recombinant DNA molecules, there are some

practical limitations imposed by them (Copeland et al., 2001). First, DNA molecules can only be
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combined if appropriate restriction sites are present. This problem has been overcome by
performing PCR amplifications with restriction sites incorporated into primer sequences. However,
cloning of large fragments, especially those required for construction of homology arms of a
targeting vector, limits the choice of appropriate restriction sites available for this purpose. One is
also limited by the presence or absence of restriction sites in choosing exact genomic coordinates
for making a specific gene deletion. Moreover, this procedure has been quite laborious and time

consuming,.

These difficulties have now been overcome with the advent of recombineering technology
which enables DNA modifications inside recombination defective RecA- E.coli strains expressing
lambda phage proteins to mediate homologous recombination between two DNA molecules (Ellis et
al., 2001, Copeland et al., 2001). The expression of the three main recombineering proteins- €xo,
beta and gam is regulated by a temperature dependent repressor and thus, a temporary shift of
cultures to 42°C for 15 minutes leads to expression of these proteins and gain of recombination

functions in E.coli (Copeland et al., 2001).

Exo is a 5°-3’ exonuclease that acts on linear double stranded DNA to gencrate 3’ single
stranded DNA overhangs for recombination (Muniyappa et al., 1984, Takahashi and Kobayashi,
1990). Beta binds to the ssDNA overhangs that are no longer than 35nt long and mediates annealing
of homologous complementary strands (Carter and Radding, 1971, Little, 1967). Gam inhibits
KecBCD-dependent lneai Gegradatioin activiues W prowel Uk DNA molecules undergomn

e

recombination (Murphy, 1991). A number of approaches have been applied to engineer DNA inside
E coli. Recombination has been mediated between two circular DNA molecules (Poustka et al.,
1984, Oconnor et al., 1989) and between linear PCR molecules and intact recipients such as a BAC
(Bacterial Artificial Chromosome) (Muyrers et al., 2000) or the E.coli genome (Murphy et al., 2000,
Zhang et al., 1998). In order to generate targeting vectors for making homozygous deletions of

microRNAs miR-192 cluster and miR-345 in stem cells, I have used the recombineering system
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devised by Pentao Liu’s laboratory (Chan et al., 2007). This procedure is described in Figure 5.1
and in the Materials and Methods Section. This procedure has also being applied in the initial
attempts for construction of microRNA targeting vectors in a high throughput manner at the

Wellcome Trust Sanger Institute.

A.
1= = I First Step Recombineering
AB CD EF GH  (mediated by pSIM18)
B we RS
AB CD EF GH
Second Step Recombineering
(mediated by pSIM18)
__pl611
C.

Third Step Recombineering
(mediated in EL350)

MC1TKCm

! E PGKEM7Kan

MC1TKCm

Final Targeting Vector

Figure 5.1: Recombineering procedure. E.coli cutures with BACs carrying microRNA genes were grown at 37°C and
transformed with pSIM18 plasmid which carries the lambda phage proteins. Cultures grown at 32°C were made electro-
competent. A. PCR products containing 90bp of homology with DNA flanking the microRNA were electroporated into E.coli
containing pSIM18 plasmid, and recombineering was mediated by a shift of temperature transiently to 42°C. This replaced the
microRNA gene with PGKEM7-Kanamycin cassette. B. Bacterial cultures with BACs containing PGKEM7-Kanamycin cassette
were further electroporated with retrieval plasmid pL611 (with ampicillin resistance marker for selection in E.coli) containing short
regions of homologv to DNA lving 3.5 and 4kb upstream and downstream of the mictoRNA gene. Induction of recombineering
PrOTCITS FESUlTEd 1 Fetiieyar (7 Ramalods dimils w1 s Vel The PLG VOO DEDS-2NS 9% gt Sbesy Tl N ne s
selection marker containing cusserre {with chioramphenicol [esIStance Marker [or selection 1) 2,00/1) 1N & T recempmeenng ey
This resulted in formation of the final targeting vector. See Materials and Methods for further details.

5.3 Results

5.3.1 First Step Recombineering

The expression of recombineering proteins, exo, beta and gam was induced by a temperature

shift to 42°C in E.coli cultures containing BACs with microRNA genes and pSIMIS8
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recombineering plasmid. Un-induced E.coli were used as controls. These cells were made
electrocompetent and were subsequently electroporated with PCR products for mediating
recombination between BAC DNA and linear PCR DNA. Electroporated E.coli were recovered in
plain LB medium, without any antibiotics at 32°C for one hour. Rébovered cells were plated on LB
agar plates containing kanamycin and hygromycin antibiotics and incubated overnight at 32°C.
There were three colonies obtained for miR-192 and two for miR-345. No colonies were obtained
for the un-induced cultures indicating that there was no leaky expression of the recombineering
proteins at 32°C. These were inoculated in 2ml LB broth containing the same antibiotics and
incubated overnight at 32°C. A miniprep was made with ImL of each overnight culture. The
remaining 1mL was used for making frozen glycerol stocks. PCR was performed using the miniprep
DNA as template and primers flanking the upstream (U-PCR) and downstream (D-PCR) junctions
of the BAC and PGKEm7-kanamycin cassette as demonstrated in Figure 5.2. As seen in the figure,
two out of three colonies tested positive for both upstream and downstream junctions for miR-192.
The third colony tested positive for the downstream junction but showed multiple PCR products for
the upstream junction. For miR-345, both the colonies tested positive for upstream and downstream

junctions.

5.3.2 Second Step Recombineering

After the first step of recombineering was confirmed, the glycerol stocks of positive E.coli

ol Vivpcsimimnr it A e conAnAd

recombineering phase. These cultures were incubated overnight at 32°C. On the next day,
recombineering proteins were induced in the overnight cultures by a temperature shift to 42°C. Un-
induced cultures were used as controls. Cells were made electro-competent and were subsequently
electroporated with PCR products consisting of pL611 retrieval back bone and short regions of
homology to the BAC DNA, ~4kilobases upstream and downstream of the targeted microRNA
gene. After recovery in plain LB medium at 32°C for one hour, the E.coli cells were plated on LB
agar containing ampicillin and kanamycin antibiotics. 21 and 45 colonies were obtained for miR-
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192 and miR-345 respectively. No colonies were obtained for the un-induced cultures. 5 colonies
were picked and inoculated into 2ml LB broth containing kanamycin and ampicillin. Cultures were
incubated overnight at 32°C and minipreps were made the next day. Plasmid minipreps were carried
out for retrieved cultures the next day. Minipreps were tested with restriction enzyme digestions

(gel pictures not shown).

U-PCR D-PCR
miR-192 miR-345
—> +—— —

loxP3 PGKEM7kan |loxP,

(BAC > uDUD UD UDUD

2kb
1.6kb
kb =
506bp
306bp

Expected Sizes:

miR-192U-500bp
miR-192D-541bp
miR-345U-711bp
miR-345D-567bp

Figure 5.2: PCR diagnosis oi successful recombineering events. Primers {lanking the upstream (.-
PCR) and downstream junction (D-PCR) of BAC and the PGKEM?7-kanamycin cassette which
replaces the microRNA gene on the BAC were used. Lanes labelled U and D represent U and D-PCRS
respectively for miR-192 and miR-345 replaced BACs. Expected sizes of PCR products are given on the
right of the gel image.
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5.3.3 Third Step Recombineering

The retrieved vectors were re-transformed into EL350 cells (&.coli ‘rec\ombineering strain
(Liu et al., 2003)) which were subsequently plated on LB agar plates containing kanamycin and
ampicillin antibiotics. These plates were incubated overnight at 32°C. Single colonies obtained were
re-inoculated into LB broth. The final targeting constructs were verified by restriction enzyme
digestion (Figures 5.3 and 5.4) containing the same antibiotics. Overnight cultures were made
electro-competent and electroporated with linearized MC1-TK fragments. After recovery at 32°C

for one hour, cells were plated in LB agar plates containing chloramphenicol and kanamycin.

192-S1 192-S2
A. Ascl C.
/

«— —>

1
|

PGKEM7Kan

Notl 7

192-S1 : Sequence Alignment

BamHiI
ASIS| 575b 571b
p p
Xhol BamHI Ascl
1kb uncut Ascl BamHl Notl Xhol
ladder +AsiSI
B. D.

12kb

192-S2: Sequence Alignment

11kb
10kb '
9kb R
8kb
7kb /"
/ 655bp 653bp

6kb
5kb

I

- ' Restriction Enzyme Expected Sizes
1.5kb Ascl 6kb+8.8kb
BamHI 2kb+3.4kb+5.4kb+9.4kb
Notl+AsiSI 4,1kb+10.7kb
Xhol 1.9kb+12.9kb

Figure 5.3: Final Targeting Vector for miR-192. A. Ascl, BamHI, Notl and AsiSI and Xhol digestions
were performed. Moreover, the prep was sequenced at the junctions of the PGKEM7-Kanamycin selection
cassette and the homology arms using primers 192-S1 and 192-82. B. 0.8% electrophoresis gel showing
uncut vector (~14.6kb) and, Ascl, BamHI, Notl and AsiSI and Xhol. 1kb ladder was used as a marker. C. and
D. Sequence alignments for vectors using primers flanking the junctions.

*: Band of unexpected size is observed.
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A 345-S1  345-S2 ¢

< — 345-S1 : Sequence Alignment

[ PGKEM7Kan EcoRI
/
MC1TK 761bp 762bp
4_
EcoRl
B.
1kb uncut EcoRl D

345-S2 : Sequence Alignment

593bp 594bp

Restriction Enzyme Expected Sizes

EcoRI 9.6kb+3.8kb

Figure 5.4: Final Targeting Vector for mir-345. A. The vector was digested with FEeoR] restriction enzyme
with arrows showing restriction sites. Moreover, the vector was sequenced at the junctions of the PGKEM7-
Kanamyecin selection cassette and the homology arms using primers 345-S1 and 345-S2. EcoRI digestion is
expected to yield two fragments corresponding to 9.6kb and 3.8 kilo-bases B. 0.8% electrophoresis gel
showing uncut vector (~13kb) and EcoRI digested fragments. An extra band for EcoRI digestion might
indicate star activity of the enyme or partial digestion. 1 kb ladder was used as a marker. C. and D. Sequence
alignments for vectors flanking the junctions.
These plates were incubated overnight at 32°C. Single colonies obtained on the next day,
rere inoculated into LB broth containing the same ntihintice far mininrens. For miR-192 targeting
vector, although one observes correct fragments for Ascl, BamHI and Xhol digestion, there seem to
extra 9kb band observed for Notl and AsiSI digestion. For miR-345, after EcoRI digestion, one
observes that both long and short bands are greater than the expected sizes. For both vectors, it 1s
not known whether this is caused due to some star activity of enzymes or whether there has been
some re-arrangement in the vector caused by recombineering. It is also possible that the original

BACs used in these experiments could have certain mutations or rearrangements resulting in these

discrepancies.
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5.3.4 Sequence Verification of Targeting Vectors

miR-192 and miR-345 targeting vector samples were sent in for sequencing using primers
across the junction of the left and right homology arms and PGKEM?7-kanamycin cassette.
Sequences were compared using ‘BLAST 2 Sequences’ algorithm at NCBI (Figures 5.3 and 5.4C
and D). For miR-192 vector (Figure 5.5), there were a few nucleotide substitutions observed at
positions 4619, 4984, 5034 and 5087. These substitutions lie in the non-coding vector sequences of
the PGKEM7-Kanamycin cassette. There was a single base pair deletion detected at position 3010
lying in the vector arm exterior of the targeting cassette. As this lies in the intergenic region location
of the mouse genome, it is not known, whether using this vector to target ES cells would have any
significant cis or trans effect on the expression of other genes. For miR-345 vector (Figure 5.5)
there were two single base pair deletions detected at positions 3723 and 6016. The first deletion at
position 3723 lies in the non-coding vector region of the pGKEM?7-kanamycin cassette, while the
second deletion at 6016 lies on the right vector arm. Complete sequencing of vector should help

determine whether there are any mutations or recombineering artefacts in the vector.

4619 (S)4984(S)5034(5)5087(S)

3010 (D \][(
PGKEM?Kan n oL
miR-192 ve(y
MC1 TK

.~ _PGKEM7Kan |

( miR-345 vector

,
N

Figure 5.5: Graphical representations of nucleotide substitutions and deletions detected in mir-345 and

mir-192 vectors. Deletion: D; Substitution :S
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5.4 Summary

Targeting vectors for making homozygous microRNA knock-outs in mouse embryonic
stem cells have also been constructed. These vectors should be sequenced completely to
determine their fitness for use in targeting experiments. Loss of function analysis in embryonic
stem cells is expected to reveal further information regarding the nature of microRNA —target
interactions. Further, the role of microRNAs in stem cell differentiation could also be studied by

making knock-outs using these vectors.
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CHAPTER SIX: CONCLUSIONS AND DISCUSSION

In my thesis I have complemented computational approaches with experiments, which has
led to the discovery of novel regulatory relationships between microRNAs and target transcripts in

stem cells undergoing differentiation.

Pluripotency and self-renewal in stem cells is an outcome of interactions between numerous
transcription factors and their downstream target genes. DGCRS is one of the key microRNA
processing enzymes whose deficiency in embryonic stem cells results in failure of stem cells to
differentiate (Wang et al., 2007). These cells also lose the ability to down-regulate the expression of
certain markers like Oct4, Nanog and Sox2 during stem cell differentiation. These previously
reported findings led me to devise three hypotheses for the role of microRNAs in regulating
expression of key stem cell specific transcription factor transcripts and transcriptional networks as

described in Chapter two.

Through an elaborate computational analysis procedure 1 have identified a number of
microRNAs interacting with key transcription factor transcripts. I have used three target prediction
algorithms: miRanda (John et al., 2004), TargetScan (Grimson et al., 2007) and Pictar (Krek et al.,
2005)for this analysis. This has resulted in the identification of numerous microRNA-transcript
interactions which might be crucial in maintaining stem cell homeostasis. Combining results from
these algorithms individually. However, many of these sites are poorly conserved across species
indicating that they might be important in the mouse alone and redundant in most other mammalian
species. Using these results, hypothetical regulatory networks were built to graphically depict
interactions between microRNAs and these key stem cell specific transcripts in relation to stem cell
pluripotency. Moreover, scanning the entire set of genes down-stream of these transcription factors
also reveals significant enrichment of microRNAs interacting with these transcriptional networks in
embryonic stem cells as well as differentiated tissues. These results provide important mechanistic
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insights regarding the role of microRNAs in maintaining stem cell homeostasis and in regulating

genes down-stream of these transcription factors.

Moreover, changes in miccoRNA and mRNA expression were measured using Illumina bead
arrays during the process of stem cell differentiation into embryoid bodies. Illumina bead arrays
represent a highly robust and sensitive expression measurement platform. Through this study,
microRNAs found to be expressed in stem cells are in the range of 322. This is around six times
greater than previously reported estimates of microRNAs in mouse embryonic stem cells. It is
possible that some of these probes might show positive signals due to non-specific hybridisations

on the array. It would be useful to confirm these results with real-time PCR experiments.

One also observes dramatic changes in expression of both microRNA and mRNA molecules
during embryoid body formation. However, one must note that embryoid bodies represent a
heterogenous population of cells and it is possible that individual cell types might exhibit
differences in gene expression compared to one another. Transcripts belonging to key pluripotency
transcription factors undergo both up and down-regulation during differentiation of stem cells into
embryoid bodies. Performing in situ hybridisations for microRNAs and mRNAs found to be up-
regulated during this process, should also help reveal the specific cell types these might be
expressed in. There have been numerous examples described previously where increase in
microRNA expression co-incides with appearance of new cell types, like the photoreceptor cells in
Drosophila (L1 and Carthew, 2005, 11l Cells 1l iice (nodiighcs ol d, 2007a) and muscle cells 1
Xenopus laevis (Chen et al., 2006). Additionally, real-time PCRs could be performed to further

validate these results.

There is an enrichment of Gene Ontology (GO) terms ‘DNA-replication’ and ‘blood-vessel

formation’ in day 3 embryoid bodies. These results could explain the tendency of embryonic stem
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cells to undergo cell proliferation and vasculogenesis (Doetschman et al., 1993) (Risau et al., 1988)

in culture.

Sylamer (paper submitted) program has been applied to scrutinize 3’UTRs of entire
transcriptional networks for specific sequence biases and microRNA seed over-representations. This
analysis has resulted in revealing a fascinating AT-GC sequence bias in the 3’UTRs of genes most
differentially expressed between days 0 and 3. It is possible that this bias might be caused by
microRNAs with similar sequence biases. Indeed, one detects an increased GC frequency in seeds
belonging to microRNAs which are most down-regulated on day 3. The exact causes for
fluctuations in expression of genes with a high AT content are not known. This result correlates well
with the corresponding GC bias observed for genes most up-regulated on day 3. However, one
cannot completely rule out other factors which might be involved in causing this phenomenon. It is
speculated that the post-transcriptional silencing machinery composed of Argonaute proteins and
RISC might exploit this sequence composition bias to increase the efficiency of mRNA breakdown

to facilitate rapid changes in gene expression which are characteristic of developmental processes.

One also observes, that microRNAs and 3’UTRs containing their over-represented seeds are

inversely related with respect to their expression patterns.

Additionally, I have determined correlations between microRNAs and their computationally
predicted interacting partners to discover whether there exists any kind of a regulatory relationship
between them. Negative correlations might indicate that microRNAs might repress the expression
of their predicted targets while positive correlations might imply that microRNAs might either
activate transcription of some transcripts undergoing cell cycle arrest during the process of
embryoid body formation. One cannot rule out the possibility that their might exist some kind of a
regulatory feed-back loop between microRNAs and their predicted partners that maintains

expression of these interacting molecules in a state of homeostasis. However, correlation does not
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always imply causation and it is possible that some of these negative and positive correlations
between microRNAs and their predicted interacting partners might be due to chance alone. Further

confirmation of these results by real-time PCRs or luciferase assays would be useful.

Future work involving construction of homozygous microRNA knock-outs in embryonic
stem cells should help reveal valuable target information for deleted microRNAs by monitoring
changes in transcript and protein levels through expression and proteomic studies respectively.
These cells could also be analyzed for their ability to undergo normal differentiation both in vitro

and in vivo.
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CHAPTER SEVEN: MATERIALS AND METHODS

7.1 Identification of MicroRNAs Targeting Key Pluripotency Transcripts

The ENSEMBL transcripts for Oct4, Nanog, Sox2, Sall4, K1f4,Tcf7, Sall4, Stat3, cMyc and Lrhl
were scanned for the presence of microRNA binding sites using miRanda (John et al., 2004) on
miRBase (Griffiths-Jones et al., 2006), TargetScan (Grimson et al., 2007) and Pictar (Krek et al.,
2005). MiRanda microRNA-targets were filtered according to org p-value (which denotes the
probability of the same microRNA family binding to multiple transcripts within the same
orthologous group) of 0.01 (Griffiths-Jones et al., 2006). The identity of microRNAs expressed in
stem-cells was determined from microRNA. .org according to median expression cut-off value above

7€ro0.

7.2 Determining Significance of microRNA-mRNA Interactions

In order to determine whether the enrichment of binding sites for stem cell microRNAs on key stem
cell transcripts is observed due to chance alone, ten thousand iterations on sets of ten transcripts
with miRanda (John et al., 2004) was performed and number of observations corresponding to ES
microRNA hits were counted for four out of ten transcripts. This was performed using a Perl script

written by Dr. Harpreet Saini. P-values were calculated for 0, 1, 2, and 3 hits.

7.3 Identification of Up-regulated and Down-regulated Genes in the Oct4 and Nanog
Transcriptional Network

The microarray data with gene expression values from mouse embryonic stem cells obtained after
knock-down of Oct4 and Nanog was downloaded from GEO DataSets available from NCBI. These
were subject to pre-processing and normalization using GEPAS (Herrero et al., 2003), a microarray
analysis tool available online. The genes were sorted for differential expression using t-rex and
classified into up-regulated and down-regulated sets according to FWER (Family wise error rate)

<0.001 and <0.01.
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7.4 Identification of MicroRNA Targets in Different Gene Sets
MicroRNA 6,7,8 nucleotide and double six-mer patterns were counted in each UTR of the whole
mouse genome, across the Affymetrix Gene Probe sets and specific gene sets covering both up-
regulated and down-regulated genes in the transcriptional network . This was preformed using
PERL scripts written by Dr. Anton Enright. There were 11 and 30 genes in the down-regulated and
up-regulated sets respectively which passed this filtering in the Nanog transcriptional network.
Similarly, 76 and 123 of the down-regulated and up-regulated genes respectively, passed this
filtering for the Oct4 transcriptional network. At a higher FWER cut-off threshold of 0.01, there
were 40 genes which were down-regulated and 66 genes which were up-regulated in the Nanog
transcriptional network. For the Oct4 transcriptional network, there were 209 and 328 genes in the
down-regulated and up-regulated sets respectively.
MicroRNA targets spanning both the up-regulated and down-regulated genes in the Oct4 and Nanog
transcriptional obtained were analyzed for tissue specificity using miRBase. The overrepresentation
of microRNAs was calculated based on the formula:

OR = Sample counts per kb of 3’UTRs of the Sample Gene Set / Background Counts in
3’UTRs per kb of the entire Mouse Genome,

where OR: Overrepresentation.

7.5 ES Cell Culture

AB2.2 wild-type ES cells were maintained on SNL76/7 feeder cell layers mitotically inactivated
7.1). Cells were cultured at 37°C with 5% CO,. ES cell medium was changed daily. Upon reaching
80-85% confluence, ES cells were ready for passaging. The media was changed about two hours
before passaging. After two hours, media was aspirated and the plate was washed once with PBS.
2ml of trypsin was added to each 90-mm plate. The plate was incubated in a tissue culture incubator

at 37°C for 15 minutes. 8ml of fresh M15 media was added to each well. After dispersing the cells

by pipetting them up and down vigorously, the cell suspension was distributed equally to three 90-
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mm feeder plates. The plates were incubated in a tissue culture incubator at 37°C and 5% CO,.

Table 7.1: Media Composition (Wang, 2005)
Medium Name Composition
Knockout Dulbecco's Modified Eagle's
Medium (DMEM, Gibco/Invitrogen),
supplemented with 15% foetal bovine serum
(FBS. Gibco/Invitrogen),2mM L-glutamine,
50 units/m! penicillin,40pg/ml streptomycin
and 100uM B-Mecaptoethano] (BME)
For 100 ml Knockout Dulbecco's Modified
Eagle's Medium (DMEM, Gibco/Invitrogen),
25ml FBS (Gibco/Invitrogen), 1.25ml 200
mM 100X l-glutamine stock
(Gibco/Invitrogen), 1.25ml 10mM BME
stock (10mM) and 1.25ml 100X nonessential
amino acids (NEAA) stock
(Gibco/Invitrogen)were added)
For 5 L, add 35 g NaCl, 5g D-Glucose, 0.9 g
Na, HPO 4 .7H20,1.85g KCl1, 1.2g KH 5 POy,
2g EDTA, 12.5g Trypsin (1:250), 15g Tris
Trypsin base. Adjust the pH to 7.61 with HCl,add
phenol to get pink colour. Filter sterilize and
aliquot into 50ml falcon tubes and store at -
20°C.

M15

Differentiation Medium

7.6 Embryoid Body Formation

ES cells grown on 90-mm plates upto 80% confluence were fed 2-3 hours before trypsinization. The
plates were washed in PBS and trypsinized for 15 minutes. The cells were re-suspended in 10ml
M15 medium and counted using a hemocytometer. The cells were diluted in Differentiation
Medium (See Table 7.1) to a final concentration of 1000 cells per 20 pl (Kurosawa, 2007). 20 pl
drons were plated on the lids of 140-mm plates. which were carefully inverted over the Petri-dishes
filled with approximately 15mi PBS. The dishes were caretuily piaced in the incubator at 57°C and

5% CO,. Embryoid body formation was closely monitored daily for three days.

7.7 Total RNA Isolation from ES cells and Embryoid Bodies
ES cells and differentiating embryoid bodies at day 1, 2 and 3 were pelleted and total RNA was

isolated using mirVana miRNA isolation kit. Cells and embryoid bodies were lysed by adding 600ul
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of lysis solution. Pellets were vortexed vigorously for a minute. 1/10 volume of miRNA
Homogenate Additive was added to the lysate and the mixture was mixed by vortexing and
incubated on ice for 10 minutes. Acid-Phenol:Chloroform in volume equal to the lysate Was added
to the original lysate. The mixture was vortexed for 30-60 seconds and centrifuged for 5 minutes at
10000g to separate the aqueous and organic phases. The upper aqueous phase was carefully
removed without disturbing the lower phase and transferred to a fresh tube. The volume removed
was noted and 1.25 volumes of room temperature 100% ethanol was added to the aqueous phase.
The filter cartridge provided with kit, was placed into one of the collection tubes supplied. 700 pl of
the lysate mixture was applied to the cartridge at a time, and the mixture was centrifuged through
the filter at 10000g for 15 seconds. After discarding the flow-through, centrifugation was repeated
with the remaining sample. The filter cartridge was washed with 700 pul of Wash Solution 1 and
centrifuged for 5-10 seconds. The flow-through was discarded and the washing step was repeated
with 500 pl of Wash Solution 2/3 two times for 5-10 seconds. After discarding the flow through
from the last wash, the filter cartridge was centrifuged for an additional 1 minute to remove any
residual fluid. After this, the cartridge was transferred into a new collection tube. 20 ul of pre-
heated (95°C) Elution solution was added to the centre of the cartridge and the tube was spun at
10000g for 20-30 seconds to clute the RNA. Isolated RNA was stored at -80°C and the quality was

assessed with the help of Bioanalyzer (Agilent).

= @ MicroRN A Expression Analysis Using miRCURY™ Exiqon Microarrays

[n brief, RNA isolated was treated witil i luiestinal Phosphatase (CIP), labelled with BY2 40t
Hy5, with the two samples being mixed, denatured and hybridized onto the arrays overnight.
Hybridized arrays were washed in buffer A (56°C), B (23°C) and C (23°C). After washing and
drying, the arrays were scanned and the images were downloaded using the relevant GAL files.
Individuql steps are described in detail below:

Fluorescent dyes were dissolved by adding 29 pl of auclease free water followed by brief vortexing

and centrifugation to collect the contents of the tube. All kit components were thawed on ice for 15-
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20 minutes followed by brief centrifugation. 12 samples corresponding 0, 1, 2 and 3 days of ES cell
differentiation were diluted to a concentration of 75ng/ul. 5 ul of each sample was taken to form the
reference sample pool. Reactions were set up for labelling the samples with Hy3 and the reference
with Hy5 and their corresponding dye-swaps, where the samples were labelled with Hy5 and the
reference was labelled with Hy3 respectively. Reagents were combined in RNAse free tubes as
shown in the Table 7.2. Spike-in microRNAs consist of 10 different synthetic unlabelled
microRNASs in a range of concentrations. The miRNAs can be spiked into an RNA sample prior to
labelling and the synthetic spike-in kit will hybridize to corresponding capture probes on the

miRCURY™ LNA microRNA Array. These were dissolved in 30 pul nuclease free water prior to

use.
Table 7.2

Volume i
Total RNA 2
Spike-in miRNA 1
CIP buffer 0.5
CIP enzyme 0.5

Samples were incubated at 37°C for 30 minutes in a PCR cycler with a heated lid. The enzyme
reaction was stopped by incubation at 95 ul for 5 minutes followed by snap cooling on ice. After
incubating the samples on ice for 2-15 minutes, 4 pl of CIP reaction from previous step was taken

and the reagents were added as shown in Table 7.3.

Table 7.3
Volume pi

CIP reaction 4
Loading buffe - 3
Fluorescent -
label 1.5
DMSO 2
Labelling

enzyme 2

The reagents were mixed and centrifuged briefly and incubated at 16°C for one hour. The reactions
were protected from light and were incubated at 4°C until hybridisation.

Prior to hybridisation, Hy3 and Hy5 samples were mixed and 20 ul of hybridisation buffer was
added to the mixture. The samples were heated at 95°C for 2 minutes and then incubated on ice.

The slides were loaded onto the TECAN chamber and flushed with ~50-100 pl of hybridisation
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buffer. The dye mixture was loaded onto the slides and incubated overnight at 56°C while protecting
the samples from light. On the next day, the slides were washed with buffers A, B and C which were

prepared by mixing components as provided in the kit.

7.9 Exiqon Microarray Data Analysis

Data was analysed in R/Bioconductor (Team, 2007) using limma package . Between arrays and
within arrays normalisation was performed using print-tip loess and aquantile methods respectively.
Differential expression analysis was performed using ebayes method (Smyth, 2004). Relative

expression changes were calculated for most up and down-regulated genes.

7.10 Illumina Bead Arrays

RNA samples isolated from three days of stem cell differentiation into embryoid bodies were sent to
the Sanger Microarray facility for microRNA and mRNA expression profiling using Illumina Bead
Arrays (Sentrix array Matrix Universal Probe Set SA Probe Set for microRNA expression profiling

and mouse chip version 1.1 for mRNA expression profiling).

7.10.1 lumina MicroRNA Expression Profiling

RNA samples were normalised to a concentration of 50ng/ul with DEPC treated H,O. 5 Pl of PAS
was added to each well of the PAP plate. The plate was sealed with microplate heat seal and
vortexed at 2300 rpm for 20 seconds. The PAP plate was placed on a preheated 37°C heat block and
incubated for 60 minutes. The PAP plate was transterred 10 a preheated 70°C heat block and
incubated for 10 minutes to inactivate the PAP enzyme. The PAP plate was pulse centrifuged to
250g for 1 minute.

8 Ul of polyadenylated RNA sample from each well of the PAP plate to the corresponding well of
the CSP plate which was then sealed with a microplate heat seal. The sealed plate was vortexed at
2300 rpm for 20 seconds and pulse centrifuged for 1 minute. The CSP plate was placed on the

preheated heat block and the lid was closed. The plate was incubated at 42°C for 60 minutes.
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The heat block was left at 70°C. The MAP reagent tube and OB1 tube was thawed to room
temperature and mixed by vortexing to re-suspend the solution. The entire contents of the OB1 tube
were poured into a sterile reservoir.

5 ul of MAP was added to each well of the ASE plate. 30 yl of OB1 was added to each well of the
ASE plate. After carefully removing the heat seal from the CSP plate, 15 yl of biotinylated cDNA
was transferred the corresponding well of the ASE plate. The ASE plate was heat-sealed with a
microplate heat sealer. The plate was pulse centrifuged at 250g for 1 minute. The ASE plate was
vortexed at 1600 rpm for 1 minute or until all beads are completely re-suspended. The ASE plate
was placed on the preheated 70°C heat block and the lid was closed. The temperature of the heat
block was immediately changed to 40 °C and the ASE plate was left in the heat block for exactly 2
hours while it cooled to 40°C.

The ASE plate was removed from the heat block which was reset to 45°C. The ASE plate was
placed on the raised-bar magnetic plate for 2 minutes or until the beads are completely captured.
The heat seal was removed from the ASE plate. Using an 8-channel pipette with new tips, all the
liquid from the wells was removed leaving the beads in the wells. 50 Ul of AM1 was added to each
well of the ASE plate placed on the raised-bar magnetic plate. The ASE plate was sealed with clear
adhesive film. The ASE plate was vortexed at 1600 rpm for 20 seconds or until all beads are re-
suspended. The ASE plate was placed on the raised-bar magnetic plate for approximately 2 minutes
or until the beads were completely captured. Using the same 8-channel pipette with the same tips,
all the AM1 reagent was removed from the well leaving the beads in the wells. Repeat addition of
AMI followed by all the steps up to removal of AMI reagent leaving the beads 1n the wells once.
The ASE plate was removed from the raised-bar magnetic plate for approximately 2 minutes or
until the beads were completely captured. The entire UB1 reagent was removed from each well,
leaving the beads in the wells. Steps involving addition of UB1 up to their removal were repeated
once more. 37 pl of MEL was added to each well of the ASE plate, which was sealed with clear
adhesive film and vortexed for 1 minute to remove re-suspend the beads. The ASE plate was

incubated on the preheated 45°C heat block for 15 minutes. In the meanwhile the Make PCR
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process was performed.

64 ul of Illumina-recommended DNA polymerase was applied to the SCM tube. 50 pl of Uralic
DNA glycosidase was added to SCM tube. The tube contents were mixed several times by inverting
the tube. 30 ul of SCM mixture was added to each well of the PCR plate. The plate was sealed with
an adhesive film. After incubation of the ASE plate was complete, it was placed on the raised-bar
magnetic pole for 2 minutes or until the beads were completely captured. The supernatant was
removed and from all the wells. The plate was left on the raised-bar magnetic plate for 2 minutes or
until the beads were completely captured. The supernatant was discarded from all the wells of the
ASE plate. The plate was sealed with clear adhesive film and vortexed at 1800rpm for 1 minute.
The ASE plate was placed on the raised-bar magnetic plate for 2 minutes or until the beads were
completely captured. The new tips were placed on an 8-channel pipette and the plate wells were
pipette up and down 3-4 times to mix. 30 pl of supernatant was transferred from each well of the
ASE plate to the corresponding well of the PCR plate. The PCR plates were sealed and pulse
centrifuged to 250 g for 1 minute. The PCR plate was immediately transferred to the thermal cycler
and cycled at:

37°C- 10 minutes

95°C- 3 minutes

95°C- 35 seconds

56°C- 35 seconds

72°C- 2 minutes

72°C- 10 minutes

4°C- 5 minutes

After completion, the PCR plate was pulse centrifuged for 1 minute at 250g. 20 pl of MBP was
added to each well of the PCR plate. Mix the solution with the beads and transfer the mixed
solution from each well of the PCR plate into the corresponding well of the filter plate. The filter

plate was covered with the filter plate lid and stored at room temperature, protected from light for

101




60 minutes. The filter plate was placed on an empty unlabelled 96-well V-bottom plate. The filter
plate containing the bound PCR products were centrifuged at 1000g for 5 minutes at 25°C. 30 ul of
MH1 was added to each well of the INT plate. The waste plate was replaced with the INT plate,
which was oriented such that Al of the INT plate coincided with the A1 of the filter plate. After
discarding the waste plate, 30 pl of 0.IN NaOH was added to all wells of the filter plate. After
replacing the filter plate lid, the plate was centrifuged at 1000g for 5 minutes at 25°C. The filter
plate was discarded and the Tlumina-supplied Humidity Control Wells Template was placed
beneath the 384-well HYB. 30 il of UB2 was transferred to each orange well of the hyb plate.

The Illumina supplied Sample Wells Template was placed underneath the HYB plate exactly
matching up with the edges of the plate. The contents of the plate were mixed by pipeting the
contents up and down slowly several times. 50 ul of neutralised hyb solution was transferred from
the first column of the INT plate into each blue well of the HYB plate. The HYB plate was sealed
with clear adhesive film and centrifuged at 3000g for 4 minutes at 25°C.

The Sentrix Array Matrix (SAM) was unpackaged carefully and placed with the barcode facing up
and the fiber bundles facing down into the UB2 containing tray. The SAM was agitated gently for
10 seconds and left in the tray for 3 minutes. The SAM was moved into the NaOH conditioning tray
which was left for 30 seconds. The SAM was moved back into the UB2 conditioning tray and left
for at least 30 seconds to neutralize NaOH.

The SAM Hyb Cartridge was loaded into the SAM Hyb Cartridge frame. After all HYB plate/SAM
pairs were assembled and stacked, they were placed into the 60°C oven. After 30 minutes, the oven
was reset to 45°C and incubated tor at least 14 hours.

The BeadArray Reader was turned on at least 1-2 hours before imaging. A 50/50 mixture of 95%
EtOH and 2-butanol was prepared and added to IS1 bottle and mixed well. 70ml of UB2 was
dispensed into two trays. 70ml of IS1 was dispensed into a third tray. All trays were covered with
plastic covers until further use.

After incﬁbating the SAM in the oven, it was carefully separated from the HYB plate and was

placed immediately in the first tray with UB2. Gentle agitation was carried out was carried out by
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shaking it side by side ten times. It was allowed to stand at room temperature for 1 minute at room
temperature. The array was then transferred into a second tray with UB2 and gently agitated as
described above and then left in the tray for 1 minute at room temperature. The array was then
transferred into the 1S1 tray and left for 5 minutes and lifted out of the IS1 several times to ensure
complete buffer exchange. The arrays were then placed on an empty array and air dried for 20
minutes in a closed drawer at room temperature. The arrays were scanned in the BeadArray Reader.

Raw data files were obtained and subject to analysis.

7.10.2 [llumina Whole Genome Expression Profiling
32ml of 100% cthanol was added to the cDNA Wash Buffer Concentrate and mixed well. 20ml of
100% ethanol was added to cRNA Wash Solution and mixed well. The cRNA binding mix was
prepared by combining 10pl of RNA binding beads, 4 pl of bead resuspension solution and 6 pl of
100% ethanol. 50 pl of cRNA Binding Buffer concentrate was added to 20 pl of bead mixture.
50ng of RNA was placed into wells of a PCR plate and nuclease free water was added to a final
volume of 11 pl. Reverse Transcription Master Mix was prepared by adding 2 pl of 10X first strand
buffer, 4 wl of ANTP mix, 1 pl of RNase inhibitor and 1 pl of ArrayScript reverse transcriptase.
After mixing the contents well by vortexing, they were centrifuged for 5 seconds to collect the
master mix and placed on ice. 9 pl of the master mix was transferred to cach RNA sample and
mixed gently by pipeting up and down 3.4 times. The reactions were incubated with aluminium
£ L eanctinn wag incuhatad for 2 houre at 42°C and centrifuged briefly to collect the
samples afterwards. The reactions were placed on 1ce.
Second Strand Master Mix was prepared by adding reagents (63 pl nuclease free water, 10 ul
Second Strand Buffer, 4 pl dNTP mix, 2 pl DNA Polymerase and 1 pl RNase H) and mixed gently
by rocking the reservoir back and forth. 80 pl of Second Strand Master Mix was transferred to each
sample in the PCR Plate. The samples were mixed gently by pipetting up and down 3-4 times. The
reactions were covered in aluminium foil and incubated in a thermal cycler at 16°C for 2 hours and

then placed on ice covered with aluminium foil.
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180 ul of re-suspended cDNApure was added to each second strand cDNA synthesis reaction. The
samples were transferred from PCR plate into a U-bottom Plate and gently shaken for at least 2
minutes to thoroughly mix the sample with ¢cDNAPure. The U-bottom Plate was moved to a
magnetic stand and the magnetic beads were captured for 5 minutes. The supernatant was carefully
aspirated and discarded. The plate was removed from the magnetic stand. 150 pl of cDNA wash
buffer was added to each sample and shaken at moderate speed for 1 minute. The plates were
moved to a magnetic stand and the beads were captured. The supernatant was carcfully aspirated
and discarded without disturbing the magnetic beads. The plate was moved to a shaker and shaken
vigorously without disturbing the beads. This washing step with cDNA Wash Buffer was repeated
once more. The plate was then shaken vigorously for 2 minutes to evaporate all the ethanol. The
cDNA was cluted from the beads by adding 20 pl of preheated (50-60 °C) nuclease free water to
each sample. The plate was vigorously shaken for 3 minutes and then checked to make sure the
magnetic beads were dispersed. 17.5 pl of eluted cDNA was transferred to wells of a new PCR
plate. 7.5 pl of IVT master mix was added to each sample and the reaction was incubated for 4-14
hours at 37°C.

70 pl of cRNA and 95 pl ethanol was transferred to U-Bottom Plate and shaken gently for 2
minutes. The RNA binding beads were captured on a magnetic stand and the supernatant was

carefully discarded. 100 pl of cRNA wash solution was added to each sample and shaken at

moderate speed for 1 minute. The plate was moved to a magnetic stand and the RNA binding beads

-»-:-.! the mwlata
was moved to a shaker and the plate was shaken vigorously for 3 minutes to completely disperse the
beads. The RNA binding beads were captured and the supernatant containing the eluted cRNA was
transferred a nuclease free PCR plate for storage. The quality of cRNA was assessed by measuring
absorbance at 260nm. A positive control reaction with 2 pl of HeLa cells RNA is expected to yield

>= 5 ug of cRNA.
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7.10.3 Hybridisation, Washing and Signal Detection

The Hyb Chamber Gasket was placed into the Hyb chamber and 200 pl of HCB was added into 8
humidifying buffer reservoirs in the Hyb chamber. The chamber lid was closed and locked and it
was left at room temperature until DNA samples were ready for loadirig. The BeadChip was placed
in a Hyb Chamber Insert, orienting the barcode end so that it matched the barcode symbol on the
Hyb Chamber Insert. The tube containing the assay sample was preheated at 65°C for 5 minutes.
The tube was vortexed and pulse centrifuged at 250g. The sample was cooled to room temperature.
Using a single channel precision pipette, the assay sample was loaded onto the center of each inlet
port. Four Hyb Chamber Inserts containing samples were loaded into each BeadChip Hyb Chamber.
The Tllumina Hybridisation oven was set to 58°C and the Hyb Chamber was placed into the oven
after ensuring it was locked properly. The chamber was incubated for 16 hours at 58°C. In
preparation for the next day’s washes, 1X High-Temp Wash Buffer was prepared by adding 50ml of
10X buffer to 450ml RNAase-free water. 500ml of prepared buffer was added to the Hybex
waterbath. The Hybex heating base was set to 55°C and the buffer was warmed overnight.

6ml of E1BC buffer was added to 2L RNAse-free water to make the Wash E1BC solution. Block El
buffer was pre-warmed to room temperature for 30 minutes. Block E1 buffer was prepared by
mixing 2ml of buffer with 2 pl of 1mg/ml streptavidin-Cy3 stock.

The Hyb Chamber was removed from the oven and placed on the lab-bench and all the BeadChips
were removed from the Hyb chamber and submerged at the bottom of the beaker containing 11 of
B1BC buffer. The coverseal was removed from the BeadChip while it was suspended in the beaker.
The BeadChip was then transterred to the siide rack supbmerged in the stalning disi containing
250ml Wash E1BC solution. The rack containing all the slides after washing was transferred into
the Hybex Waterbath containing High-Temp Wash buffer. And incubated static for 10 minutes with
the 1id closed. During the 10-minute incubation, 250ml of the diluted E1BC was added into a clean
staining dish, and the slide rack was transferred into the staining dish containing the buffer. The
rack was plunged in and out of the solution 5 to 10 times. The staining dish was placed on a orbital

shaker for 5 minutes. The rack was transferred to a clean staining dish containing 250ml of fresh
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100% ethanol. The slide rack was plunged in and out of the solution 5-10 times. The rack was then
transferred to a clean staining dish containing 250ml wash EI1BC buffer and placed in an orbital
shaker at room temperature for 2 minutes.

The BeadChip was tray was placed on a rocker mixer and 4 ml of block E1 buffer was added to the
wash tray. The BeadChip was transferred into the BeadChip wash tray and placed on a rocking
platform for 10 minutes.

2ml of Block E1 buffer with a 1:1000 dilution of streptavidin-Cy3 was prepared and 2ml of Block
E1 buffer+ streptavidin was added into a new wash tray. Using tweezers, the BeadChip was grasped
at the barcode end via the well in the blocker-wash tray and transferred into a tray containing
streptavidin-Cy3. The tray was covered and placed on the rocker-mixer and shaken for 10 minutes.
The third washing was carried out in a staining dish containing 250ml E1BC buffer shaken in an
orbital shaker for 5 minutes. The slides were centrifuged for 4 minutes at room temperature and

once they were completely dry they were scanned on the Illumina BeadArray Reader.

7.11 Data Analysis of llumina Bead Arrays

All data analysis was performed on R/Bioconductor (Team, 2007) using lumi (Du et al., 2008) and
limma packages. Quality control for both raw and normalised data was performed by plotting box-
plots, density plots, sample-relations and MA plots. mRNA and microRNA raw data was
transformed using log2 conversion and normalised using quantile method. Differential expression
analvsis was carried out using ebayes method (Smyth, 2004) and contrasts were determined for
pair-wise comparisons of differential expression between day U-i, U-Z, U-, 1-2 and 2-3. Medlan
expression of three replicates was determined for plotting expression changes. The heatmap was
plotted using gplots on R. Gene Ontology enrichment was determined by GOstats package (Falcon
and Gentleman, 2007) on R. The Gene Universe consisted of all probes from the arrays, which
mapped uniquely to Entrez Ids. It was ensured that there was no redundancy in Entrez gene lists.

Sylamer was used to scan genes in sets of 1000 to calculate cumulative enrichment of words or

microRNA seeds. T wrote a perl script to calculate AT-GC enrichments in microRNA seeds.
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7.12 Using Sylamer

Sylamer is a tool for efficient computation of p-values associated with small sequence word
occurrences in sequences. The p-values in all the plots generated have been cumulative
hypergeomentric. For Figure 3.9, word size taken was 7. For, Figure 4.13 word size was 4. All plots

have been generated by Dr. Cei-Abreu Goodger.

7.13 Making Vectors by Recombineering

Primers for amplifying linear recombineering products were designed manually. The sequences for
amplifying the PGKEM7-Kanamycin cassctte are as follows:

The sequences for the retrieval step are as follows:

1ng of template (Scal digested pL452 (Liu et al., 2003) plasmid vector for amplifying PGKEm7-
Kanamycin cassette and EcoRI and BamHI digested pL611 (Chan et al., 2007) for amplifying
retrieval cassette) and 10 pM of primers were used for all PCR reactions. The conditions were set as
follows:

Step 1: 94°C-4 minutes

Step 2: 94°C-30 seconds

Step 3: 55°C-30 seconds

Step 4: 68°C-2 minutes (for pL452)/3 minutes(for pL611)

Step 5: Go to Step 2 (35 cycles)

Step 6: 63°C -4 minutes

Step 7: 4°C-for ever

Five PCR reactions were set up for each recombineering experiment. PCR products were gel

purified using QIAGEN gel purification kit. Approximately 3 pg of PCR product for each reaction

was pooled in a volume of 50ul of double distilled water.
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The following steps were subsequently followed:

BACs were inoculated into 1ml LB with chloramphenicol (12.5 pg/ml), for overnight growth at
37°C with shaking. Cells were pelleted and washed with cold water thrice. 1ng of pSIM18 (Chan et

al., 2007) plasmid was electroporated in 50 pl water at the following conditions:
200 Ohms (capacitance, 25 microFD, 0.1 cm gap cuvette, 1.8kV)

1 ml LB was added to the transformation mixture and was incubated for 1 h at 32°C. The cells were
plated onto a LB-Hygro (75 pg/ml) plates and incubated at 32°C for overnight. On the next day, one
Hygromycin resistant colony was picked and inoculated into 1ml LB with chloramphenicol and

hygromycin (75 pg/ml), for overnight growth at 32°C with shaking.

On the next day ~30pl of the overnight culture was inoculated into four 15-ml tubes (or into four
wells of a 96-well deep plate) with 1 ml fresh LB in each tube. Cultures were shaken at 32°C for 2 h.
Cells were transferred to a 42°C water bath and incubated for 15 min without shaking. The cells
were subsequently transferred into an ice bucket and chilled on ice for 5 min. Cells were then
transferred into 1.5-ml eppendorf tubes and centrifuged at maximum speed for 25s and washed
with ice-cold distilled water thrice and electroporated with PGKEm?7-kanamycin PCR product (3 pg)
in 50 ul water. 1 ml LB was added to the transformation mixture, which was incubated for 1h at

32°C before plated onto a 1B-Chloramphenicol, hygromycin and kanamycin (20 pg /ml) plates.

Chloramphenicol and Kanamycin resistant  colonies  were nickea [0 eST IOT  SuCCEssiu
recombineering events. These were inoculated into 2ml of LB containing chloramphenicol and
kanamycin. On the next day 1ml of culture for all inculations was frozen at -80°C in glycerol and
miniprep was made of the remaining culture. 1ng of minipreped BAC was used as a template to
carry out PCRs using primers flanking the up-stream and down-stream junctions of the PGKEM-

Kanamycin cassette using the following primers:
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Table 7.4 Junction PCR Primers (5°-3’)

Name Sequence

Mir-192-

upstreamjunctionpL452F GGTGTGGGCCTTGGATGA
Mir-192-

upstreamjunctionpL452R CCTACCGGTGGATGTGGAAT
mir-192-

downstreamjunctionpL452R GGGAGGATTGGGAAGACAAT
mir-192-

downstreamjunctionpL452R TCAAAGCCCGAAGACCTATG
mir-

345upstreamjunctionpL452F GCTAGGTGCAGGACAAGGAG
mir-

345upstreamjunctionpL452R GGGGAACTTCCTGACTAGGG
mir-

345downstreamjunctionpL452F | GGGAGGATTGGGAAGACAAT
mir-

345downstreamjunctionpl 452R | CAAGGGCTGAAGAGATGAGG

PCR Conditions were as follows:

Step 1: 94°C-4 minutes

Step 2: 94°C-30 seconds

Step 3: 55°C-30 seconds

Step 4: 68°C-1 minute

Step 5: Go to Step 2 (35 cycles)

Step 6: 68°C -4 minutes

Qton 7 4°0C Anar ever

Glycerol stocks of colonies that tested positive for both the upstream and down-stream junctions
were used for subsequently inoculating cultures for the next recombineering steps. Glycerol stocks

were also inoculated in LB containing ampicllin (50 pg/ml) to confirm that they were ampicillin

sensitive.

ChloramphenicolR/ HygromycinR/ Kanamycin R colonies were inoculated into 1 ml LB with

the antibiotics for overnight growth at 32°C. Recombineering was performed as described above
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using electroporation with PCR-amplified pL611 (~3 pg). Transformants were plated on an Amp
plate (50 pg/ml) and grown at 32°C for overnight. Individual Ampicllin® colonies were inoculated
into LB containing ampicllin and kanamycin. Minipreps were made the following day. 1.0 ng
plasmid was transformed into EL350 E.coli strain (Liu et al., 2003). Transformed cells were plated
on LB agar containing kanamycin and ampicillin and incubated overnight at 32°C. Single colonies
obtained were re-inoculated into LB containing ampicllin and kanamycin. Overnight cultures
(~30pl) were re-inoculated the next day into LB and incubated at 32°C for 2 hours. Cells were
electroporated (as described above) with 3 pg of MC1-TK-Cm 4.2kb fragment obtained after
digestion of plasmid with NotI and Sall. Electroporated cells were recovered in LB for one hour at
32°C and plated on LB agar containing chloramphenicol and kanamycin. Cells were incubated
overnight at 32°C and single colonies were inoculated into LB medium containing the same
antibiotics. Vectors were isolated from overnight cultures grown at 32°C on the next day by
miniprep. Restriction enzyme digestion was performed to detect the presence of final vectors. miR-

192 vector was digested with Ndel and Xhol and mir-345 vector was digested with EcoRL
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Table 7.5 Recombineering Primers (5°-3°)

Name

Sequence

mir-192-pL452-F-
23-09

GCCGAGAGGCCTGCGGGCATGAGTGGGCAGCTG
TGGGGCTCTTCCCAGGATCCTGCAGAGAGGAGGT
CCCTGCACCTGTGCTGACCCCCCACCATGATTACG
CCAAGCTC

mir-192-pL452-R-
23-09

GTGTGAGGAAGGAGGAGGGACCTTGACTTTGATA
CCCTCCCCCACCCTGACTCCCACCCTGCTCCTTCG
AGTCGTTATGGCTGGCATTGAGTTTTCCCAGTCAC
GACGTT

mir-192Retrieval
1pL611

ACATCTGCTTCCCCTCTCCCTCACGCACACTTTTC
CCGAACTACTAGAGACCAGCATACAGGTCATGAC
CCTTCACCATGAAAATTTTCATTAGTGAGGGTTAA
TTATCG

mir-192Retrieval
2pLo611

TGCTACGATTATTGGTTTTACCACGGTTGGGGGGA
GCTGTCGGATCACACCCCCCACGGC
ACCTGTCAGTCCCTTCTGCTCATGGCCCCTATACG
ACTCACTATAGGGAG

mir-345-pL452-
forward-29-09

TTAAAGTTGAGGTGGGCTAAGAACCCGACGCGCC
GCCCCCCACCCCCCCAGTTGCTGGTAATATCTACA
ACAGCAAGGAGTCTGGAAGCAACCATGATTACGC
CAAGCTC

mir-345-pL452-
reverse-29-09

AAAGAGCCGTCTTGTCTCATCGGATGCCCTCCCG
TTTCTTAGAACCAGAAACCAGGGTGGAGGCGTG
AAGACCCGAGCTTTACCACCGGAGTTTTCCCAGT
CACGACGIT

mir-345Retrieval
1pLo611

TTGGCTGGTGTGCCTTGATGTGAGTACCCACTTCA
GGCTTCCAAGAGGGAAGTGAAGCATAGAGTACA
GCCAAATCAGATTGCCAGCCCCTTAGTGAGGGTT
AATTATCG

Viir-345Retreval
| 2pLo11

TTGCTTTAAAGACACAGGCACATCCTTGGCACCG
TCTGGTGACATTTCTAAAGTCCGCACATAAAATCT
CAGAGGUSTCITOAGAUAAL AAIACUALC T AL LA

| TAGGGAG

Table 7.6 Sequencing Primers (5°-3°)

Name Sequence
mir-192-
upstreamjunctionpL452R CCTACCGGTGGATGTGGAAT

mir-192-
downstreamjunctionpL.452F

GGGAGGATTGGGAAGACAAT

mir-
345upstreamjunctionpL.452R

GGGGAACTTCCTGACTAGGG

mir-
345downstreamjunctionpL452F

GGGAGGATTGGGAAGACAAT

T—'_——
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Supplementary Table 1 :Differentially Expressed MicroRNAS

Day 1-0
Most up-regulated

ID logFC AveExpr & [ Pvauwe | adiPval [B
mmu-miR-491 1.29074 10.04269 12.10628 = 09E-08 103E-05 | 8883189
mmu-miR-33 3.555742 9.991045 9419214 8.64E07 3.71E-05 6.210777
mmu-miR-136 1.771926 11.689124 0.256918 1.03E-06 3.99E-05 6.02782074
mmu-miR-210 1.117723 11.995751 8.948126 1.47E-06 5.15E-05 5.672013
mmu-miR-376a 2.049913 11.577381 8.175355 3.67E-06 1.09E-04 4.73498154
mmu-miR-345 1.282552 8.943806 7.734672 6.38E-06 1.54E-04 4.16895151 i
mmu-miR-188 1.760979 10.212154 6.767039 2.26E-05 3.80E-04 2.86742869
mmu-miR-32 2.636795 10.066506 6.425744 3.77E-05 5.39E-04 2.33920354
mmu-miR-500 1.136128 9.588544 6.060263 6.45E-05 7.78E-04 1.78617318
mmu-miR-193 (S) 1.403467 10.430948 5.725259 1.07E-04 1.15E-03 1.26254624
mmu-miR-741 1.533902 10.184236 5.101354 2 87E-04 2.26E-03 0.24498165
mmu-miR-367 (S) 1.324287 11.129411 4.941991 3.73E-04 2.82E-03 -0.02353257
mmu-miR-465-5p 1,118311 10.60768 4.86293 4.25E-04 3.07E-03 -0.15798903
mmu-miR-301b 1.10646 10.402373 4.78205 4.86E-04 3.26E-03 -0.29637332
Day 1-0
Most down-regulated
ID logFC AveExpr t P.Value adj.P.val B
mmu-miR-363 -1.771173 11.725734 -16.699125 1.72E-09 6.63E-07 12.28102568
mmu-miR-150 -1.495056 10.799975 -11.786489 8.01E-08 1.03E-05 8.59688459
mmu-miR-106a (S) -1.123588 13.568531 -11.352586 1.20E-07 1.16E-05 8.19578637
mmu-miR-701 -1.163663 12.074118 -10.097112 4.18E-07 2.62E-05 6.94620393
mmu-miR-677 -1.248061 9.14659 -9.973384 4.75E-07 2.62E-05 6.81533709
mmu-miR-302b* -1.714042 10.577843 -7.840927 5.57E-06 1.43E-04 4.30762482
mmu-miR-483 -1.001987 9.374949 -6.1596 5.56E-05 7.16E-04 1.93836318
Day 2-0
Most Down-regulated
1D logFC AveExpr t P.Value adj.P.val B
mmu-miR-34b -2.177834 10.933298 16.862938 1.54E-09 1.28E-07 12.480455
mmu-miR-34c¢ -2.18344 10.422105 16.323653 2.21E-09 1.28E-07 12.108152
mmu-miR-210 -2.030344 11.995751 16.25428 2.32E-09 1.28E-07 12.059349
mmu-miR-491 -1.701273 10.04269 15.956797 2.85E-09 1.38E-07 11.84764
mmu-miR-199b -1.352752 11.512946 14.996341 5.70E-09 2.37E-07 11.135946
mmu-miR-29b (S) -1.463323 12.749397 13.19002 2.35E-08 6.67E-07 9.667103
mmu-miR-124a (S) -1.844127 12.23974 10.874932 1.90E-07 3.29E-06 7.481269
mmu-miR-33 -3.87729 9.991045 10.271001 3.49E-07 4.99E-06 6.843326
mmu-miR-376a -2.393702 11.577381 9.546437 7.51E-07 1.00E-05 6.034921
mmu-miR-345 -1.57444 8.943806 9.494961 7.95E-07 1.02E-05 5.975594
mmu-miR-32 -3.752903 10.066506 9.145647 1.17E-06 1.29E-05 5.566042
mmu-miR-425 -1.060969 9.618331 8.930875 1.50E-06 1.44E-05 5.308045
mmu-miR-499 -1.02883 12.614535 8.133917 3.87E-06 3.16E-05 4.307093
mmu-miR-188 -2.002417 10.212154 7.717572 6.52E-06 4.67E-05 3.755231
-1.477156 11.689124 7.716976 6.53E-06 4.67E-05 3.754425
guioy V. SIUNSE o C=2C-uT JOE-L 3O s
mmu-miR-339 -1.127981 | 11.08395 | 7.573552 7. 85E-06 5.41E-05 3.559459
mmu-miR-708 -1.09331 10.225151 7.188314 1.31E-05 8.26E-05 3,023058 |
mmu-miR-714 -1.571761 10.212095 6.638239 2.78E-05 1.51E-04 2.223874
mmu-miR-99a -1.036636 9.111045 6.486185 3.46E-05 1.80E-04 1,995845
mmu-miR-500 -1.168647 9.588544 6.233718 4.99E-05 2.47E-04 1.610283
mmu-miR-301b -1.377028 10.402373 5.951429 7.59E-05 3.49E-04 1.168805
mmu-miR-367 (S) -1.224049 11.129411 4.567921 6.98E-04 2.23E-03 -1.151043
Day 2-0
Most Up-regulated
1D logFC AveExpr t P.Value adj.P.Val B
mmu-miR-363 3.156661 11.725734 -29.761907 2.39E-12 9.22E-10 18.79577
mmu-miR-302¢c* 1.811548 11.301051 -20.157974 2.05E-10 3.96E-08 14.51431
mmu-miR-670 1.671303 8.650449 -17.279108 1.17E-09 1.28E-07 12.759472
mmu-miR-302b* 3.573091 10.577843 -16.345191 2.18E-09 1.28E-07 12.123261
mmu-miR-370 1.606187 9.643685 -14.864768 6.29E-09 2.37E-07 11.034931
mmu-miR-323 1.270278 11.839625 -14.766776 6.77E-09 2.37E-07 10.959124
mmu-miR-106a 1.317096 13.568531 -13.307763 2.13E-08 6.67E-07 9.?6@&-—-"




mmu-miR-679 1.280563 10.90504 -9.322732 9.61E-07 1.12E-05 5.775197
mmu-miR-369-5p 1.123089 11.014395 -9.255076 1.04E-06 1.18E-05 5.695663
mmu-miR-376¢c 1.009868 12.300264 -9.011939 1.36E-06 1.35E-05 5.40599
mmu-miR-433-3p 1.100236 9.96204 -8.367469 2.91E-06 2.44E-05 4.607773
mmu-miR-302d 1.053993 13.748999 -8.098722 4.04E-06 3.18E-05 4261237
mmu-miR-135a 1.757421 10.153996 -7.374722 1.02E-05 6.66E-05 3.284954
mmu-miR-128b 1.192515 10.778695 -6.113209 5.96E-05 2.80E-04 1.423162
Day 2-1

Most Up-regulated

ID logFC AveExpr t P.Value adj.P.Val B
mmu-miR-503 1.157922 11.444441 10.118937 4,08E-07 1.79E-05 6.9410274
mmu-miR-34b 1.303917 10.933298 10.096213 4.18E-07 1.79E-05 6.9169035
mmu-miR-34¢ 1.19294 10.422105 8.918557 1.52E-06 4.89E-05 5.5969319
Day 2-1

Most Down-regulated

1D logFC AveExpr t P.Value adj.P.Val B
mmu-miR-670 -1.789824 8.650449 -18.504462 5.41E-10 2.09E-07 13.4150001
mmu-miR-363 -1.385488 11.725734 -13.062782 2.62E-08 5.05E-06 9.7025821
mmu-miR-302¢* -1.100609 11.301051 -12.247007 5.28E-08 6.80E-06 9.0034734
mmu-miR-370 -1.14036 9.643685 -10.55368 2.62E-07 1.68E-05 7.3934036
mmu-miR-380-5p -1.277346 9.198204 -0.764836 5.93E-07 2.29E-05 6.5595225
mmu-miR-369-5p -1.102525 11.014395 -9.085614 1.25E-06 4.40E-05 5.7928742
mmu-miR-7b -1.17486 10.1412 -8.738854 1.87E-06 5.55E-05 5.382763
mmu-miR-302b* -1.859049 10.577843 -8.504264 2.47E-06 6.35E-05 5.0977582
mmu-miR-433-3p -1.083994 9.96204 -8.243946 3.38E-06 8.05E-05 4.7741113
mmu-miR-135a -1.151817 10.153996 -4.833407 4.46E-04 2.82E-03 -0.2805627
Day 3-2

Most Up-regulated

1D logFC AveExpr t P.Value adj.P.val B
mmu-miR-184 1.081874 10.078041 9.904063 5.12E-07 7.23E-05 6.7678257
mmu-miR-7b 1.283734 10.1412 9.54868 7.50E-07 7.23E-05 6.3961849
mmu-miR-150 1.085678 10.799975 8.559097 2.31E-06 1.78E-04 5.2897616
Day 3-2

Most Down-regulated

ID logFC AveExpr t P.Value adj.P.val B
mmu-miR-302¢c* -1.043925 11.301051 -11.616253 9.37E-08 3.62E-05 8.3905014
mmu-miR-367 -2.574884 11.129411 -9.608983 7.02E-07 7.23E-05 6.4601629
mmu-miR-705 -1.070114 8.284472 -7.034928 1.61E-05 5.43E-04 3.3543973
mmu-miR-712* -1.218976 12.15739 -6.556359 3.13E-05 6.88E-04 2.682368
mmu-miR-714 -1.501039 10.212095 -6.33955 4.27E-05 8.25E-04 2.3671378
mmu-miR-376a -1.284036 11.577381 -5.120924 2.78E-04 2.79E-03 0.4675334
mmu-miR-32 -1.830012 10.066506 -4.459651 8.39E-04 5.45E-03 -0.6509114

(S): expressed in stem cells (microRNA.org)

*. MicroRNA star sequence
logFC: log fold change in gene expression

AVELXPIS. AVErage nXpressioinn aliass replicatcs

t: t-statistic value

P-value: probability value of t-statistic

Adj.P.Val: adjusted p-value after correction for multiple hypothesis testing

B: B statistics(the log odds ratio that the gene is differentially expressed)
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APPENDIX

miRanda microRNA-mRNA alignments

K14

mmu-miR-29a:

cMyc

mmu-miR-196a;

mmu-miR-125b:

mmu-let-7d:

mmu-miR-132:

Nanoo

mmu-miR-30e:

Sox2

mmu-miR-21:

AUUGGCUARAGU~CUACCACGAuU

N N R NN AR R
TAACAGCCTARATGATGGTGCTt

GGGUUGUUGU--ACUUUGAUGGAU
N AR A
TTCAGCCATAATTTTAACTGCCTC

ucgaggguucucGGAUUGGGCa
NERRREAE
——————— actgaCCTAACTCGa

UUGAUACGUUGGAUGAUGGAGa
f=1 1 AR
AGCCATAATTTTAACTGCCTCa

GCUGGUACCGACA-UCUGACAauU
sheles LI D sl
TGGCTGGGGCTTTGGGACTGTaa

gaAGGUCAGUUCCUACRAAUGU

s AR RN R
taTCTGTAGAAAGATGTTTATA

gUUGUR~-GUCA-GACUAUUCGAU
Pleet P00 s TREEETT:



mmu-miR-126-3p:

Sall4

mmu-miR-15:

mmu-miR-103:

mmu-mmiR-107:

mmu-miR-16:

mmu-miR-322:

caBATGTCCATTGTTTATAAGCTG

gcguaaUARUGAGUGCCAUGCuU
b s bbb
nnnnaaAGTTCTAGTGGTACGt

GUGUUUGGUARUACACGACGARu
RN AR
CACGAGAGTTGCTATGCTGCTt

aguaucgggacAUGUUACGACGA
EARRRRRERRE
atcacgagagt TGCTATGCTGCT

acuaucgggacAUGUUACGACGA
N RRRRRR N
atcacgagagtTGCTATGCTGCT

GCGGUUAUARAUGCACGACGAu
Pl 0 = L
CACGAGAGTTGCTATGCTGCTt

agGUUUUGUACUUAACGACGAC
AR RERREN
caCGAGAGTTGCTATGCTGCTt



Tef7

mmu-miR-21:

mmu-miR-24:

aGUUGUAGUCAGACUAUUCGAU

N N AR
cCAGCTGCTGT-TCATAAGCTG

gacARGGACGACUUGACUCGGU

PEEE TR Bt
catTTCCAGCTCATCTGAGTCA



TargetScan microRNA-mRNA Alignements

Pou5sfl

mmu-miR-24

mmu-miR-186

Nanog

mmu-miR-30-3p

mmu-miR-21

mmu-miR-21:

Sall4

mmu-miR-186:

mmu-miR-107:

mmu-miR-103:

mmu-miR-16:

mmu-miR-15a:

5 1

3/

3 ]

. . .UCCCUGGGGAUGCUG---UGAGCCAA. ..

NERE NEREE
GACAAGGACGACUUGACUCGGU

. . GAGCUUUGGGGUUAAAUUCUUUU. . .

1] NERERN
UUCGGGUUUUCCUCUUAAGARAC

. .AUGUGUUAAAAAACA----ACUGAAAG. ..

NERN RERREN
CGACGUUUGUAGGCUGACUUUC

. .AAAGUUUAUAUUAUA-AUAAGCUA. . .

| RERRRN
AGUUGUAGUCAGACUAUUCGAU

.. .AAUUCCUACGACCCUUAAGCUAU. . .

| RERRN
AGUUGUAGUCAGACU-~-~AUUCGAU

. . .UCUAGAAUCUGCUUUAUUCUUUA. ..

N PEETTL
UUCGGGUUUUCCUCU--UAAGAAAC

.AUCACGAGAGUUGCU-~AUGCUGCU. ..

oNTTR T A T ANRTTATITTIR (N /T

. .AUCACGAGAGUUGCU~-AUGCUGCU. . .

Il NERERN
AGUAUCGGGACAUGUUACGACGA

. . UCACGAGAGUUGCUAUGCUGCUU. .

I NERERN
GCGGUUAUAAAUGCACGACGAU

. . UCACGAGAGUUGCUAUGCUGCUU. .

1 EEERRN
GUGUUUGGUAAUACACGACGAU



mmu-miR-15b: 5' ...UCACGAGAGUUGCUAUGCUGCUU. ..

. Il NERERN
3! ACAUUUGGUACUACACGACGAU

mmu-miR-136: 5' ...AAAAAAAAGAUGAAA--AAUGGAGG. ..
3! AGGUAGUAGU&ééGU&éAééééA
Stat3
Conserved
mmu-miR-106b: 5' .. .GGAACUCCUGGCUCUGCACUUUC. ..
3! UAGACGUégéAGU—Cééégggé
mmu—miR;ZOb: 5 .. .GGAACUCCUGGCUCUGCACUUUC. . .
3! AUGGACGUégUACU—CéééALAé
mmu-miR-20a: 5 .. .GGAACUCCUGGCUCUGCACUUUC. ..
3! GAUGGACGUéAUAUU—Cé$é£;A$
mmu-miR-93: 5! ...GGAACUCCUGGCUCU———GCACUUUC...
P REREEN
3! GCAUGGACGUGCUUGUCGUGAAAC
Poorly Conserved
mmu-miR-106b: 5' . .CUUUGGGCAAUCUGGGCACUUUU. . .
3! UAGAéééGACAGUééééA&AU
mmu-miR-20b: 5 . . .CUUUGGGCRAUCUGGGCACUUUU. .
il EREREN
3! LUGGACGUGAUACUCGUGAARC
mmu-miR-20a 5' ...CUUUGGGCAAUCUGGGCACUUUU...
3! GAUGGAéé&GAUAUUéééé;AAU
mmu-miR-93: 5' ...CUUUGGGCAAUCUGGGCACUUUU...

b NERREN
3! GAUGGACGUGCUUGUCGUGAARAC



Appendix Table 1:Probes detected on lllumina microRNA and mRNA Bead

Arrays
at p<0.01 at p< 10-18

Probes Probes Probes Probes

detected | absent Detected | Absent

MicroRNA
Day 0 322 58 302 78
Day 3 312 68 309 71
Expressed at Day 0 and Day 3 305 75 293 87

Messenger RNA

Day 0 11798 34830 7712 38916
Day 3 11733 34895 7792 38836
Expressed at Day 0 and Day 3 10533 36095 7396 39252
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