Chapter S: The derivation of ES cell miRNA candidate
target lists in a background depleted of endogenous

miRNA expression

5.1 Aim

The aim of this chapter is to use the Dger8"™ knock out cell line to identify mRNA targets
of endogenous miRNAs in the context of the ES cell transcriptome. These cells have a broad
depletion of endogenous miRNA levels and therefore derived targets will be identified in the
absence of functional redundancy and the effects of co-regulation. In order to do this I
optimize the reintroduction of miRNA mimics into the Dger8™ cell line and subsequently

introduce a set of ES cell expressed miRNAs, producing candidate target lists.

5.2 Introduction

The original large-scale analysis of miRNA target perturbations was conducted by Lim et al.
(Lim et al., 2005). Following the reintroduction of miR-1 or miR-124 into HeLa cells the
authors judged changes in the cells’ expression profiles through the use of mRNA expression
arrays. As a consequence they noted that by transfecting miRNAs not normally expressed in
HeLa cells but highly expressed in the heart and the brain respectively, the mRNA profiles of
the transfected cells were affected in such a way as to become more akin to the tissue in
which the miRNAs are normally expressed. Although the expression changes witnessed in
these experiments did significantly overlap with computational miRNA target predictions, it

is logical that the system will be somewhat restricted to the identification of the in vivo
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targets of those miRNAs that are incidentally also expressed in HeLa cells. This is a clear
limitation if the intention was to better understand the significance of non-artificial miRNA-
target interactions. Grimson et al. took advantage of this relatively simple cellular system to
generate mRNA profiles from HeLa cells transfected with 11 different miRNA duplexes
(Grimson et al., 2007). Again the miRNAs used were not HelLa cell specific and the
experiment would thus suffer from the same limitations as those of the Lim study. However,
while the limited expression of each miRNA’s in vivo targets in HeLa cells will interfere with
the identification of in vivo miRNA-target interactions these gene lists suit the purpose of

better understanding the rules underlying miRNA target associations.

Mutant zebrafish embryos lacking both maternal and zygotic Dicer (MZDicer) activity
display a severe morphological phenotype (Giraldez et al., 2005). The reintroduction of miR-
430 into these embryos by microinjection went some way to rescuing the structural
abnormalities in the embryonic brain. Subsequently, microarrays were used to identify the
putative targets of the miR-430, through a comparison of the mRNA expression in embryos
with no Dicer activity to either wild type embryos or embryos with miR-430 reintroduced, in
which the expression of miR-430 targets will be down-regulated (Giraldez et al., 2006). The
intersection of these two comparisons identified 328 genes down regulated (=1.5 fold) in the
presence of miR-430 with experimentally annotated 3’UTRs. Of these, 203 had sequences
complementary to miR-430 seed sequence (Lewis et al., 2005) within their 3°’UTR. Reporter
constructs with the putative wild type and mutant target 3’UTRs fused downstream of a GFP
reporter gene were used to validate predicted miRNA target UTRs, through injection into
embryos of a wild type or MZDicer background. Of the 3’UTRs tested with a single 6mer (2-

7) or 7Tmer target site, 5/7 were validated by these assays (>2-fold up regulation in MZDicer
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background). An even greater proportion of targets were validated, if the 3’UTRs contained
either a greater number of sites or an 8mer target site. Only ~25% of the proposed targets
were conserved in both Tetradon and Fugu. This would mean that any predictive algorithm

that required target conservation as predictive criteria would miss these targets.

Although miR-430 is very highly expressed in the early zebrafish embryo, in the MZDicer
fish the lack of the usual spectrum of miRNAs expressed in the wild type embryos makes the
role of individual miRNAs easier to discern. There will be no combinatorial regulation or
functional redundancy in the system directed by other miRNAs. As a result the function of
miR-430 is potentially even more clear and startling than if individual miR-430 duplexes

were knocked out or over expressed in an otherwise wild type system.

Recently similar systems have been developed and used in mouse embryonic stem cells.
Dgcr8 knock out cells have been used to identify miRNAs responsible for the regulation of
the cell cycle (Wang et al., 2008). Mouse embryonic stem cells with a disrupted miRNA-
processing pathway accumulate in the G1 phase of the cell cycle (Murchison et al., 2005;
Wang et al., 2007). Wang et al. performed a screen of mouse miRNAs to identify miRNAs
that improved this proliferation phenotype (Wang et al., 2008), subsequently identifying
members of the miR-290 cluster and miRNAs with similar sequences as important regulators
of the p21 (Cdknla) CDK inhibitor, and central to cell cycle regulation. The knockout
background was fundamental to the identification of p21 as a target of these miRNAs as both
over-expression and knock down of individual miRNAs in wild-type cells had minimal effect

on the ES cell proliferation. This demonstrates the advantages attributable to the removal of
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functional redundancy and target saturation from the system prior to screening for miRNA

targets.

Whereas Wang et al. initially relied on TargetScan predictions to identify p21 as a candidate
miRNA target, Sinkkonen ef al. took an alternative approach and extended the system used
by Giraldez et al. (Giraldez et al., 2006) to an embryonic stem cell system (Sinkkonen et al.,
2008). They compared the expression profile of Dicer” cells to heterozygous counterparts
and then identified from among those genes up-regulated in the Dicer * cells mRNAs that
are down-regulated upon the re-addition of the miR-290 cluster by electroporation. This
transferal of the Giraldez approach to a simpler cellular system produced a list of 253
predicted targets of this cluster (including Cdknla). These genes provided the authors with a
functional shortlist enriched with miRNA targets ultimately leading to the identification of
RbI2 as a potential target of the miR-290 cluster, which could go some way to accounting for
the lack of de movo DNA methylation at the Oct4 promoter upon differentiation.
Simultaneously a second independent study reached the same conclusion concerning the

miR-290 cluster orchestrating methylation control viathe Rb/2 gene (Benetti et al., 2008).

In this chapter I assess the expression profiles of the cell lines derived in Chapter 3 and use

these profiles to investigate the broad roles of miRNAs in embryonic stem cells. I then

8gtl /tml

explain the optimization of the re-addition of miRNAs into the Dgcr cell line. By using

881ml ells transfected

the expression profiles of the cell lines and expression data from Dgcr
with miRNA mimics, I was able to produce lists of genes enriched in miRNA targets for

mmu-miR-25 and mmu-miR-291a-3p, using a system of intersecting gene sets similar to that

used by both Giraldez et al. and Sinkkonen et al. (Giraldez et al., 2006; Sinkkonen et al.,
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2008). Based on these gene lists I am able to construct hypotheses and functional

relationships for future investigation.

5.3 Results

5.3.1 A comparison of growth conditions and their effect on cell phenotype

Initially I performed a comparison between the mRNA expression profiles of Dgcr&s/ ™,

Dgcr8?'™  Dger8™ € Dger8™ %" and Dger8™ cells. RNA was prepared from each
cell line in triplicate and the expression profiles were assessed by Illumina Mouse-6 V1.1
expression chips. However as has been mentioned previously it was necessary to alter the cell
culture conditions during the course of the work presented in this thesis. The centrifugation
step was initially included in the cell splitting protocol to remove the residual trypsin from

the cells prior to plating to fresh plates, given the low split ratios used to divide the

8gtl /tml 8g12/tm 1

Dgcr and Dgcr cells (see section 2.4.1.1). It also initially seemed that as short a
period in trypsin as possible might help to limit the morphological phenotype I was seeing

amongst the Dgcr8®"™ and Dgcr8¥?™ cells. However, the initial culture conditions used

81m1,gt1/+ 8tm1,gt2/+

were causing a greater than optimal proportion of the Dgcr , Dgcr and wild
type cells to differentiate. It was judged that this could be the result of the mechanistic stress
of the centrifugation step, used to remove the cells from the trypsin. Subsequently it was
deemed more appropriate to culture the cells in the conditions most optimal for the
propagation of the control cell lines, as any subsequent differences seen between the growth
of the control and mutant cells could still be attributed to the depletion of DGCRS8 (see
section 2.4.1.2). As a result I regrew the cells in triplicate using the new set of growth

conditions and repeated the arrays. It was considered important that this experiment be

repeated in full as the results would not only provide the basis for judging likely miRNA
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controlled genes, but comparison between the two array sets prepared with RNA grown
under the two conditions could be used to judge whether the growth condition were having a

fundamental effect on the cells and the results gathered under the two conditions.

In addition to this alteration in protocol between the two array sets, I prepared and labeled the
RNA for analysis under the first set of conditions personally. The RNA prepared under the
fresh growth conditions was labeled for the array by Dr Peter Ellis in the Sanger Institute

microarray facility.

In order to determine the magnitude of the effect of the growth conditions on the expression
data subsequently gathered by array, I performed cluster analysis based on the correlation in
normalized expression between samples and arrays. Initially, if the samples are clustered
based on the entire normalised expression set for each sample, the separation of the clustered
structure appears to be based on growth conditions and the identity of the person who
conducted the labeling of the samples (Fig.5.1A), (although there is evidence that some of the
Dger8®™ miRNA transfected samples, grown under the new growth conditions also cluster
with the older expression array samples (See section 5.3.3.4)). It is worth bearing in mind,
however, that when considering the entire normalized expression set, a large proportion of
the data contributing to the inter-sample correlation, will be derived from probes that vary by
an insignificant amount, due to small changes attributable to the growth condition or array
and experimental noise. As an alternative I refined the selection of probes used to cluster the
arrays. First I removed probes from the set based on the detection score attributed to probes
by the Illumina Beadstudio programme, which is a measure of the likelihood that the probe

target is expressed above background (detection score < 0.05 in more than 5 of the samples).
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Subsequently the probe section was further narrowed by using only those probes whose

8gtl /tml 8g12/tm 1

intensity varied significantly between the set of 6 combined Dgcr and Dgcr
arrays and the six Dgcr8™¢""", Dgcr8™" " arrays, all grown without spinning the cells out
of the trypsin (Section 2.4.1.2) (P-value < 0.05, LFC > logy(1.2)). The resultant probe set
used to separate the samples contained 3489 probes. When only considering these probes the
samples clustered as would be expected if the clustering was attributable to genotype instead
of growth condition (Fig.5.1B). All of the Dgcr8¥"™ and Dgcr8?™ samples cluster
together irrespective of the culture method as do the control cells. Also of note, when the

8gtl /tml

clustering is based on the intensity of this limited set of probes, the Dgcr cells

8gtl/tm1 and

transfected with miRNA mimics (Section 5.3.3.4) also cluster with the other Dgcr
Dgcr8¥™ samples. By limiting the set of probes used to only those that change most
significantly in a single growth condition, the selection of this probe set is not biased by those
probes which change significantly between cells with differing genotypes grown under the
alternative growth conditions. The choice of probes therefore does not assume that cells with
the same genotypes grown under each condition will necessarily behave in the same manner.
However, by limiting the probe set in this way, the clustering is now based on the expression

changes evident within a set of the most biologically relevant genes, removing a large

fraction of the noisy probes whose expression varied by small amounts.
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Fig.5.1A: A rootless tree depicting the degree of correlation between all of the mRNA array profiles on

the basis of the complete set of normalized probe intensities. Spearman’s correlation was used to determine

the degree of similarity between the results of all of the expression arrays used in this study. In red are the arrays

conducted upon samples cultured following the original culture method (2.4.1.1). In green awe all the arrays

conducted upon samples prepared with the more recent culture method (2.4.1.2). In black are the arrays

conducted as part of the miRNA re-addition experiments (See Section 5.3.3).
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Fig.5.1B: A rootless tree depicting the degree of correlation between all of the mRNA array profiles on
the basis of a refined set of probe intensities. The probes used to calculate the correlation between samples

were selected as those which were registered as “present” in more than 5 of the array samples as judged by the
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lumiBatch detection calls (P-value < 0.05) and which demonstrated significant differential expression between
all the of the arrays for cells with two disrupted alleles compared to arrays with a singe disrupted allele. All the
cells in the comparison were grown under the most recent culture conditions (2.4.1.2). Sample relationships

were calculated by Spearman’s correlation.

If the arrays grown under the older set of conditions are considered and the same expression
comparison is conducted (e.g. Dgcr8™ and Dgcr8?™ vs. Dger8™¢"* | Dger8™ 82"y
3738 probe intensities change significantly. The overlap between the two sets of significant
probes accounts for 2697 probes in this set. Again it is apparent that the two sets of array
experiments both identify similar gene sets as significantly altered following the depletion of

functional DGCRS irrespective of the culture conditions.

To further ensure that the cells cultured by the two methods behave in an approximately
equivalent fashion, I decided to determine whether there was an enrichment of miRNA seed
sequences within the 3’UTRs of genes up regulated upon the depletion of DGCRS,
considering the cells grown by each method independently. Sylamer is a program that
searches ordered lists of sequences for the enrichment of defined motifs (van Dongen et al.,
2008). The program begins at one end of the sequence list and progresses through the list by
considering increasingly large sets of sequences for an enrichment of a given motif above
what would be considered usual given the number of motifs within the remainder of the
sequences in the list. If provided with a list of UTRs ordered by their log fold change in
expression following the removal of DGCRS, the program is able to search the list to identify
miRNA seed sequences that are enriched within the UTRs of the genes whose expression has

either up-regulated or down-regulated by the depletion.
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For each set of culture conditions I again compared the 6 expression arrays for Dgcr8s"™!

88! against the six arrays for Dger8™¢"" and Dger8™ %" (3 of each

and Dgcr
genotype) to produce two lists of probes; ordered by their log fold change following the
disruption of both alleles of Dgcr8. These ordered lists of probes were converted into lists of
associated 3’ UTRs and analysed (by Dr. Cei Abreu-Goodger) using the Sylamer program for
the enrichment of any miRNA seed sequence motifs within either the 3’UTRs of up-regulated
or down-regulated genes. As can be seen in Fig.5.2, the most significantly enriched miRNA
seed sequences in the genes up-regulated upon the disruption of both DgcrS§ alleles are
essentially the same for both culture conditions. This again implies that fundamentally the
two sets of arrays are in agreement as to the most significant expression changes despite

practical alterations to the experimental procedure. It is also of note that seed sequences that

appear to be amongst the most enriched correspond with miRNAs among those most highly

8tm1,gtl/+ 8tm1,g12/+

expressed within the Dgcr and Dgcr cells, judged by Solexa/lllumina
sequencing (See Chapter 4, Fig.4.8), and whose expression was subsequently reduced in
Dger8®™ and Dger8¥?™ cells. This enrichment of these miRNA specific seeds implies
that a significant proportion of the genes up regulated following miRNA depletion are subject
to ES cell miRNA mediated regulation, which is disrupted following miRNA depletion.
There are two miRNAs for whom the target seed sequences appear to be significantly
depleted within a portion of the ordered gene list (miR-879-7mer-2/m8 and miR-127-7mer-
1A), with their line falling below 0 on the y-axis of the chart, although these P-values seem to
be marginal. The relevance of the enriched seed sequences will be considered more
thoroughly later in the chapter, where I will consider the changes in gene expression

following DGCRS depletion, by combining the array data for cells of differing genotypes,

grown by either culture method.
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Fig 5.2: Sylamer plots to identify miRNA seed sequence enrichment or depletion within up-regulated or
down-regulated genes following the depletion of DGCRS, conducted separately using arrays derived from
cells cultured under the older culture conditions (2.4.1.1) (top) and the more recent culture methods
(2.4.1.2) (bottom). Genes were ordered according to their log fold change following the depletion of DGCR8
(Dgers®™ vs. Dger8™"$"). These gene lists are plotted along the x-axis, with up-regulated genes on the left
and down-regulated genes on the right. Subsequently the 3’UTRs of the ordered list were assessed in sets
anchored at 0 on the x-axis, but of increasing size, for enrichment of all miRNA 7mer seed sequences (7mer-1A
and 7mer-m8 (7mer-2) seeds based on mirBase v12 miRNA sequences) via a series of hypergeometric tests.

The test results for each miRNA are represented by a line on the plot. miRNA target enrichment within a potion
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of the list is associated with a either a peak to the left of the graph (if enriched in upregulated genes) or trough
to the right (if enriched in down-regulated genes). P-values cutoffs of 0.01 are represented as dotted lines
stemming from the y-axis. On the Sylamer plot, red dotted lines represent the positions of various log-fold-

change cutoffs. Sylamer analysis of the gene lists was conducted by Dr. Cei AbrenGoodger.

5.3.2 Expression profiles of Dgcr8™ ", Dgcr8™"¢*", Dgcr8s"™,
Dgcr8*”™ and Dgcr8™ cells

5.3.2.1 Comparison of the expression profiles of Dgcr8™"*"""*, Dgcr8™"*",

8gt1/tm1 8gt2/tm1

Dgcr , Dgcr and Dgcr8™" cells

As the expression profiles for the cells cultured by the two methods seem broadly
comparable, I decided to combine the array results for each genotype from each culture
method into a single analysis. As a result I have 6 expression arrays corresponding to each
genotype, which will increase the statistical confidence of any derived expression changes.

7 cells

First I compared the expression of Dgcr8™¢"* and Dgcr8™¢""" cells to the Dgcr8
to ensure that the single disrupted allele wasn’t having profound effects on the gene
expression in the cells (Fig.5.3A). As can be seen, there are very few significant differences
in the expression profiles of these cells. This suggests that Dgcr8 isn’t a limiting factor in the
miRNA mediated gene regulation as there are few significant alterations to expression when
it is partially depleted. Alternatively the partial reduction in functional DGCRS8 within the
cell could trigger an autoregulatory feed back loop to compensate with an increase in the
stability of Dgcr§ mRNA, as described by Han ef al. (Han et al., 2009). Indeed they noted

that although a 50% reduction in Dgcr8§ mRNA levels is expected in heterozygous Dgcr8

knockout ES cells and MEFs, these cells appear to retain 90% of the wild type mRNA
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expression and neither cell line demonstrated a significant reduction in DGCRS8 or Drosha

protein levels.

Dgcr8™9t1+ ys, Dgcr8*/+ Dgcr8™92/+ vs. Dgcr8*/+
8 Reduced expression in Dgcr8+*
O Greater expression in Dgcr8++
g

Dgcrggrl/tml VS. Dgcr8rml,gr1/+ Dgcrgng/rml Vs. Dgcr8rml,gr2/+

626 Reduced expression in Dgcr8™' 97+
502 Greater expression in Dgcr8m"9v+

Fig.5.3: A Venn diagram depicting the number of probes registering significant expression changes

%) and cells with a single disrupted allele

between cell types. A) Comparisons between wild type cells (Dgcr8
(Dger8™" """ and Dgcr8™" "), B) Comparisons between cells with a single disrupted allele (Dgcr8™"¢"" and
Dgcr8™#”*) and their paired DGCRS8 depleted cell lines, each with a trap within both alleles of Dgcr8

(Dger8®™ and Dgcers®”™!). Log fold change > logy(1.1), P-value < 0.05.

A comparison between the expression profiles of the Dgcr8™¢""" and Dgcr8™¢%* cells

and the Dgcr8®"™ and Dgcr8¥™ cell lines identified a considerable overlap between the
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genes with significantly altered expression when the two biological replicate comparisons
were made separately (Fig.5.3B). Therefore subsequently I combined the expression array
data for the independent replicate cell lines (Dgcr8™" 4" and Dgcr8™ 4%, Dgcr8®""™ and
Dgcr8¥™) to give me data from 12 arrays corresponding to each broad genotype;

8™"8"" and Dger8®™ . By using more arrays I would increase the statistical robustness

Dgcr.
of any comparison and therefore be able to discern significant expression changes more
accurately. Data from these two sets of 12 arrays were compared to determine the expression
changes that result from the depletion of DGCRS, stemming from the insertion of a gene trap
cassette into both alleles. A total of 6695 probes altered significantly between these two sets
(3251 probes were up regulated in the Dgcr8®”™ cells compared to Dgcr8™¢"" and 3444
probes were down regulated. P-value < 0.05, LFC > logy(1.1) (Fig.5.4A)) . In addition the
array probes for this joint analysis were arranged in order according to their LFC and
differential expression related t-statistic that resulted from this comparison, and again
Sylamer was used (Dr. Cei Abreu-Goodger) to determine if there were any miRNA seed
enrichments associated with these expression changes as explained above (Fig.5.2). A similar
set of seed sequences were found to be enriched in the genes up-regulated upon the insertion
of a trap into both alleles of Dgcr§ in this combined analysis as were found when the two
growth conditions were considered separately (Fig.5.4B). However, when all the arrays are
combined there are no longer any significant miRNA seed depletion signals seen below 0 on
the y-axis. The list of miRNAs for whom the seed sequences are enriched amongst those
genes up regulated closely resembles the list of the most highly expressed miRNAs in the

im1,gt/+
Dgcr8™"#

cells (Fig.5.4C, Fig4.8). This is to be expected as it would seem reasonable that
these highly expressed miRNAs would be playing an influential role in posttranscriptional

regulation in mouse ES cells. What is not necessarily as obvious is that this influential role
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would encompass a broad set of target genes, to the extent at which a strong enrichment
signal would be seen following the miRNA depletion, rather than influencing a small refined
set of target genes. Also of note is the number of highly expressed miRNAs sharing the same
enriched seed sequences (Fig.5.4C). In particular the miR-17 7mer seeds are shared by 4 of

8™8" cells. In this case the

the top 17 most highly expressed miRNAs in the Dgcr
enrichment of the miR-17 seed could likely result from the deregulation of the targets of all

of these miRNAs. Conversely all of these miRNAs are likely to overlap in their target lists.
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Fig.5.4: A) A plot depicting the average expression of each probe in the heterozygote and homozygous
mutant cell lines against the log fold change of each probe following the depletion of DGCRS from the ES
cells. The red lines define a log fold cut off of log2(1.1). Probes deemed insignificant given an adjusted p-value
cut off of 0.05 and a LFC cut off of log2(1.1) are plotted as a density gradient in blue. Probes whose expression
alters significantly between the cell lines are plotted as black spots.
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Fig.5.4: B) Sylamer plots to identify miRNA seed sequence enrichment or depletion within up-regulated

or down-regulated genes following the depletion of DGCRS based on expression data derived from cells

grown under both the older and the most recent culture conditions For a desciption of these plots see

Fig.5.2. In this case the gene lists were ordered according to their log fold change (LFC) and tstatistic. Sylamer

analysis of the gene lists was conducted by Dr. Cei Abren-Goodger.
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C
miRNA Seed miRNA Target Seed miRNAs with a common seed
Sequence

miR-17.7(2) GCACUUU miR-20a.7(2), miR-20b.7(2), miR-
93.7(2), miR-106a.7(2), miR-106b.7(2)

miR-17.7(1A) CACUUUA miR-20a.7(1A), miR-20b.7(1A), miR-
93.7(1A), miR-106a.7(1A), miR-
106b.7(1A)

miR-25.7(2) GUGCAAU miR-32.7(2), miR-92a.7(2), miR-92b.7(2),
miR-363.7(2), miR-367.7(2)

miR-25.7(1A) UGCAAUA miR-32.7(1A), miR-92a.7(1A), miR-
92b.7(1A), miR-363.7(1A), miR-367.7(1A)

miR-291a-3p.7(2) AGCACUU miR-294.7(2) miR-295.7(2), miR-
302a.7(2), miR-302b.7(2), miR-302d.7(2)

miR-291a-3p.7(1A) GCACUUA miR-290-3p.7(1A), miR-291b-3p.7(1A),
miR-292-3p.7(1A), miR-294.7(1A), miR-
295.7(1A), miR-302a.7(1A), miR-
302b.7(1A), miR-302d.7(1A), miR-
467a.7(1A), miR-467b.7(2), miR-
467c.7(1A), miR-467d.7(1A)

miR-301a.7(2) UGCACUA miR-130a.7(1A), miR-130b.7(1A), miR-
301b.7(1A), miR-721.7(1A)

miR-301a.7(1A) UUGCACU miR-130a.7(2), miR-130b.7(2), miR-
301b.7(2), miR-721.7(2)

miR-879.7(2) AAGCCUC

miR-127.7(1A) GAUCCGA

Fig.5.4: C) The miRNA seed sequences highlighted as enriched or depleted by Sylamer analysis in gene
lists ordered by LFC or t-statistic following the disruption of both alleles of the Dgcr8 locus. The right
hand column lists miRNAs that share the same target seed, which is given in the second column. Highlighted in

red are miRNAs with an average maximum read depth >10,000 between the Dgcr8™¢”* cells (Fig.4.8).

5.3.2.2 Functional analysis of genes up regulated upon DGCRS depletion

To gain an insight into the broad cellular functions that may be subject to miRNA regulation
in ES cells, the group of genes that were up regulated upon the depletion of DGCRS8 and
miRNAs were subjected to GO analysis and KEGG pathway analysis (3251 probes, P-value
<0.05, LFC > logy(1.1)) (Table 5.1, Appendix B (CD)). Perhaps the most interesting trend is
seen amongst those “Biological Process” GO terms over-represented amongst this set of

genes. The most enriched terms include a large number of terms relating to “development”.
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This implies that miRNAs may play an important role in the dampening of developmental
genes in pluripotent stem cells, perhaps stabilizing this undifferentiated and pluripotent state

(Table 5.1).

Also of interest is the enrichment of ‘ECM-receptor interaction’ genes identified by the
KEGG pathway analysis. Cellular interactions with the extra-cellular matrix are known to
affect cellular differentiation and proliferation. miRNA involvement in the regulation of these

pathways may be in an interesting avenue for future research (Table 5.1).
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Kli:l(); G Pvalue | OddsRatio | ExpCount | Count | Size Term
4512| 6.50E-05 33 9.7 22 53|ECM-receptor interaction
4510{ 7.70E-04 2 24.1 39 131{Focal adhesion
5222| 1.90E-03 23 11.9 22 65/Small cell lung cancer
10| 2.30E-03 3.4 5.1 12 28|Glycolysis / Gluconeogenesis
Valine, leucine and isoleucine
280] 3.20E-03 3.2 53 12 29|degradation
5212| 3.60E-03 22 11.8] 21 64| Pancreatic cancer
Reductive carboxylate cycle (CO2
720] 4.00E-03 6.7 1.8 6 10{fixation)
640| 5.40E-03 3.7 3.7 9 20| Propanoate metabolism
4070[ 9.00E-03 23 8.8 16 48| Phosphatidylinositol signaling system
GI(;)I:P Pvalue | OddsRatio | ExpCount | Count | Size Term
G0:0001525 | 9.60E-06 2.6 18.6 37| 98|angiogenesis
G0:0016044 | 5.50E-05 2 31.1 52| 164{membrane organization and biogenesis
G0:0009887 | 8.40E-05 1.7 60.6 88| 321{organ morphogenesis
GO:0006897 | 9.40E-05 2.2 21.8 39] 115{endocytosis
G0:0009790 | 2.00E-04 1.6 63.6 90| 337|embryonic development
GO:0001568 | 2.10E-04 2 279 46| 147|blood v | development
G0:0045941 | 2.90E-04 1.7 459 68| 242[positive regulation of transcription
G0:0031325 | 8.30E-04 1.6 56, 78| 295|positive regulation of cellular metabolic process
G0:0048518 | 9.00E-04 14 121.2) 152| 639|positive regulation of biological process
GO0:0045944 | 9.20E-04 1.7 353 53] 186[positive regulation of transcription from RNA
polymerase II promoter
G0:0001889 | 9.30E-04 4 4.7 12|  25[liver development
G0:0009891 | 1.10E-03 1.6 50.5 71| 266[positive regulation of biosynthetic process
GO0:0051254 | 1.10E-03 1.7 39.6, 58| 209[positive regulation of RNA metabolic process
G0:0008285 | 1.20E-03 2 19 32| 100[negative regulation of cell proliferation
G0:0045595 | 1.50E-03 1.8 28.6 44 151|regulation of cell differentiation
G0:0032774 | 1.50E-03 1.3 216.8 254 1143|RNA biosynthetic process
G0:0010604 | 1.50E-03 1.5 537 74| 283|positive regulation of macromolecule metabolic
process
GO0:0006732 | 1.90E-03 2.3 11.9 22| 63|coenzyme metabolic process
GO0:0045892 | 2.50E-03 1.7 30.2 45| 159|negative regulation of transcription, DNA-
dependent
G0:0048519 | 2.60E-03 1.3 126.9) 155 669|negative regulation of biological process
G0:0045670 | 2.80E-03 6 2.3 7] _12|regulation of osteoclast differentiation
G0:0051188 | 3.40E-03 24 9.5 18| 50|cofactor biosynthetic process
G0:0043009 | 3.90E-03 1.6 41.7 58] 220[{chordate embryonic development
G0:0019219 | 4.10E-03 12 229.1 263| 1208|regulation of nucleobase, nucleoside, nucleotide
and nucleic acid metabolic process
G0:0007160 | 4.30E-03 3 5.5 12| 29[cell-matrix adhesion
G0:0044262 | 5.00E-03 1.7 254 38| 134[cellular carbohydrate metabolic process
G0:0048704 | 5.10E-03 2.8 6.3 13 33|embryonic skeletal morphogenesis
G0:0021575| 5.10E-03 5 2.5 7 13|hindbrain morphogenesis
GO0:0048731 | 5.60E-03 1.2 205.8 237| 1085|system development
G0:0009880 | 6.10E-03 29 5.7 12| 30{embryonic pattern specification
G0:0006790 | 6.10E-03 2.5 78 15| 41|{sulfur metabolic process
GO0:0003002 | 6.30E-03 1.7 26.6 39| 140[regionalization
G0:0010629 | 6.60E-03 1.6 35.9 50| 189[negative regulation of gene expression
G0:0006733 | 6.90E-03 35 3.8 9] 20]oxidoreduction coenzyme metabolic process
G0:0006766 | 7.40E-03 2.5 7.2 14| 38|vitamin metabolic process
G0:0030888 | 7.80E-03 3.8 32 8 17|regulation of B cell proliferation
G0:0032318 | 7.80E-03 2.4 8 15| 42[regulation of Ras GTPase activity
GO0:0007157 | 8.60E-03 43 2.7 7 14]heterophilic cell adhesion

Table 5.1: GO term and KEGG pathway analysis of genes up regulated upon the depletion of DGCRS.

Genes significantly up regulated (P-value < 0.05, LFC > logy(1.1)) between cells with a trap in each allele of

Dgcr8 when compared with cells with a single disrupted allele (Dgcr

8gt/tm1 8tm1,gt/+

vs. Dgcr

) were subjected to

GO and KEGG analysis for over and under-represented terms. Displayed above are the results of the over-

represented “Biological Process” GO terms and over-represented KEGG pathway terms. Additional analyses are

available in Appendix B (CD).
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5.3.2.3 Identifying DGCRS dependent alterations to the targets of the ES

cell core transcriptional network

The mouse ES cell core transcriptional network (including Oct4, Sox2, Nanog, Klf4 and c-
Myc), plays a vital role in the maintenance of pluripotency and ES cell identity. Given the
strongly enriched miRNA seed sequences identified amongst genes up regulated upon
DGCRS8 depletion (Fig.5.4B) and given the enrichment of “development” and
“differentiation” GO terms amongst the significantly up regulated genes (Table.5.1) it seems
reasonable to examine the potential influence of miRNA-coordinated regulation on the
targets of this core transcriptional network. To achieve this I downloaded ChIP-Seq and
ChIP-chip data for two studies that identified targets of transcription factors within this
network (Chen et al., 2008; Kim et al., 2008b). There can be considerable variation between
the targets predicted within each data set, for example Kim et al. predict 753 target genes for
Oct4, while Chen et al. predict 6851 targets. Of these 420 are predicted by both studies. In
order to ensure that there is the minimum noise associated with the data as possible I refined
the target lists for each transcription factor to include only those target genes identified by

both studies.

Subsequently, for these five transcription factors listed above, I compared the distribution of
the fold changes of their target genes between the Dger8™¢”" and Dgcr8®”™! cell lines, to
the distribution of the other genes within the profile. All of the target distributions were
significantly different to the background distribution (Fig.5.5). This suggests a significant
perturbation of the targets of the core transcriptional network following the depletion of

DGCR8 and miRNAs within ES cells. Interestingly, while the targets of the other 4
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transcription factors all seem to be up regulated upon the removal of miRNAs from the

system, the targets of c-Myc appear to be down regulated.
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Fig.5.5: Plots to assess the change in the expression of the transcriptional targets of various core

transcription factors relative to the other genes following the depletion of DGCRS (Dgcr8"”1’gy+ VvS.
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8gt/tm1

Dgcr ). The transcriptional targets of each transcription factor were ordered according to their LFC as were

the remainder of the genes on the array. These sets were plotted with the black line representing the background
data and the red line representing the transcriptional targets. In each case the log fold change distributions of
these two sets of genes were subjected to a Wilcoxon test to determine if they dffered significantly, with the P-

values given in blue.

There are three reasons why the target gene expression may have been broadly altered. Either
the expression of the core transcription factor itself is affected by the loss of miRNAs or the
targets themselves are broadly regulated by ES cell expressed miRNAs either directly or
indirectly. To further address the first possibility, beyond the Western blots and immuno-
staining presented in Chapter 3, I searched the probes whose expression altered significantly
following the depletion of DGCRS, for the probes corresponding to these five transcription
factors. Perhaps surprisingly, given my initial Western blots and immuno-staining (Fig.3.10
and Fig.3.11), probes corresponding to three of these TFs were indeed within these
differentially expressed sets (Table 5.2). Microarrays are a notoriously noisy method, not
suited to judging accurately expression changes for single genes and further confirmation by

gRT-PCR or Western Blot would be necessary to confirm these alterations in gene

expression.

Gene Symbol Entrez Illumina Probe Log Fold Adjusted P-

IDs Change value

Kif4 16600 rpUHFdf15SFISLRC1U 0.397 0.0011

Kif4 16600 35LRC1Xd1PNCJO5Ras 0.536 0.0012

Myc (c-Myc) 17869 T39XFZOGEknZUDXsXY -0.143 0.0029

Kif4 16600 OkhLe85HuvOjuQw.sQ 0.576 0.0123

Sox2 20674 ZSdkhcTgadIRcSTtcc 0.394 0.0198

Table 5.2: Probes associated with Oct4, Sox2, Nanog, KIf4 and c-Myc that exhibit a significant expression
change between Dgcr8™"$"" and Dgcr85”™ cell lines; (LFC > logy(1.1), P-value < 0.05). Negative LFCs are
associated with a reduced expression in Dgcr8®”™ cells, while positive LFCs are associated with increased

expression upon DGCRS depletion.
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In addition, the c-Myc probe seemed to only detect an approximately 10% change in c-Myc
transcript levels, while the Sox2 probe was not significant at the 1% P-value cutoff. Despite
this, it is intriguing to consider the possibility that some of the phenotypic effects of DGCRS
depletion may reflect the disruption of these core transcription factors. Indeed, a recent study
in mouse ES cells noted that the transfection of miR-21 into the cells caused a reduction in
cellular self-renewal. Based on computational predictions of miRNA target sites the authors
proposed that the miRNA may target Sox2 and Nanog directly (Singh et al., 2008). The
Solexa/Illumina sequencing of the miRNA populations in Dgcr8™¢”" cells revealed miR-21
as one of the most highly expressed miRNAs to show a significant reduction in expression
upon the depletion of DGCRS in Dgcr8®™ cell lines. This reduction correlates with the
potential increase in Sox2 expression. If Sox2 were indeed to be a miR-21 target this may be a
route by which DGCRS reduction can lead to the disruption of this important transcriptional
network. However, this remains a hypothesis until further experimental evidence is presented

to support the theory.

Three KIf4 probes all seem to suggest significant changes in KIf4 levels. TargetScanS (v.4.2)
predicts two miR-25 targets in the 3’UTR of KI/f4. miR-25 is one of the most significantly
depleted miRNAs in the Dger8®™ cells and if these were to be true miR-25 target sites,
miRNAs could be directly manipulating this core transcription factor. It should be noted that
Klf4 wasn’t within my miR-25 target-enriched list described later in this chapter (Section

5.3.3.4), so this target relationship again remains speculation.
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Oct4, Sox2, Nanog, KIf4 and to some extent c-Myc cooperate on their regulation of target
genes (Chen et al., 2008; Kim et al., 2008b) and are also involved in the regulation of each
other, so it would not be surprising if the disruption of a single member in the network would
lead to alterations in the expression levels of the targets of other members of the system.
Oct4, SOX2, NANOG and KLF4 bind to the promoters of genes that are either active or
repressed in non-differentiated stem cells (Kim et al., 2008b; Liu et al., 2008b). c-Myc on the
other hand has a much clearer tendency to bind to the promoters of genes that are active in
undifferentiated stem cells (Kim et al., 2008b) and also seems to generally target a distinct set
of genes with distinct functions (Kim et al., 2008b; Liu et al., 2008b). The trend for Oct4,
SOX2, NANOG and KLF4 targets all to be up regulated in Dgcr8”™ cells while ¢c-Myc
targets are down regulated is therefore not counterintuitive. In addition the down regulation
of c-Myc, upon the depletion of DGCRS8, implied by the microarray probes may conceivably

account for a proportion of the repression of its target genes.

In order to address the possibility that the deregulation of these TF target gene sets following
the depletion of DGCR8& may be due to an enrichment for the targets of ES cell expressed
miRNAs amongst these genes (particularly amongst the up regulated gene sets) the genes
from each set were mapped to Ensembl transcript IDs and the 3’UTRs of each set (annotated
as described in section 2.9.8) were scanned for 7mer seed enrichments with Sylamer (Dr.
Stijn van Dongen). No significant 7mer miRNA seed enrichments were identified in the
target set. Consequently it is less likely that a broad deregulation of these target sets is due to
a depletion of direct miRNA mediated target degradation and is more likely the result of
changes at the level of transcription, although miRNA regulation of these sets not detectable

by this method can not be ruled out.
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5.3.3 Reintroducing miRNA mimics to Dgcr8*"™ cells

In order to generate miRNA target lists I planned to reintroduce miRNA mimics into Dgcr8
deficient ES cells and then interrogate the cells’ expression profiles for miRNA dependent
expression changes, with mRNA expression arrays. These ES cells do not express
endogenous miRNAs and would not be saturated for miRNA mediated target regulation.
They would also be devoid of any inter-miRNA redundancy caused by shared seed sequences
and should be depleted of endogenous combinatorial miRNA mediated target regulation. This
should provide a simplified system for understanding the roles of individual miRNAs. For
these reasons I hoped that this system would allow me to generate accurate miRNA candidate

target lists with a high degree of sensitivity.

5.3.3.1 Optimisation of the conditions for miRNA reintroduction

I decided to use the Dgcr8”™ cell line as the basis for the miRNA reintroduction

experiments. In order to reintroduce miRNAs into the Dgcr8g’1/ tm1

cells they would have to be
transfected as mature miRNA duplexes as it was difficult to identify commercially available
miRNA mimics that could enter the miRNA processing pathway at any other stage and that
could be guaranteed not to require a functional microprocessor in order to be processed to a
mature form. To optimize the transfection conditions (Lipofectamine 2000 quantity, siRNA
concentration and cell number) for the reintroduction of these miRNAs into the mutant ES

cells, siRNAs were used that would have identifiable cellular effects when transfected

successfully.

Initially the conditions for siRNA transfection were adapted from the experimental

procedures presented in two papers for ES cell siRNA transfection and the recommended

216



Invitrogen  protocol (http://tools.invitrogen.com/content/sfs/manuals/stealth sirna tsf
12k _man.pdf) (Chen et al., 2007; Takahashi and Yamanaka, 2006). These conditions were
used to transfect Dgcr8®"™! cells at various cellular densities and with various quantities of
siGLO conjugated siRNAs and Lipofectamine 2000 (Section 2.12) (Data not shown).
However, although it was apparent that the cells were successfully being transfected under
these conditions it was very difficult to quantitate transfection efficiency as there was a
relatively high background in each well of what appeared to be untransfected siGLO
associated lipid complexes. The intense and punctate siGLO staining also made it more
difficult to discern which cells, amongst those in groups, were successfully transfected and

which just lay in close proximity to those transfected or an untransfected lipid complex.

Subsequently I altered the method of optimization. As an alternative I transfected the cells
with an siRNA targeting Kifl1, a gene encoding a motor protein. KIF11 depletion causes
growth arrest and triggers apoptosis (Ambion). The effect on cell number and viability was
measured through the use of an Alamar blue redox assay. This method was originally
provided by Dr. Ian Sudbery and had been optimized for working with HeLa cells.
Subsequently alterations were made to suit my purposes. In principle metabolically active
cells cause a reduction of the Alamar Blue indictor resulting in a colour and fluorescence
change. This change is easily quantifiable (Section 2.12) (Data not shown). However, after
initial experiments, an alternative method was used as it became clear that this method would
require further optimization if it were to be used to effectively quantitate the effectiveness of
siRNA transfection, as there was an apparently non-linear relationship between the number of
untransfected cells plated in a well and the subsequent Alamar Blue associaed fluorescence

reading. It was unclear if this non-linear relationship was caused by differential growth rates
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at different cell densities or non-linear reduction of the Alamar blue as the cell numbers
increased. In addition, due to the nature of mouse ES cells, with this cellular assay it is
difficult to know exactly what is the cause of growth changes, whether it is cell cycle arrest

or triggered differentiation.

Ultimately, a LacZ siRNA, which would target the 3-geo fusion transcripts derived from the
gene-trapped allele, was used to further optimise the transfection method. Successful
transfection of this siRNA could be visualised by fixing and Xgal staining the cells (Section
2.11.1.2). Successfully transfected cells exhibited reduced blue staining (Fig.5.6) when
compared to non-transfected cells or cells transfected with a control siRNA. It became clear
from a time course experiment (Data not shown) that these siRNA transfections were very
fast acting with clear differences in LacZ activity apparent ~21 hours after the transfection
was begun. In addition, this method also revealed the importance of ensuring the cells are
spread as evenly as possible across the well prior to transfection. Plating the cells and co-
transfecting them caused cells to aggregate at the centre of the well due to the small volume
of transfection medium. The aggregated cells seemed to be transfected far less efficiently
than the more sparse populations. Subsequently it was necessary to plate the ES cells 3 hours
prior to transfection. This allowed the cells time to settle and prevented them from

aggregating at the centre of the well during the transfection.

Using this method transfection efficiency could be estimated by comparing the number of
white to blue cells in representative photographs of the LacZ siRNA transfected population.
An optimization of the cell numbers with this new method (10x10* cells to 40x10* per 24

well) resulted in ‘blue/total cell-number’ ratios varying from ~20-36%.
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Fig.5.6: Xgal staining results of LacZ siRNA transfected Dgcr8""™ cells in the 6 well format to be used
for miRNA mimic reintroduction experiments. Photos demonstrating the depletion of B-geo activity in cells
transfected with a LacZ targeting siRNA. Images taken following Xgal staining which stains LacZ expressing
cells blue. Taken at 10x relief contrast. Also depicted are cells transfected with a control siRNA or