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Abstract

Great progress has been made towards the understanding of the molecular mech-
anisms driving factor induced somatic cell reprogramming to pluripotency since
the discovery by Takahashi and Yamanaka. However this process remains highly
stochastic and inefficient. More study is needed in order to achieve a more de-
terministic cell fate conversion which could further improve the quality of stem
cells generated, essential for prospective therapeutic applications. The work
presented here was developed under the premise that natural embryonic devel-
opment can serve as a guide to achieve more efficient pluripotency induction. It
was observed that the histone variant H2A.Z, which has a role in pluripotency in
embryonic stem cells, is highly expressed in the oocyte and upon over-expression,
together with Pou5f1, Sox2, KIf4 and Myc, was able to increase the efficiency
of somatic cell reprogramming to induced pluripotency. A gene co-expression
network analysis of somatic cells being reprogrammed identified hub genes as-
sociated with H2Af.z and chromatin remodelling related genes which could be
tested for further improving the reprogramming efficiency induced by H2Af.z
over-expression. Moreover, the study of genetic networks from pre-implantation

embryos identified preserved genetic circuits also present during the course of



reprogramming. The most preserved network modules are associated with the
final stages of pluripotency induction. However the analysis also identified a
genetic network associated with the zygotic genome activation in the totipotent
embryo stage which is also found in a sub-population of pluripotent stem cells
characterised by the expression of genes from the Zscan4 family, Tet1, Etv5 and
Mga among other genes. This provocative observation led me to hypothesise that
during the course of reprogramming the forced activation of hub genes from such
network may help improve its efficiency, possibly by recapitulating the natural
embryonic processes which induces totipotency prior to pluripotency. The identi-
fication of preserved network modules and its hub genes presented in this work
may serve a platform for further reprogramming studies in a quest for improved
cocktails of reprogramming factors capable of more efficiently generating induced

pluripotent stem cells.
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Chapter 1

Introduction

Pluripotent stem cells are defined by their capacity to self-renew indefinitely
while maintaining the ability to differentiate into any of the primary germ lay-
ers (ectoderm, mesoderm and endoderm) (Figure 1.1) as well as the germline
(De Los Angeles et al., 2015; Smith, 2001). When these stem cells are grafted ectopi-
cally (e.g. subcutaneous injection) into a suitable host they produce multi germ
layer tumours called teratomas (Evans, 1972; Stevens, 1970) and most importantly
they can form a whole new germ-line competent animal when introduced into the
pre-implantation embryo stages of the morula or blastocyst (Bradley et al., 1984;
Brinster, 1974; Illmensee and Mintz, 1976; Mintz and Illmensee, 1975; Stewart and
Mintz, 1981, 1982). These properties have sparked great scientific interest as a
means to further explore animal developmental biology, develop cell replacement
therapies, disease modelling and drug screening (Karagiannis and Eto, 2016). In

order to achieve its full application potential and safety it is imperative to have a



2 Introduction

thorough knowledge of how these cells are formed, maintained and differentiated

at a systems biology level.
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Fig. 1.1 Embryonic stem cell differentiation

1.1 The origins of pluripotent stem cells

1.1.1 Teratocarcinomas

The discovery of pluripotent stem cells originated from the study of rare germ cell
tumours known since antiquity and called teratomas (benign) or teratocarcinomas
(malignant). These tumours usually appear localised in the gonads, however they
can be also occasionally found at ectopic sites (Solter, 2006). Teratoma takes its

names from the Greek word teratos, which means monster, by virtue of its bizarre
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composition of a disorganised mixture of adult tissues such as cartilage, teeth,

skin, hair, muscle and neural cells.

The study of this unusual disease started to gain momentum with the observation
that the mouse strain 129 sporadically develops testicular teratomas at a frequency
of 1% (Stevens and Little, 1954). This mouse strain permitted the development of
experimental techniques which led to the observation that new teratomas could
be reconstituted by grafting part of these tumours subcutaneously or intraperi-
toneally, highlighting its malignant properties (Solter, 2006). The high incidence of
teratomas has a strong genetic component with a mutation on the gene dead-end
homologue 1 (Dnd1) present in the 129/terSv mouse sub-strain being responsible
for increasing this tumour incidence to about 30% (Stevens, 1973; Youngren et al.,

2005).

In a quest to narrow down the origin of teratoma causing cells it was observed that
experimental tumour formation was made even more efficient when fetal genital
ridges were used as a grafting donor tissue, allowing the first descriptions of how
teratomas are formed (Stevens, 1964). Similarly, re-transplantable tumours could
be derived from the engraftment of whole pre-implantation embryos suggesting a
close relationship of teratoma and early mouse development (Diwan and Stevens,
1976; Solter et al., 1970; Stevens, 1968). Although teratomas are predominately
found in male gonads these tumours may also emerge in females. The mouse
strain LT develops ovarian teratomas at a high frequency as a result of spontaneous

parthenogenetic development from ovarian oocytes underscoring the connec-
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tions between the development of teratomas and early embryos (Stevens and

Varnum, 1974).

The pluripotent stem cell component of teratomas became evident with the
demonstration that the serial engraftment of a single cell derived from a tumour
could generate new teratomas (Kleinsmith and Pierce, 1964). This experiment
demonstrated that a cell type contained in teratomas is able to grow indefinitely

and also develop into several mature cell types and disorganised adult tissues.

EG cells
gPS cells
PGCs ’{5,0, Spermatogonial
stem cells

@

Embryo (E8.5-12.5)

Inner cell
mass

Mouse
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Enucleated Somatic
oocyte donor cell

NT-ES cells
Adapted from Gaspar-Maia et al. (2011)

Fig. 1.2 Pluripotent stem cells can be derived from several sources

1.1.2 Embryonal carcinoma cells

The early efforts to culture explants from both testicular and embryo-derived

teratocarcinomas led to the isolation of clonal cell lines which, given their origin,
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were denominated embryonal carcinoma (EC) cells. EC cells were characterised
by their tendency to form small, tight colonies of cells with a high nuclear cyto-
plasmic ratio and prominent nucleoli. Remarkably, EC cell lines were able to grow
indefinitely while keeping the same capacity to differentiate to diverse adult cell
types as the donor tumours both in vivo, recapitulating teratoma formation when

transplanted to a suitable host, and spontaneously in in vitro cultures.

The establishment and maintenance of EC cells were greatly assisted by co-culture
with mitotically inactivated fibroblast feeder layers (Kahan and Ephrussi, 1970)
and by certain batches of serum supplemented media (Martin, 1980; Martin and
Evans, 1975) which soon became the standard culture method for these cells
at that time. The importance of feeder cells was evidenced by the observation
that, when clonal EC cell lines were removed from feeder supported cultures and
transferred to gelatin-coated dishes, some undifferentiated cell foci could still be
maintained in regions where EC cell derived fibroblasts had accumulated (Martin
and Evans, 1975). Substrate attachment was also seen to be essential for the
propagation of undifferentiated EC cells since when these cells are cultured in low
adherent substrates, such as plastic, EC cells readily formed aggregates termed
embryoid bodies containing a core of stem cells surrounded by a shell of primitive
extra-embryonic endoderm cells and would completely differentiate into diverse

cell types after prolonged culture (Martin and Evans, 1975).

The identifications of cell markers able to distinguish undifferentiated EC cells

was extensively used to assist in the derivation and characterisation of cell lines.
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The most widely used procedure for a low resolution identification of pluripotent
stem cells to this day is the detection of alkaline phosphatase activity which
is highly expressed in murine and human EC cells as well as in the inner cell
mass (ICM) of the blastocyst and in the ectoderm and primordial germ cells
(PGCs) (Benham et al., 1981; Berstine et al., 1973). The stage-specific embryonic
antigen 1 (SSEA1, also known as Fut4) is another widely used surface marker which
reliably detects undifferentiated mouse EC cells, ES cells and PGCs. Interestingly
this marker is not expressed in undifferentiated human EC cells but only some of
their differentiated cell derivatives. Instead, human EC cells are identified by the
expression of the surface makers stage-specific embryonic antigen 3 (SSEA3) and
4 (SSEA4) with the former being also a marker of the mouse counterpart (Kannagi
et al., 1983; Shevinsky et al., 1982). Two other classic EC cell surface markers
are TRA1-60 and TRA1-81 which are also expressed in human ES cells and early
human embryos (Andrews and Andrews, 2002; Fenderson et al., 1987; Henderson

et al., 2002).

The directed differentiation of EC cells in vitro began with the use of chemical
compounds such as retinoic acid, dibutyryl cAMP and hexamethylbisacetamid
which, depending on their combination, could bias the differentiation towards
one or another primitive germ layer derivatives achieving similar results with cells
from mouse and human origins (Andrews, 1984; Jakob et al., 1978; Simeone et al.,
1990; Strickland and Mahdavi, 1978). The various similarities observed between
the properties of EC cells and cells from the early embryo prompted the ques-

tion whether these tumor derived cells could colonise embryos and contribute to
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normal development when injected into the mouse blastocyst cavity. This line
of investigation led to a series conflicting results with various degrees of success.
The vast majority of studies reported modest animal chimerisms as evidenced by
the extent of contribution of pigmented coat in albino hosts (Brinster, 1974). One
group reported extensive embryonic contribution including germline chimerism
suggesting that the malignant phenotype of tumor derived cells was reversible and
that EC cells are equivalent to embryonic cells (Illmensee and Mintz, 1976; Mintz
and Illmensee, 1975; Stewart and Mintz, 1981, 1982). However other groups, using
different cell lines reported more limited chimerism and also reported frequent
development of tumours derived from embryonal carcinoma cells (Papaioannou
etal., 1978, 1975; Rossant and McBurney, 1982) underscoring the observation that
EC cells are invariably accompanied with various degrees of kariotypic abnormal-
ity (Blelloch et al., 2004; Martin, 1980). Despite the mixed outcomes obtained by
different labs, mainly due to different levels of chromosomal anomalies of differ-
ent EC cell lines, the study of these tumor derived stem cells was decisive for the
identification of the conditions for isolating pristine embryo derived pluripotent
stem cells which were termed Embryonic Stem (ES) cells and are considered the

gold standard cell for pluripotency studies to this day.

1.1.3 Embryonic stem cells

The foundational work on teratomas and the empirically defined culture condi-

tions set for EC cells paved the way to the isolation of ES cells. In 1981 two groups
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independently reported the derivation of the first ES cell lines from mouse blas-
tocysts cultured on a feeder layer of division-inactivated fibroblasts (Evans and
Kaufman, 1981; Martin, 1981). More precisely, the source of ES cells was shown to
be the transient inner cell mass (ICM) from the embryonic days 3.5-4.5 (E3.5-E4.5)
pre-implantation embryo (Brook and Gardner, 1997; Gardner and Brook, 1997)
(Figure 1.2). Interestingly, the cells of the ICM usually have a very transient period
of self-renewal in vivo. However, this self-renewing period can be further extended
during diapause, a condition in which the embryonic development is delayed by
arresting at the peri-implantation stage (Smith, 2001). In mice this phenomenon
is caused by estrogen deficit due to persistent lactation, ovariectomy, or by action
of estrogen antagonists (Nichols and Smith, 2011). In fact the first ES cells were
derived from blastocyst in diapause (Evans and Kaufman, 1981) and it has been

shown to greatly enhance ES cell generation efficiency (Brook and Gardner, 1997).

These cells proved to be very similar to mouse EC cells in terms of known marker
expression, self renewal and differentiation capacities, but most importantly,
stable euploid cells could be reproducibly isolated which were significantly more
efficient at producing high-grade germline competent chimeras (Bradley et al.,
1984; Kuehn et al., 1987; Robertson et al., 1986) and could even form an entire
animal when injected into tetraploid blastocyst, which has the development
restricted to extra-embryonic tissues (Nagy et al., 1993).These properties sparked
great scientific interest as ES cells became an essential tool for manipulating
mouse embryos to study mouse genetics, development and physiology (Evans,

2011).
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Precise genetic engineering, using mouse ES cells as a vector for custom genetic
modifications introduced by homologous recombination, has revolutionised how
gene function can be studied (Capecchi, 2008; Smithies, 2008; Thompson et al.,
1989). This technology led to a worldwide effort coordinated by the Interna-
tional Knockout Mouse Consortium (IKMC) with the aim of mutating all protein-
coding genes in the mouse using a combination of gene trapping and gene tar-
geting (Collins et al., 2007). This initiative was further bolstered by the European
Conditional Mouse Mutagenesis Program which has so far generated a resource of
over ten thousand mutant ES cell lines and over two thousand transgenic mouse
lines all featuring conditional loss of function targeted genes permitting the pre-
cise assessment of gene function in a temporal and spatial manner (Skarnes et al.,

2011).

The study of pluripotent stem cell properties was greatly enhanced by the exten-
sive refinement of the culture conditions of mouse ES cells with the elimination
of the confounding factors coming from serum and feeder cells. The fibroblast
feeders were found to be a source of leukemia inhibitory factor (LIF) and the
supplementation of this cytokine alone was sufficient to eliminate the need of a
co-culture with feeders if ES cells are grown on gelatin coated dishes (Smith et al.,
1988; Williams et al., 1988). Furthermore, the observation that ES cells cultured in
the presence of LIF without serum results mainly in its differentiation into neural
fate led to the discovery that bone morphogenetic proteins (BMPs), which are
potent antagonists of neural specification in vertebrate embryos, are sufficient to

prevent differentiation of mouse ES cells (Ying et al., 2003; Ying and Smith, 2003).
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While LIF and BMP have been demonstrated to be the minimum cytokines/growth
factors capable of sustaining pluripotent self-renewal they were later shown to
be dispensable altogether for the derivation, propagation and maintenance of
pluripotency of mouse ES cells if pro-differentiation signals are inhibited by small
molecules (Ying et al., 2008). This regimen involving the compounds PD0325901
and CHIR99021 (2i) is capable of inhibiting of Fibroblast Growth Factor (FGF) / Ex-
tracellular Signal-regulated Kinase (ERK) and Glycogen Synthase Kinase 3 (GSK3)
respectively in fully chemically defined serum free media (Ying et al., 2008). The
culture in 2i/LIF conditions can robustly sustain homogeneously undifferentiated
naive (or ground state) pluripotent mouse ES cells and has made possible the
derivation of high grade germline competent ES cells from all murine genetic
backgrounds so far attempted (Batlle-Morera et al., 2008; Nichols et al., 2009)
as well as from rats which were notorious to be recalcitrant to the conventional

methods (Buehr et al., 2008).

With the advent of defined culture systems able to support the maintenance of
homogeneously naive mouse ES cells it was highlighted that this in vitro cell
state was indeed equivalent to cells from the ICM at E4.5 stage at the transcrip-
tome level (Boroviak et al., 2015). It is now well established that, other than
the differentiation properties aforementioned, important defining characteris-
tics of naive pluripotency are the expression of a specific set of genes; a global
state of DNA hypomethylation; two active X-chromosomes in female cell lines; a
low level of bivalent histone marks; a capacity to generate energy through both

oxidative phosphorylation (associated with a high mitochondrial content) and
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glycolysis; the ability to propagate as single cells with high cloning efficiency; a
lack of lineage priming or the co-expression of pluripotency-associated genes and

lineage-specific markers (Davidson et al., 2015).

1.1.4 Germ cell derived pluripotent stem cells

The realisation that spontaneously occurring teratomas could produce pluripotent
EC cells led to the suggestion that these tumors may be derived from primordial
germ cells (PGCs) (Stevens, 1967). This hypothesis has been confirmed when
embryonic germ (EG) cells with very similar pluripotent characteristics to ES
cells were derived by culturing the posterior region of 8.5 dpc mouse embryos on
feeder cells in media supplemented with LIF steel factor and FGF4 (Matsui et al.,
1992; Resnick et al., 1992) (Figure 1.2). EG cells can also be derived from cultured

explants of 11.5 and 12.5 dpc genital ridges.

Interestingly, EG cells derived at this stage have limited capacity to integrate into
chimeras and particularly into the germline (Labosky et al., 1994; Tada et al., 1998).
These differences may be due to aberrant imprinting in late derived EG cells. The
genes expressed in ES cells exhibit somatic specific imprinting patterns and EG
cells derived from migratory PGCs after E9.5 display reduced methylation imprints,
probably reflecting the epigenetic reprogramming occurring in the founder PGCs

at that stage (Geijsen et al., 2003).

Pluripotent stem cells have also been isolated at lower efficiency from a later

germline developmental stage. These germline-derived pluripotent stem (gPS)
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cells are derived from spermatogonial stem cells of neonatal and adult testes (Kanatsu-

Shinohara et al., 2004; Ko et al., 2009) (Figure 1.2).

EG cells have also been derived from human PGCs when cultured on mouse STO
(S, Swiss albino Sandoz Inbred Mouse; T, 6-thioguanine resistant; O, ouabain resis-
tant) fibroblast feeders and media supplemented with LIE bFGF and forskolin (Sham-
blott et al., 1998). These human EG cells are remarkably similar to human ES cells
however they have not been shown to be able to be continuously passaged for

more than 20-25 times (Shamblott et al., 1998).

Despite being considered unipotent (precursors of the gametes), PGCs are thought
to be in a dormant pluripotency state evidenced by the observation that, with
exception of Kif4, virtually all pluripotency genes are up regulated during their
specification (Leitch et al., 2013). Clearly PGCs can acquire pluripotency in vivo in
spontaneous teratomas and in vitro by EG cell conversion via a poorly understood
epigenetic reprogramming event that may be triggered by FGF (Durcova-Hills
et al., 2006). However FGF supplementation seems to be dispensable for EG cells
derivation if PGCs are cultured directly in 2i/LIF media conditions (Leitch et al.,

2010).

1.1.5 Human embryonic and epiblast stem cells

The derivation of pluripotent stem cells from human pre-implantation embryos
only became possible around twenty years after the first reports of the isolation

of mouse ES cells (mESCs), which was followed by a significant increase in the
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volume of research in the pluripotency field due to its potential for biomedical
applications (Thomson, 1998). Interestingly, human and mouse ES cells differ in
most, if not all, of the above described characteristics for ground state pluripotent
stem cells, including signalling requirements for self-renewal maintenance (David-
son et al., 2015). Similar to human EC cells, the embryo derived counterparts
displayed different morphology to mESCs, expressed a distinct set of surface mark-
ers, enhanced levels of DNA methylation, X-inactivation, was unable to grow at
clonal density and was dependent upon FGF and activin to self-renew instead of

LIE

The many differences between mouse and human embryo-derived pluripotent
stem cells were initially suggested to be due to intrinsic species differences. How-
ever this notion was put to question with the isolation of pluripotent stem cells
from mouse post-implantation epiblast, which were termed epiblast stem cells
(EpiSCs) (Brons et al., 2007; Tesar et al., 2007). It has been shown that mouse
EpiSCs (mEpiSCs) share strikingly similar properties with the standard human ES
cells (hESCs) indicating that the latter may actually correspond to a more advanced
stage of development than the blastocyst, termed primed pluripotency (Brons
et al., 2007; Nichols and Smith, 2009, 2011; Rossant, 2008; Tesar et al., 2007). In
agreement with this notion mEpiSCs shows increased lineage priming and little

or no ability to participate in chimera formation (Hackett and Surani, 2014).

Careful comparison between gene expression in mEpiSCs derived at different

stages of post-implantation development and the mouse epiblast from E5.5 to
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E8.5 shows that mEpiSCs are most similar to the ectoderm of the anterior primitive
streak, a relatively late stage of development (Kojima et al., 2014). By modifying
the culture conditions for mEpiSCs, Wu et al. were able to derive mEpiSCs that
were more similar to late primitive streak-stage epiblasts (Wu et al., 2015). Both
of these studies indicate that mEpiSCs are poised at a fairly late stage of epiblast

development.

The primed pluripotent state of EpiSCs lacks the expression of RexI and Kif4,
which are diagnostic markers of naive ES cells, and are characterised by the ex-
pression of Fgf5 and brachyury (T) and one inactive X chromosome in female
cells (Brons et al., 2007; Tesar et al., 2007). It has been demonstrated that primed
state EpiSCs can be converted back to naive state by ectopic expression of pluripo-
tency factors such as Kif4, restoring the most stringent properties of naive state
pluripotency (Guo et al., 2009; Hall et al., 2009). This conversion can also be in-
duced in vitro in the presence of feeders and LIE at a very low efficiency however,

indicating a level of plasticity.

The notion that primed pluripotent stem cells can be reset to a naive state similar
to that of mESCs and the cellular and molecular similarities between hESCs and
mEpiSCs are central to the hypothesis that it must be possible to derive human
naive pluripotent stem cells. Following this line of thought several recent stud-
ies have been reporting the acquisition of human or non-human primate naive
pluripotent stem cells using reprogramming approaches similar to what has been

described for mouse cells (Buecker et al., 2010; Chan et al., 2013; Fang et al., 2014;
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Gafni et al., 2013; Hanna et al., 2010; Takashima et al., 2014; Theunissen et al.,
2014a; Valamehr et al., 2014; Wang et al., 2014, 2011; Ware et al., 2014). The ini-
tial studies relied on the continuous expression of extra reprogramming factors
such as KIf4 to maintain naive pluripotency after reprogramming but most recent

reports have focused on conditions independent of exogenous transgenes.

Whereas these published protocols vary significantly, most culture conditions
are based on the use of small molecule inhibitors of MEK/ERK and GSK3B (2i)
along with LIF and some extra compounds. Many use FGF2 and some form
of transforming growth factor beta (TGFf) agonist, and most employ mouse
embryonic fibroblast feeder cell support and complex protein additives such as

knockout serum replacement (KSR).

The resultant cells also show significant differences which became evident with a
systems biology analysis approach (Weighted Gene Co-Expression Network Anal-
ysis, WGCNA) comparing the gene co-expression patterns in mouse and human
naive and primed cells, and pre-implantation embryos of both species (Huang
et al., 2014a). This study has reached some important conclusions reflecting our
lag in knowledge about early embryo development and pluripotency characteris-
tics in the human in comparison to the most well established studies in mouse.
As expected naive mESCs and primed mEpiSCs correlate well to the late mouse
blastocyst and post-implantation epiblast respectively. Critically this analysis has

shown that mESCs grown in serum/LIF have no significant correlation with any
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stage of mouse embryonic development indicating an in vitro culture adaptation

to serum (Huang et al., 2014a).

Surprisingly, the gene co-expression network profiles between human standard
ES cells, which were used to compare with the naive cell, were proven to be signifi-
cantly heterogeneous and resembles blastocyst outgrowths, suggestive of adapta-
tion to culture. This heterogeneity is surprising given these are well established
cell lines maintained with standard culture conditions by several laboratories
around the world. This observation put into question the current standards for

defining the baseline of human primed pluripotency.

Moreover, the various human naive cells generated with different protocols were
shown to be quite different from each other reflecting the different signalling
requirements for each system. The most conserved gene co-expression modules
among several studies analysed are associated with RNA processing and ribosomal
biogenesis, as well as mitochondrial genes, suggesting that a common metabolic

state might be a crucial component for human naive pluripotency.

Importantly, even considering all the variation between studies, the recently
established human naive pluripotent stem cells showed a higher correlation with
the human late blastocyst than standard human ES cells, with the cells produced
by the protocols of Theunissen et al. (2014b) and Takashima et al. (2014) scoring
the highest similarities with the human blastocyst. Furthermore, the human naive
cells from these two studies were the only ones showing a significant correlation

to mouse naive ESCs and mouse late blastocyst which has been widely used as
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the gold standard for naive pluripotency. Following from the initial success at
resetting primed pluripotency to naive from pre-established human standard
ESCs, the culture conditions used by Takashima and colleagues was used to derive

naive ESCs directly from the pre-implantation human embryo (Guo et al., 2016).

It is likely that the culture conditions for maintaining stable human naive pluripo-
tent stem cells will continue to be refined and become more standard and in-
dependently replicated. However a number of these culture conditions recently
published were reported as not being reproducible (Theunissen et al., 2014a)
indicating that the criteria for assessing the human naive pluripotency is still far

from a consensus.

We have learned so far that the naive pluripotency network which has been es-
tablished in human cells is similar but not identical to mouse naive ESCs. The
human naive pluripotency network is much less stable than that which is seen
in the mouse and this difference is likely due to species specific developmental
differences. One key difference is the absence of diapause in the human, which
in the mouse is correlated with more efficient ESC derivation (Pera, 2014). This
may explain why the activation of a regulatory network that can keep cells in a
pluripotent state against their natural tendency to differentiate is more difficult
in human cells (Rossant, 2015). Further systematic comparative studies of pri-
mate pre-implantation and post-implantation and more extensive data on de
novo derivation of naive human PSCs are needed to more definitively address the

signalling requirement for human naive pluripotency maintenance.
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1.2 Reverting cell fate by nuclear reprogramming

The discovery that a differentiated somatic cell can be reverted to a ground state
embryonic stage, able to develop into a whole new living being, is arguably one of
the greatest scientific breakthroughs of all time. Our ability to artificially revert cell
fate has caused a shift in a long standing paradigm dating back to the 19th century
that development can only occur in one direction (Weismann et al., 1894). The
classic view of normal embryonic development was metaphorically described by
Waddington'’s epigenetic landscape which compared the unidirectionality of de-
velopment as balls rolling down a hill with branching paths, finding their terminal

fate at the bottom of the slope (Waddington, 1957).

The irreversibility of development was challenged by Briggs and King who first
performed cloning experiments by nuclear transfer from early tadpole embry-
onic cells into enucleated frog’s eggs with a goal of studying nuclear differentia-
tion (Briggs and King, 1952). They observed that the nuclei of embryonic cells at
the earliest stages are better suited for cloning than from cells of later stages, which

they believed would gradually lose the capacity to revert their developmental state.

This view began to change when John Gurdon was able to clone a frog by trans-
planting the nucleus of a tadpole intestinal cell into an enucleated frog egg (Gur-
don, 1962; Gurdon et al., 1958). The resetting of a specialised cell to full totipotency
was a major breakthrough ahead of its time which showed that the complete set
of genetic information necessary for development is retained even after cell spe-

cialisation.
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However, the final proof of genomic equivalence was provided nearly four decades
later by Keith Campbell and Ian Wilmut with the cloning of a sheep. In this
landmark experiment they created the first ever mammal clone from an adult
somatic cell nuclear donor (Wilmut et al., 1997). This feat was accomplished by
culturing cells from the mammary gland of an adult pregnant ewe in conditions
that kept the nuclei of these cells at the resting cell cycle stage (Go), and after a few
passages they electrofused these cells with enucleated oocytes from a different
sheep strain. From the 277 oocytes initially used, one sheep developed to term,

which was named Dolly after the American country singer Dolly Parton.

Cloning by somatic cell nuclear transfer (SCNT) was soon reproduced with several
other animals such as cows (Kato et al., 1998), mice (Wakayama et al., 1998)
and more recently even with human, for the isolation of SCNT derived hESCs
overcoming decades of technical challenges (Tachibana et al., 2013). The use of
mature mouse lymphocytes as nuclei donors provided an undisputed evidence of
the reprogramming of terminally differentiated cells (Hochedlinger and Jaenisch,
2002). The genetic rearrangements that occur during lymphocyte maturation
presented a means of categorically proving that donated nuclei came from a fully
differentiated adult cell and not from some persisting stem cell which could have

contaminated the samples.

Apart from the academic interest in understanding this fundamental biological
phenomenon, SCNT mediated reprogramming has opened a whole new range of

potential applications for this technology. Opportunities to rescue extinct or en-
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dangered species and to use cloned human embryos as a source of isogenic hESCs
for biomedical applications (therapeutical cloning) have both created great ex-
pectations as well as heated ethical debates. One of the most controversial issues
shared both by therapeutical cloning and derivation of human ES is the destruc-
tion of embryos and debates about this question may never reach a consensus

due to cultural and religious diversity.

1.2.1 Somatic cell reprogramming with defined factors

While somatic cell reprogramming studies via SCNT technology progressed at a
slow pace due to its technical difficulties, the discovery of induced pluripotency
with defined factors took the scientific community by storm. Inspired by the
seminal discovery that a single transcription factor (MyoD) was able to reprogram
fibroblasts into muscle cells (Davis et al., 1987) Takahashi and Yamanaka set out
to assess the reprogramming potential of genes important for the maintenance of
pluripotency in mouse embryonic stem cells. Starting with 24 candidate genes
they were able to reduce the transcription factor cocktail to four factors Oct4,
Sox2, Klf4, and c-Myc (hereafter referred to as OSKM). The resulting cells termed
induced pluripotent stem cells (iPSCs) exhibited the morphology and growth prop-
erties of ESCs, expressed ESC marker genes and produced teratomas containing a
variety of tissues from all three germ layers after subcutaneus transplantations
in mice (Takahashi and Yamanaka, 2006a). Strikingly the same reprogramming

factors were able to reprogram human somatic cells to pluripotency (Takahashi
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et al., 2007). This astonishing discovery has revolutionised the field of regenerative
medicine and sparked a great scientific interest on the paradigm shift questions
about cellular identity it created. However before iPSC technology could fulfil its
much anticipated role in autologous cell replacement in regenerative medicine
as well as a tool for drug discovery screenings and developmental biology studies
several technical hurdles had to be overcome. Genetic mutations, chromoso-
mal and epigenetic aberrations often detected in some iPSC clones have raised
concerns about their tumorigenicity potential which can jeopardise their clinical

application (Yamanaka, 2012).

The first generation of iPSCs was created with retroviral transduction as a form of
transgene delivery and were found to be only partially reprogrammed as they often
were unable to reactivate the endogenous expression of key pluripotency factors
and shut down the expression of the somatic genes as well as the introduced
transgenes. These inconsistencies could be circumvented by the selection of
reprogrammed clones which reactivated Nanog expression and remarkably these
cells displayed a similar gene expression and global DNA methylation patterns to
ESCs and were able to produce germ-line competent adult mice chimeras (Okita
etal., 2007). Alarmingly, approximately 20% of the offspring developed tumours

attributable to reactivation of the c-Myc transgene (Okita et al., 2007).

The following years after the iPSC technology inception several refinements were
published addressing alternative transgenic factor delivery methods such as

excisable polycistronic lenti-viruses and piggyBac transposons as well as non-
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integrating approaches such as adeno and Sendai viruses, transfection of episomal
DNA, plasmid DNA, mRNA and protein transduction (Bian et al., 2009; Carey et al.,
2009; Fusaki et al., 2009; Kim et al., 2009; Okita et al., 2008; Sommer et al., 2009;
Stadtfeld et al., 2008; Warren et al., 2010; Woltjen et al., 2009; Yu et al., 2009; Yusa
et al., 2009; Zhou et al., 2009). Despite the low efficiency of these methods it be-
came possible to produce iPSC clones completely free from exogeneous material.
Importantly the choice of reprogramming method has decisive impact on the

observed transcriptional and epigenetic patterns of iPSC clones.

1.2.2 Transcriptional and epigenetic memory

Initial comparisons between human iPSCs (hiPSCs) and hESCs have highlighted
that hiPSCs often retained a transcriptional and epigenetic memory of the donor
cells indicating incomplete reprogramming but also displayed aberrant epige-
netic patterns at some hiPSCs loci which were considered to be reprogramming
errors (Chin et al., 2009; Doi et al., 2009; Ghosh et al., 2010). Up to 80% of the
differences in the gene expression profile between hESCs (H9 cell line) and hiP-
SCs are considered as a result of residual reprogramming factor expression from
integrative vectors and this variation is consistently diminished after transgene
excision (Soldner et al., 2009) alleviating initial concerns that hiPSCs and hESCs
were two different pluripotent cellular subtypes (Chin et al., 2009). Unexpectedly

it has been observed that the use of Sendai virus causes a permanent change in
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the hiPSC transcriptional pattern even after the loss of the vector despite being a

non-integrative virus with transient transgene expression (Choi et al., 2015).

Another factor often overlooked in many reprogramming protocols is the stoi-
chiometry of the factors involved in the reprogramming process which has been
shown to affect the final epigenetic state of iPSCs (Carey et al., 2011). High ex-
pression of Oct4 and KlIf4 combined with lower expression of c-Myc and Sox2 is
able to produce better quality iPS cells with higher capacity to generate "all-iPSC
mice" by tetraploid (4n) complementation (Carey et al., 2011). Nevertheless, it has
been shown that somatic cell memory tends to be erased at the transcriptional
and epigenetic levels in prolonged cultures of hiPSCs as reprogramming appears
to continue gradually (Krijger et al., 2016; Polo et al., 2010). Moreover, it has been
demonstrated that the genetic background is responsible for most of the gene
expression pattern differences previously observed between hESCs and hiPSCs
by systematically comparing isogenic cell lines (Choi et al., 2015). The genetic
background was also shown to be responsible for most of the observed transcrip-
tional heterogeneity in hiPSCs often attributed to residual somatic cell memory
(Rouhani et al., 2014). It was demonstrated that hiPSC lines derived from different
tissues of the same person are more similar than hiPSC lines generated from the
same type of cell but from different donors (Rouhani et al., 2014). The differences
in genetic background also have an impact on the differentiation potential of the
resultant hiPSC line regardless of the type of somatic cell used. (Kyttdld et al.,

2016). Therefore current evidence suggests hiPSCs and hESCs are not significantly
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different from each other when taking into account optimum reprogramming

protocols.

1.2.3 Genomic fidelity of reprogrammed cells

The genomic stability of reprogrammed cells is also an important concern, espe-
cially in the context of clinical applications. Given that the generation of iPSCs
requires a considerably long time in non-physiological culture conditions the
probability of acquiring potentially tumorigenic genomic mutations has raised
apprehension about the safety of these cells for medical application. However,
this concern is not exclusive to iPSCs as ESCs also have a tendency of picking
up genomic abnormalities over time in culture. In fact a cytogenetic study of a
large number of hiPSC and hESC lines have shown that the frequency of abnormal
karyotypes was similar in both cell types and the types of chromosomal aberra-
tion indicates a process of culture adaptation (Taapken et al., 2011). Recurrent
partial gain of chromosome 12 which contains the pluripotency factor NANOG
is a feature observed in both hiPSCs and hESCs. On the other hand trisomy of
chromosome 8 and 17 tends to occur more in hiPSCs and hESCs, respectively,
and these differences were suggested to be a consequence of different culture
conditions (Pyle et al., 2006). A study using karyotyping single nucleotide poly-
morphism (SNP) arrays suggested a higher rate of abnormalities in hiPSCs than
in hESCs (Hussein et al., 2011) however the frequency of de novo copy number

variation appearing in hiPSCs using next-generation sequencing based methods
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was very low or absent and suggested that the reprogramming process of iPSCs
does not promote mutagenesis is the source of new genomic alterations is most
likely inherited from the donor cells or acquired during prolonged culture (Abyzov

et al., 2012; Cheng et al., 2012; Young et al., 2012).

1.2.4 Factor induced pluripotency vs somatic nuclear transfer

The efficiency of iPSC reprogramming technology has seen a considerable increase
since its discovery however it still remains a poorly understood phenomenon.
Several studies have compared reprogramming efficiency with other methods
such as that of SCNT and a combined knowledge from different methods might
help us better understand the reprogramming process and further improve its
efficiency. The quality of reprogrammed cells by iPSC and SCNT technologies has
been compared by several groups and the levels of imprinted methylation defects
and frequencies of de novo point mutations between hiPSCs and SCNT ESCs were
found to be very similar (Johannesson et al., 2014; Ma et al., 2014), suggesting that
the aberrations observed are unrelated to the reprogramming event and most

likely a result of extended cell culture (Cheng et al., 2012).

A global DNA methylation analysis revealed a similar percentage of differentially
methylated regions (DMRs) in SCNT ESCs and iPSCs in comparison with ESCs,
with some DMRs shared between the two reprogrammed cells indicating the
existence of some regions that are resistant to reprogramming regardless of the

method used. However the percentages of DMRs associated with donor cell
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epigenetic memory may be similar to the total number of DMRs in SCNT ESCs
is 5-fold less than in iPSCs indicating that SCNT may be a superior method with
regards to erasure of epigenetic memory (Ma et al., 2014). These results go against
the conclusions from two other studies that suggest that the major determinant
of the differences between iPSCs and SCNT ESCs are their genetic background
(Johannesson et al., 2014; Kyttdld et al., 2016). Further studies are needed to resolve

the issue of whether SCNT are superior reprogramming technique.

The effect of epigenetic memory on developmental potential has been inves-
tigated by serial cloning using both SCNT and iPSC technologies. While mice
could be generated for six generations via serial rounds of iPSC reprogramming
and tetraploid complementation (Gao et al., 2015), mice could be cloned for 25
generations via SCNT (Wakayama et al., 2013). These studies suggest that we
have still a lot to learn about the reprogramming properties from the oocyte. A
combination of newly identified oocyte factors may help boost iPSC generation
efficiency which often is the first choice in reprogramming approach due to its
lower technical and infrastructural requirements without the ethical dilemma of

embryo manipulations.

1.2.5 Mechanistic studies of iPSC reprogramming

Despite extensive work around the world on iPSC reprogramming, mechanistic
studies have been hampered by the low efficiency and asynchronous nature of

the current protocols. Many models have been proposed to explain how the
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majority of cells are able to initiate reprogramming but only few cells overcome
the barriers required to achieve full pluripotency (Yamanaka, 2009). The first
model suggested a stochastic process in which all starting cells have the capacity
to generate pluripotent progeny with different time latencies which are amenable
to acceleration (Hanna et al., 2009). This model was later refined separating the
initial stochastic stage of reprogramming from a hierarchical phase which are

more predictable (Buganim et al., 2012).

A number of reprogramming roadblocks have been described as their elimina-
tion or attenuation increase the efficiency and kinetics of cell fate conversion.
Remarkably the MBD3/NuRD repressor complex has been described as the main
epigenetic barrier and the depletion of MBD3 protein permits a synchronised
and fully deterministic process of reprogramming in which virtually all induced
cells from mice and human origin are reprogrammed within 7 days (Rais et al.,
2013). These results have been the source of much debate as other groups were
unable to reproduce the methodology with such efficiency (Lujan et al., 2015). In
direct contradiction the MBD3/NuRD repressor complex has also been suggested
to facilitate somatic cell reprogramming (dos Santos et al., 2014). Nevertheless
the supplementation of the reprogramming media with ascorbic acid and GSKf
inhibitor was reported to facilitate more synchronous and rapid iPSC formation
from several mouse cell types with a remarkable possibility of generating chimera-
competent iPSCs after as little as 48 h of OKSM expression (Bar-Nur et al., 2014).
Similarly a study using a combinatorial modulation of signaling pathways ap-

proach with small molecules revealed that the inhibition of TGF- together with
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activation of Wnt signaling in the presence of ascorbic acid greatly facilitated re-
programming of mouse embryonic fibroblasts to pluripotency at a rate over 80%.
Moreover mouse hepatic and blood progenitors required only TGF-f inhibition
or canonical Wnt activation, respectively, achieving reprogramming efficiencies

of nearly 100% (Vidal et al., 2014).

The combination of cell surface markers and reporter genes has greatly facili-
tated the identification and isolation of reprogramming intermediate populations
which permitted the delineation of epigenetic and transcriptomic events on the
route to pluripotency (O’Malley et al., 2013a; Polo et al., 2012). Surprisingly the
process of induction of the pluripotency network is not constrained to activa-
tion of only pluripotency genes at the levels observed in ESCs. In some cases
pluripotency genes must first be down-regulated before being up-regulated later
on (Polo et al., 2012; Tiemann et al., 2014). RNA-sequencing analysis of these pop-
ulations demonstrates two waves of pluripotency gene up-regulation (O’Malley
et al., 2013a). However, to further complicate the understanding of the sequence
of events occurring during reprogramming, gene expression signatures totally
unrelated to the identity of both the starting and ending cell types can be observed
at intermediate stages of reprogramming. Transient expression of several epider-
mis specific markers have been reported before the mesenchymal to epithelial
transition (MET) at an early phase of reprogramming of mouse embryonic fibrob-
lasts demonstrating that reprogramming is not simply the reversal of the normal
developmental processes (O’Malley et al., 2013a). Conversely several groups have

described the transient activation of developmental regulators at intermediate



1.2 Reverting cell fate by nuclear reprogramming 29

stages of reprogramming suggesting that the route to pluripotency follows normal
development stages but in reverse order (Takahashi et al., 2014), although this
observation is not replicated in more efficient reprogramming systems (Bar-Nur
et al., 2014; O’Malley et al., 2013a; Polo et al., 2012) suggesting that the activation
of of these developmental regulators might be noise inherent in stochastic action

of reprogramming factors.

These and many other inconsistencies are most likely due to differences in re-
programming methods and or starting cell types. Critically many genes and/or
cellular functions considered to be absolutely essential for the reprogramming
process are being now reported to be dispensable and system specific (Chantzoura
et al., 2015). For example, the Nanog gene was widely considered the gateway
to pluripotency and without its expression the acquisition of pluripotency was
deemed impossible (Silva et al., 2009). Recent studies have now shown that Nanog
null mouse embryonic fibroblasts (MEFs) can give rise to iPSCs in the presence of
Vitamin C (VitC) (Schwarz et al., 2014) or with 100-fold less efficiency compared to
wild-type MEFs in the absence of VitC (Carter et al., 2014). Nanog reprogramming
dependency could also be bypassed by the combined enhanced activation of

STAT3 and Klf4 expression (Stuart et al., 2014).
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1.3 Aims and Objectives of This Study

Understanding the molecular mechanisms underlying somatic cell reprogram-
ming to pluripotency is key for the predictable and efficient generation of high-
grade pluripotent stem cells and may be useful for therapeutic applications. De-
spite the significant progress since the seminal discovery by Takahashi and Ya-
manaka the current methods for factor induced pluripotency are still inefficient
and non-deterministic. The natural route to pluripotency in early embryos must
occur within a short time frame for development to progress successfully and
somatic cells can follow this path as demonstrated by somatic cell nuclear transfer
experiments. Therefore reprogramming lessons can be learned from this natural

process.

The objective of this study was to identify new factors capable of improving the effi-
ciency and kinetics of reprogramming somatic cells to pluripotency by harnessing
the information from the commonalities between gene expression networks from
early embryo development and somatic cells being reprogrammed to pluripotency.

This work was divided in to two main parts:

1.3.1 Identification and validation of a new oocyte reprogram-

ming factor

The first phase of this study focused on the analysis of an amphibian oocyte tran-

scriptome from which a maternal reprogramming candidate factor was identified.
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The selected gene was experimentally tested and validated to be able to improve
the speed and reprogramming efficiency of different mouse somatic cell types
when over-expressed together with conventional Yamanaka factors Pou5f1, Sox2,

Klf4 and Myrc.

1.3.2 Gene network analysis of reprogramming and normal de-

velopment

The second phase of this study focused on the gene co-expression network analysis
(Zhang and Horvath, 2005) of publicly available RNA-Seq data sets of different
induced pluripotency reprogramming studies as well as for the initial stages of
mouse development up to morula stage. This analysis was able to reveal conserved
network modules which were highly reproducible between reprogramming data
sets and some of these modules were also present during normal development.
The hub genes of the preserved network modules were identified as a mixture
of some well known pluripotency factors along with a number of genes with no
reported links to pluripotency which could be used as new reprogramming factor

candidates.






Chapter 2

Materials and Methods

2.1 Cell Culture

2.1.1 Media and Cell Culture Reagents

ES Cell Standard Medium - Serum/LIF

1 x Glasgow Minimum Essential Medium (GMEM) (Sigma cat. no. G5154)
2 mM L-glutamine (Invitrogen cat. no. 25030-024)

1 mM sodium pyruvate (Invitrogen cat. no. 11360-039)

1 x non-essential amino acids (Invitrogen cat. no. 11140-035)

10% (v/v) fetal bovine serum (Invitrogen cat. no. 10270-106)

0.1 mM S-mercaptoethanol

LIF ,1000U/mL (ESGRO Mouse LIF Millipore, ESG1106)
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2i/LIF Medium

1:1 Neurobasal (Gibco 21103-049) :DMEM:F-12 (Gibco, 21331-020)
Non-essential amino acids (100x), 1:100 (Gibco, 11140-035)

N2 Supplement (100x), 1:200 (Gibco, 17502-048)

B27 Supplement (50x), 1:100 (Gibco, 17504-044)
B-mercaptoethanol, 1:1000 of stock solution (Sigma, 60-24-2)
Penicillin-Streptomycin, 1:1000 (Gibco, 15070-063)

PD0325901, 1 uM (Signalling Technologies, University of Dundee)
CHIR99021, 3 uM (Signalling Technologies, University of Dundee)
LIF ,1000U/ml (ESGRO Mouse LIF Millipore, ESG1106)

Freezing medium

Added DMSO (dimethyl sulphoxide, tissue-culture grade, Sigma cat. no. D-2650)
to ES cell standard medium to a final concentration of 10% (v/v). Filter sterilised.

Made fresh before use.

PBS

Dulbecco’s phosphate-buffered saline (PBS) without calcium and magnesium

(Invitrogen cat. no. 14190-094).

f-mercaptoethanol stock solution

Added 70 pl of B-mercaptoethanol (Sigma cat. no. M-7522) to 20 ml of distilled,
deionised water (Invitrogen cat. no. 15230-071). Filter sterilised and stored at 4°C

for up to 2 weeks.
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Trypsin solution

Added 100 mg of EDTA tetrasodium salt (Sigma cat. no. E-6511) to 500 ml of PBS.
Filter sterilised and added 10 ml (for 1 x) or 20 ml (for 2 x) of 2.5% trypsin solution
(Invitrogen cat. no. 15090-046) and 5 ml of chicken serum (Invitrogen cat. no.
16110-082). Stored in 20 ml aliquots at -20°C. (Note: 2.5% trypsin solution should

be aliquoted and stored at -20°C to avoid multiple freeze-thawing cycles.)

0.1% gelatin

Add 25 ml of 2% bovine gelatin solution (Sigma cat. no. G1393) to 500 ml of PBS.

Store at 4°C.

Antibiotics

Puromycin (Sigma, P9620): 1.0 pug/ml

Hygromycin B (Gibco, 10687-010): 400 ug/ml

Geneticin - G418 sulphate (Thermo Fisher, 10131035): 200 pg/ml

2.1.2 Celllines

E14Tg2a

Mouse embryonic stem cell line derived from 129/0la mice (ATCC CRL-1821).

This cell was used as a reference pluripotency gene expression.
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BT12

E14Tg2a-derived ES cells carrying a targeted deletion of Nanog (Chambers et al.,
2007a). Express hygromycin resistance under the control of the endogenous
Nanog-promoter. Undifferentiated ES cells can be selected using hygromycin.
These cells were used as a reference for pluripotency gene expression in a Nanog

—/-background.

Nanog —/- pre-iPS cells

Nanog —/- pre-iPS cells are Nanog—/— neural stem (NS) cells which were trans-
duced with pMXs-based retroviral reprogramming factors (Takahashi and Ya-
manaka, 2006b) and have not completed reprogramming to pluripotency which
can be rescued by the forced expression of a Nanog transgene (Silva et al., 2008).
These cells constitutively express green fluorescent protein (GFP). Cells were a gift

from Jose Silva, Cambridge University.

TNG-A pre-iPS cells

TNG-A pre-iPS cells are mouse embryonic fibroblasts from a genetically modi-
fied mouse which were transduced with pMXs-based retroviral reprogramming
factors (Takahashi and Yamanaka, 2006b) and have not completed reprogram-
ming to pluripotency. These cells have a GFP-IRES-Pac reporter/selection cassette
knocked in one of the Nanog alleles (Chambers et al., 2007b) which can be used

for monitoring and selecting reprogrammed cells in naive pluripotency. These
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cells complete reprogramming to pluripotency at a very low rate and are used for
assessing transgenes for their capacity of improving reprogramming efficiency.

Cells were a gift from Jose Silva, Cambridge University.

2.1.3 Cell Culture Routine

All cell lines were maintained in 37°C, humidified incubators maintained at 7%

CO2.

Passage and expansion of mammalian cell cultures

Mammalian cell lines were routinely cultured on gelatin-coated tissue culture
T25 flasks or 6 well plates and were passaged when they reached about 80-90%
confluency. Cells growing in culture flasks/dishes were washed twice with 1X
PBS and incubated in 0.05% Trypsin (Sigma) for 2-3 minutes at 37 °C until cells
were uniformly dispersed into small clumps.. Cells were dissociated to single
cells by pipetting the solution up and down a couple of times. The cell solution
was transferred into a 20 ml centrifuge tube containing 5-10 trypsin volumes of
media to inactivate the trypsin and centrifuged at 300 x g for 3 minutes. Following
centrifugation, the supernatant was aspirated, pelleted cells were resuspended in
fresh culture media and counted using a haemocytometer. Then, cells were trans-
ferred into a new cell freshly gelatinized culture T25 flask, splitting the passaged

flask in a 1:3 ratio.
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Cryopreservation of cell lines

Following Trypsin incubation and counting, cells were centrifuged at 300 x g for
10 minutes. Then, pelleted cells were quickly resuspended in freshly prepared
pre chilled freezing medium. Cells were resuspended at concentration of 0.5-3.0
x 10% and 1 ml aliquots of cells transferred into cryovials (Nunc, 377224) then
placed inside a passive freezer (Nalgene Mr. Frosty, product no. C1562) filled with
isopropyl alcohol and incubated at —80 °C overnight before being transferred into

liquid nitrogen for long-term storage.

Thawing cell lines

A single dish of a 6-well plate was coated per sample with 0.1% gelatin and aspi-
rated off immediately before use. Frozen cell vials were thawed in a 37°C water
bath and then transferred to 10 ml of pre-warmed ES cell medium and mixed well
by swirling. The cells were pelleted by spinning for 3 minutes at 1200 rpm in a
bench-top centrifuge.The medium was aspirated off and the cells gently resus-
pended in 5ml of pre-warmed medium and transferred to the 6-well plate and
grown at 37°C in a humidified 7% CO2 incubator. The medium was changed the

following day to remove dead cells and residual DMSO.
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2.1.4 Somatic Cell reprogramming

Reprogramming Nanog —/- pre-iPS cells

Transfect extra factors ’

pMXs-Oct4

pMXs-KIf4 Nanog-/-
Nanog-/- pMXs-cMyc g

>
i pre-iPS " . .
sog;?ltlc ifMXS-SOXZ cell 2i/LIF induced iPS cell?
> / reprogramming
@ ——

m-“ Experiment Duration with pre-iPS cells
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|| | | | |
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_ i !
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(4 Factors) (Nanog, H2A.Z, H2B:Cherry)
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And/or 10.5K/cm? Clones
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Fig. 2.1 Reprogramming Nanog-/- pre-iPS cells

A graphical representation of the reprogramming assay of Nanog null cells is
shown in Figure 2.1. Frozen pre-iPS cells were thawed in ES cell medium (serum/LIF)
and two days later 1.5x10° cells were replated per well of a 24 well plate. Trans-
fection with transposon vectors was performed on the following day and a 10 day
drug selection initiated 48 hours later with the appropriate antibiotics. The stably
transfected cells were replated at 1.5x10* cells per centimetre square density to
perform the reprogramming assay. Two days later the media was replaced with

serum free N2B27 2i/LIE G418 selection [200 ug/ml] was started after 7 to 10
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days of replating. G418 selects for complete reprogrammed cells via the selection
cassette inserted into one of the Nanog locus of the Nanog —/- cells and is used
for eliminating background pre-iPS cells. No iPS cells emerged in empty vector
transfectants whether or not geneticin was applied. After 10 days of selection
alkaline phosphatase and X-gal staining were performed at on technical replicate

wells and colonies were picked for further analysis.

Reprogramming TNG-A pre-iP$ cells

Transfect extra factors |

pMXs-Oct4 A
pMXs-KIf4 4
Nanog*/S*" MEFs  pmxs-cMyc

re-iPS .
(TNG-A) PMXs-S0x2 = 2i/UIF induced iPS cell?
A\ y reprogramming
e I— | (6

M “ Experiment Duration with pre-iPS cells
~40 Days
prog (Factor D ) > Induction of Naive State (Factor Independent)

l Partial

I
| | DO D6 D12-14 D24
_ i '
Selection Selection (Optional) 3
Thaw Replate 10 Days 3 10 Days
Cells 100K/24 well
Retroviral ‘ P . ‘ ‘ AP Stainin ‘
Transfection Transposon transfection CICIIVAIE St
(4 Factors) (Nanog, H2A.Z, H2B:Cherry) |
|

Hygromycin Replat;e
And/or 1K/cm’

Puromycin

e

Pick
Clones

Fig. 2.2 Reprogramming TNG-A pre-iPS cells

A graphical representation of the reprogramming assay of MEF derived pre-iPS
cellsisillustrated in Figure 2.2. Frozen pre-iPS cells were thawed in ES cell medium

(serum/LIF) and two days later 1x10° cells were replated per well of a 24 well plate.
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Transfection with transposon vectors was performed on the following day and
a 10 day drug selection initiated 48 hours later with the appropriate antibiotics.
The stably transfected cells were replated at 1.5x10° cells per centimetre square
density to perform the reprogramming assay. Six days later the media was replaced
with serum free N2B27 2i/LIE GFP positive cells began appearing after 6 to 8 days
after media switch and at this time point puromycin selection [1u/ml] was applied
to select for expression of the GFP-IRES-Pac reporter transgene from Nanog locus.
Alkaline phosphatase staining was performed at day 24 on technical replicate

wells and colonies were picked for further analysis.

Transfection - Lipofection

Pre-iPS cells were stably transfected with 1ug of PB-CAG-loxP-Transgene-loxP-
PGK-Hygromycin plus 2ug PBase expression vector, pPCMV-hyPBase (Yusa et al.,
2011) using Lipofectamine LTX Reagent with PLUS Reagent (Invitrogen, 15338030)

following manufacturer’s protocol.

Alkaline Phosphatase Staining

Cells were stained for alkaline phosphatase using the Alkaline Phosphatase (AP)
kit (Sigma 86R-1KT) following standard manufacturer’s protocol. Stained colonies

were scored by eye using a dissecting microscope.



42 Materials and Methods

X-gal Staining

0.1M phosphate buffer (pH 7.3) for X-gal staining:
3.74 g monobasic sodium phosphate, (NaH2PO4-H20; FW = 137.99)
10.35 g dibasic sodium phosphate (Na2HPO4; FW = 141.96)

1L H»0

Fix buffer for X-gal staining:

0.1M phosphate buffer (pH 7.3)

5 mM EGTA (Sigma cat. E4378), pH 7.3
2 mM MgCI2

0.2% glutareldahyde (Sigma act. num. G-7776)

Wash buffer for X-gal staining:
0.1M phosphate buffer (pH 7.3)

2 mM MgCI2

X-gal staining buffer:

0.1M phosphate buffer (pH 7.3)

2 mM MgCl2

5mM potassium ferrocyanide (K4Fe(CN)6-3H20 Sigma cat. num. P-9287)
5mM potassium ferricyanide (K3Fe(CN)6 Sigma cat. num. P-8131)

Before use, X-gal (5-bromo-4-chloro-3-indolyl- f-D-galactoside) was added to a
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final concentration of and filter sterilised to minimise the formation of crystals in

the staining reaction.

X-gal stock solution (50mg/ml):
Added 10 ml dimethylformamide (BDH cat. No.103224]J) to a 500 mg bottle of

X-gal.

Cell culture medium was aspirated off and replaced with X-gal Fix buffer and kept
for 15 minutes. The cells were washed twice (5 minutes each) with X-gal Wash
buffer. X-gal staining buffer containing 1 mg/ml X-gal was added just enough to
the cover cells and the covered plate was then placedinside a humidified chamber
and incubated overnight at 37°C. The next day I aspirated off the staining solution

and added Wash buffer.

2.2 Molecular Biology

2.2.1 RNA Extraction

0.5-2 million cells were harvested by trypsinisation, washed in PBS and lysed in
buffer RLT (Qiagen RNeasy kit). Lysates were snap-frozen in Ethanol/dry ice and
stored at -80C or used directly for RNA extraction. Lysates were homogenised by
spinning through a Qiashredder (Qiagen, 79654) and subjected to RNA extraction

using the RNeasy Kit (Qiagen, 74104) according to the manufacturer’s protocol and



44 Materials and Methods

incorporating an on-column DNase digest (Qiagen, 79254) to remove genomic

DNA. Eluted RNA concentration was determined by spectrophotometry.

2.2.2 cDNA Synthesis

cDNA was synthesized using the Invitrogen Superscript III First-Strand Synthesis
Kit (Invitrogen, 11752050) according to the manufacturer’s protocol using oligo-dT
primers. 0.5-2g RNA was used as template. cDNA was diluted 1:10 in sterile water

and used for PCR and qRT-PCR.

2.2.3 Quantitative PCR

Gene expression levels were determined by quantitative PCR (QPCR) carried out
with Applied Biosystems 7500 Fast Real-Time PCR System using the TagMan Fast
Universal PCR Master Mix (Applied Biosystems) and FAM-labelled TagMan gene
expression assays following manufacturer’s protocol. Average threshold cycles
were determined from triplicate reactions using the Applied Biosystems software
and the relative levels of gene expression were normalized to GAPDH (VIC-labeled
endogenous control assay) and arbitrarily assigning a sample as the reference to
which all other samples were compared. Errors were calculated from technical

replicates.
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Table 2.1 Applied Biosystems TagMan RT-qPCR custom assays

Gene Forward primer s-3)  Reverse primer -3y Probe gams-3 M)

Endogenous Oct4  Trccaccaceoceee

GGTGAGAAGGCGAAGTCTGAAG CCCACCTTCCCCATGGCT

RetrOViral Oct4 TGGTACGGGAAATCACAAGTTTGTA GGTGAGAAGGCGAAGTCTGAAG CACCTTCCCCATGGCTG

Table 2.2 Applied Biosystems TagMan RT-qPCR standard assays

Gene Probe ID

Gapdh  4352339E

Esrrb MmO00442411_m1l
Nanog MmO02384862_gl
NrObl MmO00431729_m1
Rex1 Mm03053975_g1
Tfcp2ll MmoO00470119_ml
H2afz Mm02018760_g1
Vps72 MmO00656969_gl
P400 MmO00551485_m1
Srcap Mmo00613213_m1l

2.2.4 Gene Synthesis

The coding sequences for H2A.Z, H2A, H2B, H3 and H4 with flanking Gateway

sites were synthesised by the Invitrogen GeneArt Gene Synthesis service and their

sequences are illustrated below.
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Fig. 2.3 H2afz gene synthesis.
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Fig. 2.4 Hist1h2aa gene synthesis.
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Fig. 2.5 Hist1h2bj gene synthesis.
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Fig. 2.6 Hist1h3c gene synthesis.
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Fig. 2.7 Hist1h4b gene synthesis.

2.2.5 Gateway cloning

120

The Gateway adapted synthetic gene fragments were cloned into the piggyBac

expression vector pPB-CAG-DEST-pA-pgk-hph (Gift from Jose Silva, Cambridge

University), which contains compatible Gateway sites. Gateway cloning was

performed using the Gateway LR Clonase II Enzyme Mix following manufacturer’s

protocol (Invitogen, Catalog No. 11791-020).
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2.2.6 Transformations

Plasmid DNA was transformed into One Shot TOP10 Chemically Competent E.
coli (Invitogen, Catalog No. C404010) 50uL cells were thawed on ice, incubated on
ice with 1uL plasmid DNA for 20 minutes, heat shocked for 30 seconds at 37°C,
placed on ice for 2 minutes, 1ml Luria Broth (LB) media added and tubes shaken
at 37°C for 1 hour before plating 10 or 100uL on the appropriate selective plates.

Plates were incubated overnight at 37°C.

2.2.7 Plasmid Purification

Single bacterial colonies were picked from fresh plates into the 5ml of LB con-
taining the appropriate selection (100ug/ml ampicillin) and shaken overnight at
37C. Plasmid DNA was isolated by Miniprep (Qiagen, 27106) or Maxiprep (Qiagen,

12162) according to the manufacturer’s protocol.

2.2.8 Plasmid Sequencing

The sequencing primer BGH_rev_primer (5’-TAGAAGGCACAGTCGAGG-3’), which
anneals at the Bovine Growth Hormone poly-adenylation sites of all piggyBac

transposon vector constructs, was used for sequencing the cloned transgenes.
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2.2.9 Plasmids

The Gateway adapted piggyBac destination vector pPB-CAG-DEST-pA-pgk-hph
and the (Nanog) piggyBac expression vector were a gift from Jose Silva, Cambridge
(Theunissen et al., 2011). The pCMV-hyPBase vector for expression of the hyper-
active piggyBac transposase was a gift from Kosuke Yusa, Cambridge (Yusa et al.,

2011). The maps of the plasmids used are illustrated in figures below.

Piggy 5"

Human cytomegalovirus immediate early)
SnaBI (356)
Chicken b-actin splice donor from exon 1)
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PspOMI (856)
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- chimaeric intron]
//
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(EcoRI-TaqI fragment of mPGK promoter

(8829) Stul

(8706) PpuMI

(8577) PshAI —_ —— ~

(8242) AsiST —_ i

(8193) RsrII ——

hygromycin B phosphotransferase

PGK pol lati i D)
(mouse PGK polyadenylation signal) —

~ Mrel - SgrAI (1308)
- Xbal (1620)
" (Fabbit b-globin 3rd exon (5' part of)

(7099) NsiI
(7057) KpnI —

(7053) Acc65I PaslI - PfIMI* (2423)

- MiuI (2638)
_—_BStZ171 (2726)

____—BbVCI (2916)
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——— Smal - SrfI (3062)
~__ BsaBI* (3075)

T BstXI (3179)

-
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BbsI (3839)

(6772) BspQI- SapI—
(6655) Pcil

(5767) AhdI

(5167) XmnI

(4752) Psil BsiWI (4158)

pPB-CAG-DEST-pA-pgk-hph
9194 bp

Fig. 2.8 pPB-CAG-DEST-pA-pgk-hph
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Fig. 2.9 pCMV-hyPBase
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Fig. 2.10 PB-CAG-H2AZ-pA-pgk-hph
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Fig. 2.11 pPB-CAG-GTK-H2AZ
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Fig. 2.12 PB-CAG-H2A-pA-pgk-hph
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Fig. 2.13 PB-CAG-H2B-pA-pgk-hph
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Fig. 2.14 PB-CAG-coH3-pA-pgk-hph
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Fig. 2.15 PB-CAG-coH4-pA-pgk-hph
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Fig. 2.16 PB-CAG-mNanog-pA-pgk-hph
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Fig. 2.17 PB-CAG-H2B-Cherry-pA-pgk-hph
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Fig. 2.18 pPB-CAG-GTK-H2BCherry
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2.3 Computational Methods

2.3.1 Dataset pre-processing

All expression data sets were downloaded from Gene Expression Omnibus (GEO)
or ArrayExpress repositories. The data were processed using Bioconductor pack-
ages in R. Different data sets were processed slightly differently. Data from (Chant-
zoura et al., 2015) was downloaded as gene raw counts data (Supplementary data
from GSE70816) and normalized by regularised log transformation using the DE-
Seq2 R package (Love et al., 2014). The genes with counts of less than 10 in 20% of
the samples were removed. Data from O’Malley et al. (2013b) was downloaded as
raw FASTQ files and processed as described in the data set manipulation section of
Chapter 4. Data from Xue et al. (2013) was downloaded as a pre-processed RPKM
expression data (Assession GSE44183) and genes with low expression in all sam-
ples (average RPKM < 0.1) were filtered out, followed by quantile normalisation.

Specific details are given in the respective chapters.

2.3.2 Weighted gene co-expression network analysis (WGCNA)

All three downloaded data sets were analysed with weighted gene co-expression
network analysis through the R package WGCNA (Langfelder and Horvath, 2008).
Analyses was carried out following the methodologies described in by Horvath
(2011). A signed weighted gene co-expression networks were made for each data

set separately. The nodes of such a network correspond to gene expression profiles,
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and edges between genes are determined by the pairwise correlations between
gene expressions. To construct the co-expression networks, I firstly produced
adjacency matrices A based on Pearson correlations between all gene pairs. Their
component A; ; was measured by the function, A;j = (0.5 + 0.5 x cor(x;,x;)/2 )8,
where cor(x;,x;) denotes Pearson correlation for expression profiles of gene i and
jand B is a user defined value selected in order to emphasise strong correlations
and suppress noisy small correlations. The power § of 12, which is the default
value, is interpreted as a soft-threshold of the correlation matrix. The adjacency
matrices are then transformed into topological overlap matrices (TOM), which is
arobust and biologically meaningful measure of network interconnectedness, as
it reflects not only direct adjacency in gene pairs but also their interconnections.
The degree of overlaps was used to build hierarchical trees with average linkage
method. The tree branches were then classified into gene modules using the Dy-
namic Tree Cut algorithm (Langfelder et al., 2007). Then I merged modules when
their eigengenes (the first principal component of module expression pattern)
show strong correlation. Based on the properties of different data sets, slightly dif-
ferent parameters were used which is described in more detail in their respective

chapters.

Module preservation analysis

To test whether gene modules identified in a data set were conserved in other
data sets, I assessed their preservation degrees with the following two methods.

I firstly examined overlaps between modules derived from different data sets
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and estimated their statistical significance from the hypergeometric distribution
(Fisher’s Exact Test). I then utilised a composite preservation statistics proposed
by WGCNA so as to calculate Zsymmary scores. Module preservation analysis uses
a permutation test to define a test statistic that summarises the evidence that
the network connectivity (intramodular hub gene status) and density (how tight
interconnections among genes in a module are) of the module is preserved in an
independent data sets (Langfelder et al., 2011) The Zsymmary scores correspond to
degrees of how much their composition and structure are preserved in the network
between test and reference data sets. In general this module preservation statistics
can be interpreted as Zsy,mmary scores > 10 indicate high preservation, Zsymmary
scores < 2 generally no evidence of preservation. Zsymmary scores which are above

2 and below 10 indicate the modules are weakly to moderately preserved.

Hub gene analysis

Eigengenes summarise the expression profiles for modules, and show strong
correlation with a number of genes in their modules. Therefore in order to choose
intramodular hub genes, I calculated the module eigengene based connectivity
(xME) also known as module membership (MM) values. x ME = cor(E,,x(i)), where
E, denotes eigengene of module g and x(i) denotes expression pattern of gene i.
Because I used signed co-expression networks I expect that module genes have
significant positive MM values. The advantage of using a correlation to quantify
module membership is that this measure is naturally scaled to lie in the interval

[-1, 1] and a corresponding statistical significance measure (P value) can be easily
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computed. Genes were considered module hubs when their MM (kME) values

were greater than 0.80.

Gene Set Enrichment Analysis

I performed gene set enrichment analysis using the selected top hub genes (kK ME
> 0.8) of each module and their corresponding k ME scores using Enrichr (Chen

et al., 2013a), a web-based gene list enrichment analysis tool.



Chapter 3

Mining Oocyte Transcriptome For

Reprogramming Molecules

3.1 Introduction

3.1.1 Maternal reprogramming factors from the oocyte

The powerful reprogramming capacity of the oocyte is widely recognised. Im-
mediately after fecundation the sperm chromatin is decondensed, the sperm
protamines are replaced with oocyte histones and the paternal DNA gets demethy-
lated and gene expression networks get activated. All those events must occur in
a fast and orchestrated way for the embryo development to progress appropri-
ately. In nuclear transfer experiments the donor nucleus goes through very similar

epigenetic reprogramming events. In order to be successful therefore the study
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of maternal factors and its mechanisms of chromatin reprogramming is highly
relevant for the understanding and improvement of somatic cell reprogramming

methods.

A number of oocyte factors responsible for these early reprogramming events
have been identified. The maternal chaperone nucleoplasmin has been shown
to promote the replacement of paternal protamines for maternal histones H2A
and H2B before DNA replication (Gillespie, 2000). Moreover the histone H3.3 was
shown to be deposited in the paternal chromatin by the maternal chaperone Hira
and this event was required for DNA replication and ribosomal transcription in
the zygote (Lin et al., 2014). These active chromatin remodelling events have also
been observed in early SCNT experiments (Prather et al., 1990). The replacement
of somatic histones for oocyte specific variants such as murine H1foo and Xenopus
laevis B4 was shown to precede the transcriptional activation of core pluripotency
factors such as Oct4 and Sox2 (Gao et al., 2004; Jullien et al., 2010; Teranishi et al.,

2004).

The study of mammalian oocytes in reprogramming has been hampered by their
restricted availability and alternative sources such as amphibian oocytes have
provided valuable insights. Much work has been done with Xenopus laevis eggs
(Metaphase II) and oocytes (Prophase I) in the context of somatic nuclear repro-
gramming and it has been shown that both have the capacity for transcriptional

reactivation of pluripotency genes
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While Xenopus oocytes have been successfully used in reprogramming experi-
ments, evidence from our lab points to the use of the Salamander Axolotl (Am-
bystoma mexicanum) as a preferred alternative. The reactivation of Nanog ex-
pression during reprogramming of somatic cells is considered one of the most
stringent landmarks of successful reprogramming to pluripotency (Silva et al.,
2009). Importantly, Nanog expression fails to be reactivated when mammalian
fibroblasts are incubated in Xenopus oocyte extracts (Bian et al., 2009; Halley-Stott
et al., 2010) but it is readily up-regulated even before Oct-4 reactivation when
incubated in axolotl oocyte extracts (Alberio et al. personal communication).
Indeed, Axolotl oocytes have been more efficient than frog oocytes at promot-
ing the removal of repressive chromatin marks H3K9me3, H3K27me3 and the
chromatin-associated protein HP1 as well as the the demethylation of promoters
from pluripotency associated genes (Bian et al., 2009). Remarkably the Axolotl
oocyte already expresses Oct4 (Bachvarova et al., 2004), Sox2 and Nanog (Dixon
et al., 2010), and these factors are stored as proteins in the oocyte (Alberio et
al. personal communication), giving this reprogramming model a distinct ad-
vantage of combining the chromatin remodelling activities inherent in oocytes
and a unique pluripotency gene network resembling that of an embryonic stem
cell. The transcriptome of Axolotl oocyte has been recently sequenced and the
histone variant H2a.fz stood out as one of the most expressed genes (Unpublished
data, Loose M., Johnson A.). The unusual properties of this histone variant and
its association with a pluripotency regulatory network prompted us to study its

possible role in somatic cell reprogramming.
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3.1.2 H2A.Z, one histone variant with many important functions

The histone H2A.Z is a variant of the canonical histone H2A (West and Bonner,
1980) and its implication in a large variety of biological functions has attracted
massive interest from the scientific community in recent years (Mehta et al., 2010;

Svotelis et al., 2009; Zlatanova and Thakar, 2008).

This non-allelic variant has been associated with functions at times contradictory,
such as transcription activation (Abbott et al., 2001), repression (Guillemette et al.,
2005), transcription elongation (Krogan et al., 2003), insulation of euchromatin
from spread of heterochromatin (Meneghini et al., 2003), silencing of X chromo-
some (Greaves et al., 2006) and centromere (Greaves et al., 2007; Rangasamy,
2003), higher order chromatin organization (Fan et al., 2002, 2004) and mediation

of RNA interference (Zofall et al., 2009).

H2A.Z has also been shown to be important for the maintenance of genome sta-
bility (Papamichos-Chronakis et al., 2011) with roles in DNA double strand break
(DSB) repair (Kalocsay et al., 2009; Madigan et al., 2002; Xu et al., 2012), homol-
ogous recombination (Fritsch et al., 2004; Wu et al., 2007), nucleotide excision
repair (NER) (Yu et al., 2013) and proper chromosome segregation (Krogan et al.,

2003; Morillo-Huesca et al., 2010; Rangasamy et al., 2004; Sharma et al., 2013).

Cell proliferation control is another key function of H2A.Z (Svotelis et al., 2009).
This histone has been found to have a role in cell cycle regulation by directly
controlling the gene expression of cyclins (Dhillon et al., 2006). Importantly,

it is also involved in the suppression of senescence by repressing the p53/p21
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pathway (Bellucci et al., 2013; Gallant-Behm et al., 2012; Gevry et al., 2007; Lee

etal., 2012).

Due to its important roles in gene expression regulation, genome stability and cell
cycle regulation, its not surprising that H2A.Z has increasingly been implicated
in the development of oncogenesis. The over-expression of this histone variant
and/or its aberrant genomic incorporation has been found in several types of
cancer, especially at the metastatic stage (Chevillard-Briet et al., 2014; Conerly
et al., 2010; Dunican et al., 2002; Hua et al., 2008; Rangasamy, 2010; Rhodes et al.,
2004; Zucchi et al., 2004). Indeed, high levels of H2A.Z facilitate activation of
estrogen-responsive genes in metastasis-associated events (Dalvai et al., 2012;

Hua et al., 2008; Marques et al., 2013; Rangasamy, 2010; Svotelis et al., 2010).

3.1.3 H2A.Zis highly conserved in evolution

The histone variant H2A.Z was first identified in mammalian cells in 1980 (West
and Bonner, 1980). The protein structure of this non-allelic histone is highly
conserved in evolution, which suggests an important role in chromatin structure
and function (Thatcher and Gorovsky, 1994). Orthologs of H2A.Z have been
identified in a variety of organisms as diverse as the budding yeast Saccharomyces
cerevisiea (Htz1) (Illingworth et al., 2012), the fission yeast Schizosaccharomyces
pombe (Phtl) (Carr et al., 1994), protozoans Tetrahymena termophila (hvl) (Allis
et al., 1986) and the malaria parasite Plasmodium falciparum (H2A.Z) (Miao et al.,

2006; Trelle et al., 2009), the fruit fly Drosophila melanogaster (H2AvD) (van Daal
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and Elgin, 1992), Caenorhabditis elegans (Htz-1) (Whittle et al., 2008), Xenopus
leavis (H2A.Z]) (Iouzalen et al., 1996), Axolotl (Personal communication, Andrew
Johnson), chicken (H2af/z) (Harvey et al., 1983), pig (H2AFZ) (Zhang et al., 2009)
and even the flowering plant Arabidopsis thaliana (HTA8, 9, 11) (March-Diaz et al.,

2007; Yi et al., 2006) to name a few common experimental models.

3.1.4 Differences in structure and expression regulation between

H2A.Z and H2A

Phylogenetic studies indicate that the histone variant H2A.Z appeared once very
early in evolution and is more closely related to other H2A.Z orthologs than to
the canonical histone H2A from the same species (Thatcher and Gorovsky, 1994).
Between species the H2A.Z protein sequence identity can be up to around 90% but
only about 60% in relation to H2A in the same organism (Ilouzalen et al., 1996) (Fig-
ure 3.1). H2A and H2A.Z diverge most significantly in two key structural regions: a)
the boundaries of the Loop1/-helix 2 and -helix 2/Loop2 within the canonical his-
tone fold which are involved in H2A/H2A self-interaction and nucleosome/DNA
interaction; b) The C-terminal tail and the acidic patch in the C-terminal -helix
which serve as a docking domain for the interaction with H3/H4 (Zlatanova and

Thakar, 2008) (Figure 3.1).

Throughout the cell cycle, the gene expression regulation of the histone variant

H2A.Z also contrasts markedly with the regulation of its canonical counterpart.
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While histone H2A is only synthesized in the GO and S-phase, the non-allelic

H2A.Z histone is also expressed in G1 and G2 mammalian cells (Wu et al., 1982).

docking domain
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(a) H2A and H2AZ structural differences. Adapted
from (Zlatanova and Thakar, 2008)

SC_H2A ~~~mmmann s SAAKASQSR SAK
SC_H2AZ ~~~n~~ SCKA

HS_H2AZ ~~~~mmmn~ A

Dm_H2AV ~~~~w~ann A

YAQ.RICSC APVYLTAVLE YLAAEILELA RDNKKT RIIPRILQ
YAQ.RICSC APVYLTAVLE YLAAEILELA C!AAKDLE R ITPRILC
[T RVCAT AAVYSAAILE YLTAEVLELA ASKDLF TPR C
Dm_HZAV TTSHCRVCAT AAVYSAAILE YLTAEVLELA A F C
Tt_hvl VSAKNRVCAT AAVYAAAILE YLTAEVLELA ASK R R
— e ]
150
Sc_H2A IHDDEL K Trac PTG SQEL~~m~mn~
SC_HZAZ R DDELDS .RATJIAS P KALL LKVEKKGSKK ~~~~~~~~~~
Hs_H2AZ 1R DEELDSL I.KAT[IA PIIIKS KTV~ ~
Dm_H2Av TR DEELDSL I.KAT|IA PHINKS ODP QRK
Tt_h\/l R DEELD JKATIA P KA KI'RSS A
E—{ch

(b) H2A and H2AZ alignment. Adapted from (Jensen
etal., 2011)

Fig. 3.1 Differences between H2A and H2AZ.

3.1.5 H2A.Zdivergent structural domains are essential for devel-
opmental viability
Despite not being essential for yeast viability (Carr et al., 1994; Santisteban et al.,

2000), an indispensable role for H2AZ has been demonstrated for the early devel-

opment of many organisms. The protozoan Tetrahymena cannot survive after the
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deletion of the histone hvl (Liu et al., 1996) and this critical role has been shown
to be dependent on acetylatable lysine residues at the N-terminal histone tail (Ren

and Gorovsky, 2001).

Furthermore H2AZI Xenopus morphants were shown to produce defective gastru-
lation, leading to malformed short trunk embryos whereas the over expression
slows down development after gastrulation (Ridgway et al., 2004). This effect
could be reversed by altering the amino acid residues of the C-terminal extended

acidic patch of H2AZI (Ridgway et al., 2004).

Likewise in Drosophila the homozygous deletion of H2AvD is lethal at larval
stage and amino acid swaps for H2A equivalent residues at the acidic patch were

sufficient to induce such a phenotype (Clarkson et al., 1999) .

H2A.Z null mice embryos die at the time of implantation presumably as a conse-
quence of defect in proliferation and differentiation of the pluripotent inner cell

mass (ICM) (Faast et al., 2001).

3.1.6 H2A.Zroles in mammalian development

In the pre-implantation mouse embryo, H2A.Z was initially thought to begin its
expression at the blastocyst stage and be restricted to the trophoblast (Rangasamy,
2003). The ICM presumably lacked H2A.Z and it would only be produced at the
onset of differentiation when this histone variant exerts a role in the establishment

of heterochromatin (Rangasamy, 2003).
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The lack of H2A.Z in the initial phases of mammalian development seems sur-
prising, especially in the pluripotent ICM, given that this histone variant appears
to be overall the most abundant histone in R1 embryonic stem (ES) cells (Kafer
et al., 2010). Furthermore H2A.Z containing nucleosomes are enriched at the
transcription start site (TSS) with direct correlation with transcriptional activity in
ES cells (Creyghton et al., 2008). This is in agreement with the initial proposed role
of this histone variant. H2A.Z was first linked to transcriptional activation in early
Tetrahymena studies due to evidence of its localization at the transcriptionally
active macronucleus (Allis et al., 1986; Wenkert and Allis, 1984; Whittle et al., 2008).
Similarly studies with chicken erythrocytes suggests a role of H2A.Z acetylation in

transcriptional activation (Bruce et al., 2005).

These discrepant observations are possibly due to differences in experimental
procedures employed. Indeed a recent study has shown that, apart from the 2
cell stage when zygotic genome activation (ZGA) takes place, acetylated H2A.Z
is readily detected in mice embryos throughout the pre-implantation stages and
is significantly detected in the ICM euchromatin (Boskovic et al., 2012). Interest-
ingly the same study showed that bovine acetylated H2A.Z embryonic expression
pattern also includes the 8 cell stage when ZGA is triggered (Boskovic et al., 2012).
This demonstrates that the H2A.Z dynamics may not be conserved in mammalian

development (Boskovic et al., 2012).

However, the H2A.Z expression pattern during germ cell development is similar

between mice and humans. During mouse germ line development H2A.Z is
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detected at high levels in migratory primordial germ cells (PGC) and is rapidly
down-regulated after colonization of the genital ridges (Hajkova et al., 2008) and
then reactivated during the meiotic transition of spermatogenesis when it can be
detected at some regions of facultative heterochromatin (Banaszynski et al., 2010;
Greaves et al., 2006). Similarly H2A.Z is highly expressed in human PGCs with
highest expression at around 7-9 weeks in the testis and 7.5 weeks in the ovary.
Moreover, H2A.Z expression also gets depleted when PGCs reach the gonads, only
reappearing at around 17 weeks in some VASA +ve cells in both genders (Gkountela

etal.,, 2013).

3.1.7 H2A.Z as aregulator of gene expression

Genome-wide studies have shown that H2A.Z is generally associated with nu-
cleosomes located in and around promoter and enhancer regions with a role in
transcriptional activation of many genes (Hu et al., 2013; Marques et al., 2010).
However it appears that H2A.Z may perform this function via distinct mecha-
nisms varying from gene to gene (Sevilla and Binda, 2014). Upon transcription
induction the levels of promoter bound H2AZ at RAR- and ER-regulated genes are
increased (Dalvai et al., 2013; Hu et al., 2013) whereas it decreases at the regulatory
regions of p21 and CCND1 in mammalian cells (Bellucci et al., 2013; Dalvai et al.,

2013).

H2A.Z containing nucleosomes are enriched at the flanks of a nucleosome-free

region (NFR) at TSSs (Zlatanova and Thakar, 2008) and has been shown to be
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able to promote the recruitment of the RNA polymerase II (RNAPII) in yeast and
mammals (Adam et al., 2001; Hardy et al., 2009). Moreover, a recent study has
shown that H2A.Z facilitates the access of activation or repression complexes to
chromatin and is required for both self-renewal and proper differentiation of ES

cells (Hu et al., 2013).

Conversely H2A.Z has been previously proposed to be dispensable for ES cell
self-renewal and only required for lineage commitment by interfering with the
regulation of Polycomb complex target genes (Creyghton et al., 2008; Illingworth
et al., 2012). In fact the global H2A.Z landscape around all TSSs in ES cells and
multipotent neural stem cells reveled the enrichment at the promoters of active

and poised genes and absence from stably silent ones (Ku et al., 2012).

The seemingly contradictory associations of H2A.Z with active and facultative
silenced chromatin and its requirement for ES cell self-renewal might be par-
tially explained by post-translational modifications such as acetylation, mono-
ubiquitylation and methylation which provides a further layer of gene expression
regulation (Binda et al., 2013; Draker and Cheung, 2009; Hu et al., 2013; Sarcinella

et al., 2007; Sevilla and Binda, 2014; Talbert and Henikoff, 2010).

The acetylation of the N-terminal of H2A.Z is a hallmark of active genes (Adam
et al., 2001; Allis et al., 1986; Nakatani et al., 2009; Santisteban et al., 2000; Shah-
bazian and Grunstein, 2007) and directly correlates with the level of gene expres-
sion in ES cells (Hu et al., 2013). H2A.Z can have its N-terminal tail acetylated at

five lysine residues (K4, K7, K11, K13 and K15) (Bonenfant et al., 2007; Boyne et al.,
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2006; Bruce et al., 2005; Dryhurst et al., 2009; Ishibashi et al., 2009; Valdes-Mora
et al., 2012). However residues 4 and 7 can instead be mono-methylated by the
lysine methyltransferase SETD6 and this modification has been proposed to be a

silencing mark required for E14 mouse ES cell self-renewal (Binda et al., 2013).

The Polycomb repressive complex 1 (PRC1) subunit RING1B E3 ubiquitin ligase is
responsible for ubiquitinating both H2A.Z and its canonical counterpart H2A (Cao
et al., 2005; De Napoles et al., 2004; Sarcinella et al., 2007). While H2A can be
ubiquitinated at lysine 119, H2A.Z can be mono-ubiquitinated at any one of the
three possible C-terminal lysine residues (K120, K121 and K125) (Ku et al., 2012;
Sarcinella et al., 2007). This modification was suggested to function as a repressive
mark since it is found at transcriptionally silent facultative heterochromatin of
the inactive X chromosome (Sarcinella et al., 2007). Furthermore dually modified
H2A.Z by both acetylation and ubiquitylation has been found enriched at bivalent
chromatin providing further evidence for their proposed regulatory roles (Ku et al.,

2012).

SUMOylation is another post-translation modification that can be found in H2A.Z
with no known function in gene expression control. This mark does not seem
to be conserved in evolution and has only been identified in budding yeast. In
Saccharomyces cerevisiea the SUMOylation of Htz1 has a role in DSB repair by
repositioning the damaged chromatin to the nuclear periphery (Kalocsay et al.,

2009).
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3.1.8 H2A.Z and chromatin remodelling complexes

Although H2A.Z was first identified in humans most of the functional studies
have been performed in Saccharomyces, which provides a convenient platform for

biochemical studies of H2A.Z function since it is not essential for yeast viability.

Unlike H2A the histone variant H2A.Z is incorporated in the chromatin at non-
random, specific positions in a replication independent manner. The molecular
mechanism responsible for the site specific recruitment of the H2A.Z histone vari-
ant began to unravel around 10 years ago when a novel multi-protein complex was
discovered in a genetic screen for chromatin modifying proteins and transcription
elongation in yeast (Krogan et al., 2003). Orthologs of most of its components
have now been identified in several species including humans (Figure 3.2) (Bao
and Shen, 2007; Eirin-Lopez, 2007; Guillemette and Gaudreau, 2006; Korber and

Horz, 2004; Lu et al., 2009; Morrison and Shen, 2009; Svotelis et al., 2009).

Swri swri ssl-1 PIE1 Domino p400 SRCAP
Bdft bf1 F13C5.2* dBrd8 Brd8
Swe2 swc2 C17E4.6 AtSWC2 dyL-1 YL1 YL1
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‘1’ Sweb SWC!
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g Swc7

» Arpé arpé C08B11.6 AtARPE Arp6
Rvb1 rvbi* T22D1.1 Ruv* dPontin TIP49a TIP49a
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Fig. 3.2 SWR and NuA4 complexes have shared evolutionarily conserved compo-
nents with overlapping functions. Adapted from (Lu et al., 2009)
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This complex belongs to the INO80 subfamily of chromatin remodelling com-
plexes, formed by the Swi2/Snf2-related complex (SWR-C) and INO80 complex
(INO80-C) which are characterised by a split ATPase domain in the core subunit
Swrl and Ino80, required for H2A.Z deposition and eviction respectively (Bao
and Shen, 2007; Kobor et al., 2004; Krogan et al., 2004; Mizuguchi et al., 2004;

Papamichos-Chronakis et al., 2011).

SWR-C is composed of 15 subunits including Swrl, the main element (Lu et al.,
2009). Swrl protein is the largest component of the complex with two important
regions, the ATPase domain and HSA (helicase-SANT-associated) which are re-
quired for the interaction with many of the SWR-C subunits (Wu et al., 2005, 2009).
The interaction with H2A.Z is mediated by the subunit Swc2, but may also occur

via a N-terminal domain of Swrl (Wu et al., 2005, 2009).

Several lines of evidence indicate that the site-specific recruitment of SWR-C can
be mediated by transcription factors and some particular post-translational mod-
ification of histones in the target nucleosomes. The SWR-C share four subunits
with NuA4, another chromatin modifying complex responsible for the acetylation
of the histones H2A, H2A.Z and H4 indicating related functionality (Allard, 1999;
Babiarz, 2006; Choi et al., 2009; Galarneau et al., 2000; Keogh et al., 2006; Kobor
et al., 2004; Krogan et al., 2003; Millar et al., 2006; Mizuguchi et al., 2004; Zhang

et al., 2004).

It has been shown that the acetylation of H4 is one key epigenetic mark prior to

H2A.Z deposition (Altaf et al., 2010). It has an important role in the recruitment
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of bromodomain containing SWR-C which catalyzes the ATP dependent histone
dimer exchange H2A/H2B for H2AZ/H2B (Kobor et al., 2004; Krogan et al., 2004;
Mizuguchi et al., 2004). Consistent with this, lower H2A.Z levels in promoter
regions and reduced global association of SWR-C is observed when NuA4 catalytic
subunit Eafl is mutated (Babiarz, 2006; Durant and Pugh, 2007). A similar effect
is observed with H4 mutants with N-terminal residues that prevent acetylation.
Moreover, mutations in the primary NuA4-dependent acetylation sites of H4 (H4

K5, 12R) cause a similar loss of H2A.Z from chromatin (Raisner et al., 2005).

The acetylation of H3 histone N-terminal tail has also been linked to having a role
in SWR-C recruitment and H2A.Z deposition (Raisner et al., 2005). This modifica-
tion is catalyzed by Tral, a member of the Spt-Ada-Gcn5-acetyltransferase (SAGA)
histone acetyltransferase (HAT) complex (Auger et al., 2008; Grant et al., 1998).
In fact Tral interacts with the NuA4 HAT complex via the SANT domain of Eafl
subunit (Auger et al., 2008; Grant et al., 1998) and can also contribute to H2A.Z

acetylation on lysine 14 (Babiarz, 2006; Keogh et al., 2006; Millar et al., 2006).

3.1.9 H2A.Zrelated chromatin remodelling complexes are widely
conserved in metazoans but may have two distinct orthologs

of the yeast SWR-C

Virtually all of the components of SWR-C, NuA4 and Tral SAGA complex are
conserved from yeast to humans (Figure 3.2) (Lu et al., 2009). However it has been

suggested that Swrl and Eaf1, subunits of SWR-C and NuA4 respectively, may have
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been fused into one single protein in the course of higher eukaryote evolution
to form the core of the TIP60 (Tat-interactive protein, 60 kDa) complex (Lu et al.,
2009) which was first identified as an interacting cellular component with the HIV

transactivator Tat protein (Kamine et al., 1996).

This fusion protein has been identified as P400 which contains the ATPase and
HSA domains from Swrl and SANT domain from Eafl (Lu et al., 2009). The TIP60
complex was initially identified as a NuA4 related HAT in higher eukaryotes (Doyon
et al., 2004; Ikura et al., 2000; Kimura and Horikoshi, 1998; Kusch et al., 2004) but
later also shown to be capable of catalyzing the exchange of H2A for H2A.Z (Cai
et al., 2003; Doyon et al., 2004; Gevry et al., 2007; Martinato et al., 2008; Svotelis

et al., 2009).

Similar to the yeast SWR-C, the TIP60 complex can be recruited to chromatin
by transcription factors such as E2F1, MYC, p53 and KAI1 with a role in gene
expression and cell cycle regulation of human cell lines (Chan et al., 2005; Frank
et al., 2003, 2001; Kim et al., 2005; Nagl et al., 2007; Taubert et al., 2004). MYC
was shown to be able to recruit TIP60 and SAGA complexes by direct interaction
with p400 and TRRAP (ortholog of yeast Tral) respectively and these complexes
have a positive effect on MYC dependent histone acetylation and affinity for target

chromatin (Frank et al., 2003, 2001; Martinato et al., 2008).

The SNF-2-related CREB-binding protein activator protein (SRCAP) complex is
the second SWR-C ortholog capable of H2A.Z deposition in chromatin in mam-

mals (Cai, 2005; Eissenberg et al., 2005; Gevry et al., 2007; Kobor et al., 2004; Marti-
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nato et al., 2008; Ruhl et al., 2006; Wong et al., 2007). While the TIP60 and SRCAP
complexes seem to have the same general role in chromatin deposition of H2A.Z
they may control different non-redundant functions by different mechanisms (Lu

etal., 2009).

These two complexes share many components such as VPS72/YL1, which is the
ortholog of yeast swc2 responsible for recruitment by direct association of free
H2A.Z/H2B dimers (Cai, 2005; Wu et al., 2005). However they also have some
distinguishing unique subunits (Figure 3.2). On one hand, the bromodomain
containing subunit Brd8 as well as the HAT NuA4 and SAGA related subunits
Tip60/KAT5, ING3, EPC1, TRRAP, MRG15, hEaf6 and MRGBP are only found
associated with the TIP60 complex suggesting that SRCAP does not rely on histone
acetylation (Auger et al., 2008). On the other hand ZnF-HIT1 and the actin-related

protein Arp6 are unique to the SRCAP complex (Lu et al., 2009).

An emerging idea is that while TIP60 targets chromatin for a more localized
H2A.Z deposition, SRCAP would have a more global activity (Lu et al., 2009).
SRCAP/DOM has been found to have a role in Notch signalling in organisms as
diverse as Drosophila and humans (Eissenberg et al., 2005). Furthermore, TIP60
(TRRAP/P400) and SRCAP complexes have been proposed to associate with inac-
tive and active promoter in human cell lines respectively, in agreement with the

proposed lack of functional redundancy (Gevry et al., 2007; Wong et al., 2007).
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3.1.10 H2A.Zroles in stem cell biology

Chromatin states are widely recognised as being central to cell identity by having a
role in establishing gene expression patterns important for cell specific functions.
Histone variants have been linked to crucial roles in stem cell biology and their
study is gaining momentum in the recent few years. ES cells are known to be
transcriptionally hyperactive and have a hyper-dynamic chromatin (Hager et al.,

2009; Meshorer et al., 2006).

An important player in these biological signatures is the histone variant H2A.Z
which has also been shown to be important for self-renewal and differentiation
of ES cells (Creyghton et al., 2008; Hu et al., 2013). Of note H2A.Z displays the
highest expression levels over all the canonical histones and its variants in ES
cells (Kafer et al., 2010). However it remains largely unknown how this histone
variant performs its functions in stem cells and contradictory claims have been

frequent.

One of the first ChIP-seq genome-wide analyses suggested an exclusive local-
isation at Polycomb complex target genes adding a new layer of regulation of
developmental genes in ES cells (Creyghton et al., 2008). Loss of function assays
indicated that H2A.Z would be responsible for mediating targeting of Polycomb
repressor complex 2 (PRC2) 2 and repression of early developmental genes, essen-
tial for ES cell differentiation (Creyghton et al., 2008). It was proposed that H2A.Z
activity in lineage commitment lays in the divergent amino acids residues Gly92,

Asp97, and Ser98 from the c-terminal acidic patch (Subramanian et al., 2013a).
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In these studies H2A.Z knockdown had no effect on Oct4 expression levels and
did not seem to affect the self-renewal capacity of ESCs even after prolonged
culture (Creyghton et al., 2008; Subramanian et al., 2013a). Further more it has
been shown recently that neither PRC1 nor PRC2 are required for the targeting of

H2A.Z to developmental genes in ES cells (Illingworth et al., 2012).

However the genomic landscape and functionality of H2A.Z seems to be more
complex than first anticipated. Hu and colleagues demonstrated that H2A.Z is not
only enriched at the promoters and enhancers of developmental bivalent genes
but also at active genes which globally comprise over two thirds of all genes (Hu
etal., 2013). Similar H2A.Z distribution was previously reported in murine ES and
neural stem cells and in human ES cells (Ku et al., 2012) and human multipotent

hematopoietic stem cells (Cui et al., 2009).

Interestingly H2A.Z was also shown to be required for both efficient self-renewal
and differentiation of ES cells and may function as a general mediator of activation
and repression complexes (Hu et al., 2013). Similar to previous reports, knockdown
of H2A.Z had little effect on Oct4 expression but compromised significantly OCT4
binding to its target genes (Hu et al., 2013). Moreover after 2 days of H2A.Z
depletion there was a significant reduction in the expression of core pluripotency
factors such as Sox2 , Esrrb, Tbx3 , and Klf4 and an increase in the expression of
differentiation genes such as Brachyury, Hand1 , Nkx2-5, Bmp4 , Runx1, Wnt7b,
Sox4 and Nestin. The inefficient self-renewal was further demonstrated by change

in ES cell morphology and reduction of SSEA1 expression (Hu et al., 2013).
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Retinoic acid induced differentiation was also compromised by reduced RAR
binding and activation of differentiation markers, and by reduced repression of
pluripotency genes after H2A.Z depletion (Hu et al., 2013). Similarly RAR has been
shown to be essential for both targeting and depletion of Suz12 and H2A.Z in the

chromatin of ES cells during differentiation (Amat and Gudas, 2011).

Furthermore, the role of H2A.Z in differentiation and lineage commitment has
been demonstrated to work together with the transcription factor Foxa2 by medi-
ating nucleosome depletion at the regulatory sequences of genes being activated
during ES cell differentiation (Li et al., 2012). It was shown that Foxa2 and H2A.Z re-
cruit nucleosome disassembly complexes (Nap111/SWI/SNF/INO80) which were

shown to be required for efficient differentiation (Li et al., 2012).

3.1.11 Contrasting roles of H2A.Z may be determined by chro-

matin modifying complexes

Although there is no clear consensus regarding the roles of H2A.Z in stem cell
biology the consistent requirement of the chromatin modifying complexes in-
volved in H2A.Z deposition, removal and post-translational modifications for
the maintenance of pluripotency indicate their essential role in determining the

context dependent function of this histone variant.

In a comprehensive loss of function screen for chromatin regulators with a role
in mouse ES cell self-renewal identified numerous subunits of the Tip60-p400

complex. The knockdown of these components resulted in reduced proliferation,
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alteration in cell-cell adhesion, loss of pluripotency markers and hindered ter-
atoma formation demonstrating their requirement for efficient self-renewal in ES
cells (Fazzio et al., 2008). Surprisingly the loss of H2A.Z seemed not to affect the

maintenance ES cell pluripotency.

This complex was suggested to act mainly as a repressor of developmental regula-
tor genes based on loss of function results but localizes to over half of promoters in
ES cells in ChIP-chip, with stronger correlation with highly expressed genes (Fazzio

et al., 2008).

Fazzio and colleagues also observed that the knockdown of Nanog hampered
p400 binding to a significant overlapping set of target genes. The targeting of p400
was suggested to be dependent of the histone mark H3K4me3 and Nanog would
promote p400 binding indirectly since no interaction of p400 and Nanog proteins
could be confirmed. However a recent interactome study reported the physical
interaction of Nanog with a number of TIP60-TRRAP-P400 components (Gagliardi

etal., 2013).

Interestingly TIP60-TRRAP-P400 components have also been reported to interact
with several other important pluripotency factors such as Oct4 and Tcfcp2l1 in
ES cells and Myc, KIf4 and Stat3 in cancer cell lines (Ai et al., 2007; Frank et al.,
2003, 2001; Martinato et al., 2008; van den Berg et al., 2010; Xiao et al., 2003).
Therefore it is tempting to speculate that H2A.Z and its associated chromatin
remodeling complexes could have a central role in pluripotency as a mediator of

the transcriptional regulatory network.
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Consistently TRRAP has been linked to have role in the maintenance of pluripo-
tency, to restrict differentiation in ES cells (Sawan et al., 2013) and is essential
for mouse early development (Herceg et al., 2001). Similarly Tip60 was shown
to be essential at late blastocyst stage as the loss of its function leads to pre-
implantation lethality (Gorrini et al., 2007; Hu et al., 2009). Also recently the SET
domain-containing protein 6 (SETD6), which monomethylates H2A.Z lysine 7,
was shown to be required for the maintenance of ES cell self-renewal (Binda et al.,
2013). Furthermore it has been suggested that Tip60-p400 may be modulated by
Hdac6 which does not appear to function as a histone deacetylase in mouse ES

cells (Chen et al., 2013b).

These chromatin remodelers are also important for the maintenance of adult
stem cells. Hematopoietic stem/progenitor cells (HSC) maintenance is dependent
on the histone acetyltransferase cofactor Trrap working via p53 and Myc fac-
tors (Loizou et al., 2009). The H2A.Z recruiting factor Vps72 of the TIP60 complex
can boost HSC self-renewal when over-expressed (Deneault et al., 2009; Umemoto
et al., 2012). Furthermore p400 plays a key role in HSC proliferation by controlling

the expression of cell-cycle-regulatory genes (Fuijii et al., 2010).

Interestingly some histone variants and chromatin remodelers have also been
shown to be important in cell fate restriction upon differentiation, and represent
an impediment for reprogramming towards pluripotency. For instance several

recent reports have shown that the histone variant macroH2A helps maintain
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differentiated cell identity and represents a barrier for the acquisition of pluripo-

tency (Barrero et al., 2013; Gaspar-Maia et al., 2013; Pasque et al., 2011).

Likewise, according to a recent claim the depletion of Mbd3, a core member of
the Mbd3/NuRD (nucleosome remodelling and deacetylation) repressor com-
plex, which has been previously shown to prevent ES cell differentiation (Kaji
et al., 2006), was able to improve both the kinetics and efficiency of the conven-
tional induced pluripotency reprogramming from some rare events over several
weeks (Takahashi and Yamanaka, 2006a) to virtually 100% conversion with 7
days (Rais et al., 2013). However this claim has fulled fierce debate about the
validity of its observations (Bertone et al., 2015) and contradictory results (dos

Santos et al., 2014) suggest that this effect may at least be context dependent.

Ultimately it would be of great interest to dissect the role of the histone variant
H2A.Z in the acquisition and maintenance of pluripotency. Its role in transcrip-
tional activation and cross-talk with key pluripotency factors make H2A.Z an
attractive reprogramming factor candidate and may provide new insights about

embryonic development including the ontogeny of the germ line.
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3.1.12 Objectives

The role of H2A.Z in the maintenance of pluripotency has been a controversial
theme and its involvement in the establishment of this stem cell state has not
been assessed so far. Significant evidence from early blastocyst, germline develop-
ment and embryonic stem cell studies suggests an important role in pluripotency.
Therefore the specific aims of the work presented in this chapter was to evaluate if
H2A.Z is a rate-limiting factor in induced pluripotency by assessing somatic cell
reprogramming efficiency and kinetics by using this histone variant as an extra

reprogramming transgene factor to the already established Yamanaka factors.
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3.2 Results and Discussion

3.2.1 H2A.Z as a rate-limiting factor in reprogramming neural

stem cells to pluripotency

To start assessing if the levels of expression of H2A.Z are a limiting factor in the
establishment of pluripotency  made use of a reprogramming assay established by
Theunissen et al. (2011). A graphical representation of the reprogramming assay is
illustrated in the Methods chapter Figure: 2.1. This system is based on the premise
that a somatic cell cannot be reprogrammed to naive pluripotency without the
expression of the transcription factor Nanog (Silva et al., 2009). Therefore a mutant
Nanog null somatic cell can be reprogrammed with the conventional Yamanka
factors only if Nanog (Theunissen et al., 2011) or downstream factors such as Esrrb

are genetically reconstituted (Festuccia et al., 2012).

A constitutive PiggyBac vector (Guo et al., 2009; Kaji et al., 2009; Woltjen et al.,
2009) for H2A.Z was stably co-transfected with Nanog into Nanog null mouse
neural stem cells which had been partially reprogrammed through infection with
retroviruses expressing Oct4, Klf4 and Myc (Cells and vectors were kindly given
by Jose Silva, Cambridge University). As experimental controls I transfected
vectors for Nanog only, H2A.Z only and the same for a histone reporter fusion
HZ2B:Cherry, which was intended to be a negative control for H2A.Z and also for
transfection/expression efficiency controls. To be able to select both factors in

co-transfected cells I used different PiggyBac expression vectors with a distinct
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selection cassette for the second factor. Vector maps can be found in the Methods
chapter. Of note this vector contains a modified CAGS promoter, which contains
a fragment of second intron and second exon of En2 gene inserted into the end
of the of the chimeric intron of the standard CAGS promoter. This modification
can drive the transgene expression to a much higher level than the standard CAGS
promoter (Dr Barry Rosen, personal communication). The experimental plan is

illustrated in the Methods chapter Figure 2.1.

In the first experiment H2A.Z over-expression seemed to improve slightly the
rescue of Nanog -/- towards pluripotency reprogramming (Figure 3.3a). Surpris-
ingly however, both H2A.Z and H2B:Cherry were able to produce iPS colonies
without Nanog co-expression. To my knowledge this was unprecedented and of
significant importance. While the over-expression of H2B:Cherry with both CAGS
and modified CAGS could produce some iPS colonies, H2A.Z over-expression
could only produce iPS colonies with the conventional CAGS expression vectors

suggesting that this activity is dependent on expression levels.

The over-expression of Nanog in the pre-iPS cells promoted extensive cell prolifer-
ation throughout the reprogramming process and efficiently produced numerous
colonies, which may even be underestimated since many colonies were fused
to each other. In order to try to get more significant numbers these stably trans-
fected pre-iPS cells were plated at a lower density in larger tissue culture dishes
(Figure 3.3c). This time the number of colonies was proportionally lower for the co-

delivered Nanog/Histone in relation to Nanog alone. H2A.Z only colony numbers
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were also proportionally lower than that of the first experiment, which may also
indicate that the cell seeding density might also interfere with the reprogramming
efficiency in this conditions. Nevertheless the forced expression of H2A.Z together

with Oct4, KIf4 and c-Myc was able to reprogram Nanog null somatic cells.

The fact that both H2A.Z and H2B:Cherry forced expression was able to produce re-
programmed colonies from Nanog null somatic cells prompted me to hypothesise
that these histones may compete with other endogenous histones with repres-
sive epigenetic marks and result in a reduction in the threshold of endogenous
pluripotency gene expression reactivation. If this hypothesis would be proven
true, the over-expression of other canonical histones could produce similar ef-
fects. I then repeated this experiment with the following set of histones: H2A.Z,
H2A, H2B, H2B:Cherry, H3 and H4. The background controls, empty vector and
fluorescent protein Cherry, were also included. However only H2A.Z, H2B:Cherry
and H2B were able to produce any iPS colonies in a Nanog null genetic back-
ground confirming the first experiments. Moreover testing for H2A.Z as a rate
limiting factor was inconclusive in the context of Nanog transgene co-delivery
given that Nanog over expression alone is already a very efficient reprogramming
condition and may mask any added effect produced by H2A.Z. Nevertheless these
experiments revealed the unexpected reprogramming of somatic cells deficient in
Nanog expression widely regarded as absolutely essential for the acquisition of

pluripotency (Silva et al., 2009).
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Fig. 3.3 Nanog requirement is bypassed by the over-expression of H2A.Z/H2B:
Nanog null pre-iPS cells used in the reprogramming assay contain a 3-geo cassette
knocked in into one of Nanog loci which permits both the selection with G418
and the staining with Lac-Z when the loci becomes active. (a) Quantification of
the total number of LacZ-positive/ G418 resistant iPS cell colonies ; (b) Alkaline
phosphatase staining of emerging Nanog-/- iPS cell colonies; (c) Quantification
of the total number of AP-positive iPS cell colonies.



3.2 Results and Discussion 87

3.2.2 Characterization of Nanog null iPS cells reprogrammed with

H2A.Z

To further characterise these reprogrammed cells, single colonies were picked, ex-
panded and evaluated. As expected, the Nanog over-expressing iPS cells appeared
to proliferate faster than the Nanog null iPS cells reprogrammed with histones
only. Interestingly the growth properties of these Nanog null reprogrammed cells
resemble Nanog null ES cells, that is, slower growth and higher propensity to
differentiate even in 2i/LIF conditions when no G418 selection is used (Figure 3.4).
G418 selects for cells that have reactivated the Nanog locus, which selection cas-
sete was knocked in to delete Nanog coding sequence (Chambers et al., 2007b).

Therefore this selection also prevents differentiation of these mutant cells.

2i/Lif

Fig. 3.4 Morphology comparison of Nanog null cell lines: (Left) Nanog null pre-
iPS cells derived form neural stem (NS) cells which were transduced with retro-
viruses expressing Oct4, KIf4 and Myc. Their morphology is very heterogeneous
and does not get reprogrammed without Nanog expression. (Centre) Nanog null
iPS cells reprogrammed with Oct4, Kilf4 and Myc plus H2A.Z. Produces bulky
colonies and tend to spontaneously differentiate. G418 selects undifferentiated
colonies such as in the figure. (Right) Nanog null ES cells (BT12) have the same
genetic background as the Nanog null pre-iPS cells used in the reprogramming
assay. Picture illustrates the spontaneous differentiation of these cells when G418
is not applied. Pictures were taken under the same magnification
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Clones of reprogrammed iPS cells were also used for assessing their transcrip-
tional expression profiles by real time quantitative polimerase chain reaction
(qRT-PCR) for endogenous naive pluripotency factors and silencing of retrovi-
ral reprogramming factors (Figure 3.5). The iPS cells obtained by rescue with
Nanog ectopic expression displayed equivalent expression levels of the naive
pluripotency markers Nanog, NrO1b and Esrrb in relation to wild type ES cells
and Rex1 expression level was reduced by around two thirds. These levels were
more or less similar between the iPS clones reprogrammed with Nanog/ H2A.Z
and Nanog/ H2B. The iPS clones reprogrammed with either histone alone had all
assessed endogenous pluripotency genes reactivated, however at a lower level in
comparison to wild type ES cells. Importantly the expression levels of these genes
were remarkably similar between an available Nanog null ES cell line (BT12) and
the histone reprogrammed iPS cells. Furthermore all iPS clones had undetectable
levels of the transgenic retroviral Oct4 expression demonstrating efficient silenc-
ing of reprogramming factor even in the absence of Nanog. The reprogramming
of Nanog deficient pre-iPS cells by over expression of H2A.Z was unprecedented

and a complete surprise.
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Fig. 3.5 Expression of pluripotency markers of NS derived iPS cells and its
precursors: qRT-PCR analysis for pluripotency genes and retroviral transgene
(rvOct4) expression in Nanog—/— pre-iPS cells, Nanog—/- ES cells, Nanog —/-
iPS cells reprogrammed with different combinations with Nanog, H2A.Z and
H2B:Cherry. Wild-type ES cells are used as a reference for the expression levels of
pluripotency genes and pre-iPS cells are used as a reference for retroviral trans-
gene expression of rvOct4. Data are relative levels to Gapdh. Error bars indicate
standard errors from three technical replicates

3.2.3 H2A.Z as a rate-limiting factor in reprogramming mouse

embryonic fibroblasts to pluripotency

To further test the capacity of enhancing the efficiency of standard reprogramming
by over-expression of histones I repeated the previous experiments with mouse
embryonic fibroblasts from a genetically modified mouse. A graphical representa-
tion of the experimental scheme is illustrated in the Methods chapter Figure: 2.2.
These cells have a GFP-IRES-Pac (Pac gene confers resistance to puromycin) re-
porter/selection cassette knocked in one of the Nanog alleles (Chambers et al.,

2007b) which provide a convenient means of monitoring and selecting repro-
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grammed cells in naive pluripotency (Figure 3.6a) (TNG-A Pre-iPS cells was kindly
provided by Jose Silva, Cambridge University). These cells were transduced with
the four Yamanaka factors and reprogrammed at a very low efficiency into naive
pluripotency when switched from serum/LIF growth conditions to 2i/LIF serum
free media. This conversion took between three to four weeks and the analysed
clones displayed reactivation of endogenous Nanog, Esrrb, Zfp42, NrO1b and
Tcfcp2 (Figure 3.6b). These factors were only detectable in fully reprogrammed
cells with exception of Tcfcp2, which was found at very low level in partially repro-

grammed cells.

TNG-A MEF derived pre-iPS cells were then used to assess the effect of over-
expressing the various histones during iPS cell reprogramming. Consistent with
the previous experiments H2A.Z over-expressing cells produced significantly
higher colony numbers in comparison to all conditions tested (Figure 3.7). They
began expressing GFP around 4 days after the positive control Nanog forced
expressing cells, at which point the selection with puromycin was started. After
10 days of selection colonies were observed only in H2A.Z cells and to a much-
reduced extent also with H2A (Figure 3.7). Consistent with H2A.Z reported roles
in cell cycle regulation and proliferation, the H2A.Z treated cells appeared to
proliferate extensively during the period of reprogramming and this feature was
not seen with any treatment with other histones (Figure 3.7). Also unique to
H2A.Z over-expressing cells was the formation of multiple colony foci even before
the appearance of Nanog:GFP expression, indicating an earlier change in cell

adhesion properties.
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Fig. 3.6 Reprogramming MEF cells to pluripotency: TNGA pre-iPS cells have
one of Nanog alleles knocked in with a GFP expressing cassette which can be
used to monitor reprogramming completion. The second Nanog allele is intact.
(a) Quantification of Nanog-GFP positive colonies. Bar represent the average
number of colonies from three experiments and error bar the standard error. (b)
Expression of pluripotency markers of MEF derived iPS cells and its precursors.
gRT-PCR analysis for pluripotency genes expression in pre-iPS cells and iPS cells
reprogrammed with conventional Yamanaka 4 factors. Wild-type ES cells are used
as a reference for the expression levels of pluripotency genes. Data are relative
levels to Gapdh. Error bars indicate standard errors from three technical replicates
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Fig. 3.7 H2AZ improve reprogramming efficiency: Alkaline phosphatase (AP)
staining of iPS cell colonies generated by over-expressing different histones. Empty
piggyBac (PB) vector and PB-Cherry are reprogramming base level controls. Stain-
ing was performed on the first day GFP positive colonies were observed in any
condition. Arrow heads indicate such GFP positive colonies which differ from AP
background cells also by their bulky colony morphology.

The fact that the canonical histones H2A and H2B also have some positive effect
in reprogramming was not expected, however it highlights the importance of
nucleosomal topology in transcriptional activation. The chromatin remodelling
complexes involved in deposition and removal of the histone variant H2A.Z are
believed to do so by the exchange of the dimers H2A/H2B for H2A.Z/H2B or vice
versa. It is tempting to speculate that either H2A or H2B can become a limiting
factor at some point of the cell cycle given that their expression is tightly associated
with the GO/S phase (Wu et al., 1982) as opposed to the constitutive nature of the

non-canonical histone variant H2A.Z.
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Thus, all the results so far, with two different somatic cell types, indicate a role
of H2A.Z in the establishment of pluripotency and elucidating its mechanisms
would be a significant contribution to the study of pluripotency and may provide

important insights about early embryo development including the germline.

3.2.4 Possible mechanisms of deposition of H2A.Z at regulatory

regions of key pluripotency genes

In mammals H2A.Z is thought to be deposited at its targets by two possible related
chromatin remodelling complexes, Tip60/Trrap/P400 and SRCAP (Gevry et al.,
2007; Ruhl et al., 2006). In one hand the complex Tip60/Trrap/P400 is believed to
be recruited to chromatin targets via the interaction with transcription factors and
the recognition of some histone marks: (Hu et al., 2013), H3K18Ac (Gervais and
Gaudreau, 2009) and H4K16ac (Kimura et al., 2002; Suka et al., 2002). On the other
hand SRCAP complex seem to deposit H2A.Z more globally and independent of

histone acetylation (Lu et al., 2009).

Both core ATPase sub-units of these chromatin remodelling complexes, P400 and
Srcap, are expressed in ES, NS and MEEF cells (Figure 3.8). However there was a
significant difference between the expression of these ATPase sub-units in NS
derived iPS cells. Srcap was barely detectable in Nanog null iPS cells generated
with 4 factors plus a histone H2A.Z or H2B. Interestingly the expression profile
of H2A.Z, Vps72, P400 and Srcap was very similar between a Nanog null ES cells

and these Nanog null iPS cells. Furthermore Srcap levels of expression were also
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very low in all NS derived iPS cells, even when Nanog was over-expressed. This
data may suggest that the main chromatin remodelling complex involved in the
reprogramming of NS cells is P400 and not SRCAP. Indeed P400 and SRCAP may
not have redundant roles in pluripotency. The loss of function of P400 in ES cells
leads to loss of self-renewal and is not compensated by SRCAP expression (Fazzio
et al.,, 2008). It would be interesting to assess the capacity of reprogramming NS

cells to pluripotency after SRCAP depletion.

The reprogramming of MEF cells with only 4 factors resulted in less variable
expression of H2A.Z, Vps72, P400 and Srcap when iPS, pre-iPS and MEFS were
compared. Importantly this experiment was performed without any histone over-
expression. It will be interesting to assess the expression profile in the same
stages of MEF reprogramming with 4 factors and H2A.Z over-expression. It might
be possible that at high levels of H2A.Z the expression of Srcap would be down

regulated.

One of the proposed models for the mechanism of transcription activation me-
diated by H2A.Z is via the acetylation of lysine residues at the C-terminal tail of
this histone variant (Draker and Cheung, 2009) and its hyper acetylation directly
correlate with the levels transcription in ES cells (Hu et al., 2013). Therefore the
efficiency of this post-translational modification may be a rate-limiting event in

the establishment of stable transcriptional activity of the pluripotency circuitry.

To test this hypothesis it would be possible to design two mutant H2A.Z in which

the codons for the acetylatable lysine residues (K4, K7, K11, K13 and K15) (Bo-
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Fig. 3.8 Expression of H2A.Z and chromatin remodelling components in iPS
cells and its precursors: qRT-PCR analysis for H2A.Z and chromatin remodelling
components Vps72, P400 and Srcap in (a) Nanog null NS derived iPS cells repro-
grammed with different combinations with Nanog, H2A.Z and H2B:Cherry and (b)
MEF derived iPS cells reprogrammed with standard Yamanaka 4 factors. Wild-type
ES cells are used as a reference for the expression levels. Data are relative levels to
Gapdh. Error bars indicate standard errors from three technical replicates
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nenfant et al., 2007; Boyne et al., 2006; Bruce et al., 2005; Dryhurst et al., 2004;
Ishibashi et al., 2009; Valdes-Mora et al., 2012) would be replaced to code for
glutamine mimicking acetylated residues. Conversely, to test the requirement of
H2A.Z acetylation in the reactivation of the pluripotency network the codons for
these acetylatable lysine residues would also be replaced for a codon of arginine,
which cannot be acetylated. These mutant variants can be co-expressed along
with an inducible RNA interference vector to knockdown the endogenous H2A.Z

during the process of somatic cell reprogramming.

Other potential approaches could be by the over-expression of the Kat5 sub-unit,
known to be the HAT catalytic subunit of the TIP60/P400 (Cai, 2005; Doyon et al.,
2004; Squatrito et al., 2006). Furthermore the recently reported dramatic improve-
ment in the efficiency and kinetics of somatic cell reprogramming to pluripotency
by depletion of MBD3 sub-unit of NURD complex histone deacetylase (Rais et al.,
2013) may be instrumental in dissecting the role of acH2A.Z in reprogramming.
For this purpose one could use an inducible vector to co-express H2A.Z (and

designed mutants) together with inducible RNA interference for Mbd3.
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3.3 Conclusion

The results presented in chapter gives evidence for a role of the histone variant
H2A.Z in the increase of reprogramming efficiency of two types of somatic cells to
pluripotency. Unexpectedly, the over-expression of H2A.Z was able to reprogram
mutant somatic cells lacking Nanog expression. Since Nanog has always been
deemed an essential gateway to pluripotency (Silva et al., 2009) these findings
were very interesting and with high impact potential for the field of pluripotency

and reprogramming.

During the progress of this project two back to back publications were reported
presenting alternative ways of bypassing Nanog requirement during reprogram-
ming. The first study demonstrated that Nanog is dispensable for the generation
of induced pluripotent stem cells in optimised culture conditions in media con-
taining high levels of ascorbic acid and the resultant Nanog null iPS cells are
transcriptionally highly similar to wild-type iPSCs and support the generation of
teratomas and chimeric mice (Schwarz et al., 2014). The second report identified
that a cross-talk between Nanog and K1f4 via Stat3 signalling activation and that an
enhanced signalling via the Klf4 axis was sufficient to bypass Nanog requirement
in the acquisition of full pluripotency (Stuart et al., 2014). It would be interesting
to investigate the connections between Nanog bypass mechanisms and where

H2A.Z lies in the order of events.

At a similar time the above mentioned studies were published another relevant

study reported that the over-expression of TH2A and TH2B, two histone vari-
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ants highly expressed in oocytes, could increase the efficiency of somatic cell
reprogramming to pluripotency when co-expressed with the four conventional
Yamanaka factors, Oct4, Sox2, Klf4 and Myc (Shinagawa et al., 2014). Interestingly
the gene for the histone H2A used in the current project Hist1h2aa which its other
name is TH2A and it resulted in a very slight increase in iPSC efficiency in my
experiments. This demonstrated the involvement of maternal histone variants in
the reprogramming of the somatic nucleus. Finally another report demonstrated
that the reprogramming of somatic cells to induced pluripotency is dependent
on H2A.Z and its over-expression can increase reprogramming efficiency (Wang
et al., 2015). This study further proposed that the pluripotency activity of Nanog

requires biochemical stabilisation of the histone variant H2A.Z.

Despite promising initial results the number of new reports demonstrating similar
finding to what I have been working on and the limited resources available, the
viability of my project became compromised. Therefore it was decided to invest
my efforts in alternative ways of studying the reprogramming of somatic cells to

pluripotency and these approaches will be described in the next chapters.



Chapter 4

Gene Networks of Somatic Cell
Reprogramming towards

Pluripotency

4.1 Introduction

During normal development the progression towards pluripotency presumably
must happen in a deterministic fashion for the success of pre-implantation devel-
opment. On the other hand, somatic cell reprogramming towards pluripotency
is much less efficient, slow and goes through a series of stochastic events which

constitute a bottle neck for the success of complete reprogramming.

However, improvement in somatic cell reprogramming should be possible be-

cause a somatic nucleus transferred into an oocyte can be fully reprogrammed,
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re-engaging in deterministic normal embryonic development. Therefore the
identification of genetic networks overlapping natural development and artificial
reprogramming processes could potentially lead to more efficient recipes for so-
matic cell reprogramming towards pluripotency. This rational assumption forms

the basis of the investigation described in this and the next chapters. (Figure 4.1)

p ~ — — Shared Network Modules ? = = ~ N
| \ Oct4
Sperm | ' | Sox2
or + Deterministic Stochastic —‘ + Kifa
Somatic Cell
Nucleus Myc

Fig. 4.1 Gene network analysis rational.

The aim of this study was to investigate the gene expression networks involved
in somatic cell reprogramming and in normal embryo development, trying to
identify common features and possible bottlenecks for reprogramming leading to
a selection of new gene candidates which could facilitate induced pluripotency.
The wealth of publicly available high quality transcriptome data from controlled
time course somatic cell reprogramming studies and normal pre-implantation
embryo development provide us with an unprecedented opportunity to perform
a systematic transcription network analysis which could not only identify limiting
reprogramming factors but also help us better understand mammalian develop-

ment.
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4.1.1 Weighted Gene Co-expression Network Analysis

The strategy chosen for the dissection of the genetic networks operating during
somatic cell reprogramming and mammalian pre-implantation development is
based on weighted gene co-expression network analysis (WGCNA) (Zhang and

Horvath, 2005).

A key feature of such analysis is that it focuses on network modules (clusters) of
genes instead of individual genes as is traditionaly the case. It provides a statistical
advantage by alleviating the multiple testing problem. Figure 4.2 illustrates a

general overview of the WGCNA pipeline used in this study as described below:

1. Construction of a network: The pairwise gene co-expression correlation
coefficients are transformed into adjacency measures by raising their values
to a selected power value (soft thresholding approach) designed to preserve
the continuity of the data and to satisfy a scale free topology. The adjacency
values are then used for the calculation of a topological overlap matrix

(TOM) which represent a weighted gene co-expression network.

2. Identification of Modules: The network modules are defined by using an
average linkage hierarchical clustering coupled with the topological dis-
similarity measures derived from topological overlap matrix. An important
approach used in WGCNA is the use of a hybrid dendrogram cutting algo-
rithm combined with partitioning around medoids (dynamic tree cutting).

This is a robust method that retains the advantages of both methods. The
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WGCNA Pipeline
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Fig. 4.2 WGCNA workflow. Adatpted from a WGCNA lecture by Steve Horvath
at Network Analysis Workshop 2013 (https://labs.genetics.ucla.edu/horvath/
CoexpressionNetwork/WORKSHOP/2013/
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identified modules are then decomposed into eigengenes which are dimen-

sion reduced representations of the modules.

3. Relate Modules to External Information: The module eigengenes from
cell reprogramming allows us to measure gene module memberships and
then measure their correlation with the different samples types (different
cell types) allowing us to efficiently identify key network modules differing
between samples. These modules are then annotated based on databases
for gene ontology and pathway analysis. Moreover the correlation with a
known biological trait gives rise to a gene significance measure which is a

good parameter for the prioritisation of candidate genes.

4. Module Preservation Network Analysis: The identified network modules
are then used for module preservation analysis to test the robustness of
defined modules with independent data sets. This permits us to identify
network features that are conserved between different systems as well as

the features that are unique to each data set.

5. Find Key Drivers in Interesting Modules: The genes with the highest mod-
ule membership and highest gene significance for relevant cellular traits
for each module are then used further for the identification of key driver
genes. With these measures we identify the intra-modular hub genes which
have a high probability of being the most important genes of a given module

network.
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4.2 Results and Discussion

For the first part of the analysis I collected published time series gene expression
data sets from iPS cell generation and used the algorithms from the WGCNA
package to construct weighted gene co-expression networks present in the reversal

of somatic fate towards pluripotency ( Figure 4.3 ).

Oct4
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Pluripotent .
Stochastic +
Stem Cells _. Kit4
Myc

Fig. 4.3 Gene network analysis of iPS cell generation.

4.2.1 Exploratory Data Analysis

The data set analysed in this chapter (Chantzoura et al., 2015) was produced us-
ing a mouse secondary reprogramming system for the analysis of the sequential
stages of reprogramming. A secondary reprogramming system consists of somatic
cells extracted from an animal which was generated from primary iPSCs produced
with inducible transgene vectors. This system permits the elimination of varia-
tion of integration sites of the reprogramming vector in the genome making the
second round of reprogramming more homogeneous and more efficient. The
aim of the original study was to compare the reprogramming routes driven by
two commonly used polycistronic cassettes constructs (MKOS and OKMS) which

expresses the four Yamanaka factors separated by 2A peptides but in different



4.2 Results and Discussion 105

order (Chantzoura et al., 2015). This two polycistronic cassettes differ mainly in
their relative expression levels of Klf4 which is a result of Kif4 being full sequence
length in MKOS and in OKMS is missing the coding sequence for the first 9 amino
terminal amino acids (Kim et al., 2015). This study provided RNA-seq gene expres-
sion data from sorted cells at different stages during reprogramming experiments
using either MKOS or OKMS reprogramming cassettes (Chantzoura et al., 2015).
Table 4.1 lists the utilised samples, cell type information, marker profiles used for

cell sorting and reprogramming cassette utilised.

The authors have previously characterised intermediate cell stages based on the
expression profile of a number of markers (O’'Malley et al., 2013a). The reprogram-
ming intermediate cell populations (2NG- are CD44 -ve, ICAM1 -ve, Nanog-GFP
-ve and Ecadherin -ve or +ve, 3NG- are CD44 -ve, ICAM1 +ve, Nanog-GFP -ve
and Ecadherin -ve or +ve, 3NG+ are CD44 -ve, ICAM1 +ve, Nanog-GFP +ve and
E-cadherin +ve) were sorted at day 10 of reprogramming (Table 4.1). The data set
also contains other cells which were used as references for somatic and pluripo-
tent cells of different types. MKOS/OKMS iPSCs are established iPSC clones. TNG
is an embryonic stem cell line carrying a Nanog-GFP reporter published in (Cham-
bers et al., 2003). From this line TNG MKOS and OKMS embryonic stem cells
were generated after targeting the Sp3locus with the MKOS or the OKMS cassette
respectively. E14 is a reference embryonic stem cell line and MEF are mouse
embryonic fibroblasts either wild type or generated from TNG MKOS or OKMS
ESCs derived embryos. D6 is the D6s4B5 iPSC line published in (O’Malley et al.,

2013a).
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Table 4.1 Chantzoura et al. RNA-sequencing data set
Sample Name Cell Type Markers Cassette
wtMEFrepl MEF Nanog-GFP -ve Ecadherin -ve ~ NONE
wtMEFrep2 MEF Nanog-GFP -ve Ecadherin -ve  NONE
MKOSMEFrepl MEF Nanog-GFP -ve Ecadherin -ve = MKOS
MKOSMEFrep2 MEF Nanog-GFP -ve Ecadherin -ve =~ MKOS
OKMSMEFrepl MEF Nanog-GFP -ve Ecadherin -ve ~ OKMS
OKMSMEFrep2 MEF Nanog-GFP -ve Ecadherin -ve =~ OKMS
2NnegECADnegOKMSrepl 2NG- Ecad- Nanog-GFP -ve Ecadherin -ve ~ OKMS
2NnegECADnegOKMSrep2 2NG- Ecad- Nanog-GFP -ve Ecadherin -ve ~ OKMS
2NnegECADnegOKMSrep3 2NG- Ecad- Nanog-GFP -ve Ecadherin-ve ~ OKMS
3NnegECADnegOKMSrepl 3NG-Ecad- Nanog-GFP -ve Ecadherin -ve ~ OKMS
3NnegECADnegOKMSrep2 3NG-Ecad- Nanog-GFP -ve Ecadherin -ve OKMS
3NnegECADnegOKMSrep3 3NG- Ecad- Nanog-GFP -ve Ecadherin-ve  OKMS
2NnegECADposOKMSrepl 2NG- Ecad+ Nanog-GFP +ve Ecadherin-ve OKMS
2NnegECADposOKMSrep2 2NG- Ecad+ Nanog-GFP +ve Ecadherin -ve OKMS
2NnegECADposOKMSrep3 2NG- Ecad+ Nanog-GFP +ve Ecadherin -ve OKMS
3NnegECADposOKMSrepl 3NG- Ecad+ Nanog-GFP +ve Ecadherin-ve OKMS
3NnegECADposOKMSrep2 3NG- Ecad+ Nanog-GFP +ve Ecadherin -ve OKMS
3NnegECADposOKMSrep3 3NG- Ecad+ Nanog-GFP +ve Ecadherin-ve OKMS
2NnegECADposMKOSrepl 2NG- Ecad+ Nanog-GFP +ve Ecadherin -ve MKOS
2NnegECADposMKOSrep2 2NG- Ecad+ Nanog-GFP +ve Ecadherin-ve MKOS
2NnegECADposMKOSrep3 2NG- Ecad+ Nanog-GFP +ve Ecadherin -ve MKOS
3NnegECADposMKOSrepl 3NG- Ecad+ Nanog-GFP +ve Ecadherin -ve MKOS
3NnegECADposMKOSrep2 3NG- Ecad+ Nanog-GFP +ve Ecadherin -ve MKOS
3NnegECADposMKOSrep3 3NG- Ecad+ Nanog-GFP +ve Ecadherin -ve MKOS
3NposECADposOKMSrepl 3NG+ Ecad+ Nanog-GFP +ve Ecadherin +ve OKMS
3NposECADposOKMSrep2 3NG+ Ecad+ Nanog-GFP +ve Ecadherin +ve OKMS
3NposECADposOKMSrep3 3NG+ Ecad+ Nanog-GFP +ve Ecadherin +ve OKMS
3NposECADposMKOSrepl 3NG+ Ecad+ Nanog-GFP +ve Ecadherin +ve MKOS
3NposECADposMKOSrep2 3NG+ Ecad+ Nanog-GFP +ve Ecadherin +ve MKOS
3NposECADposMKOSrep3 3NG+ Ecad+ Nanog-GFP +ve Ecadherin +ve MKOS
MKOSiPSCsminusDoxrepl iPS Nanog-GFP +ve Ecadherin +ve MKOS
MKOSiPSCsminusDoxrep2 iPS Nanog-GFP +ve Ecadherin +ve MKOS
OKMSiPSCsminusDoxrepl iPS Nanog-GFP +ve Ecadherin +ve OKMS
OKMSiPSCsminusDoxrep2 iPS Nanog-GFP +ve Ecadherin +ve OKMS
MKOSiPSCs2irepl iPS Nanog-GFP +ve Ecadherin +ve MKOS
MKOSiPSCs2irep2  iPS Nanog-GFP +ve Ecadherin +ve MKOS
OKMSiPSCs2irepl iPS Nanog-GFP +ve Ecadherin +ve OKMS
OKMSIiPSCs2irep2 iPS Nanog-GFP +ve Ecadherin +ve OKMS
Dé6repl iPS Nanog-GFP +ve Ecadherin +ve MKOS
Dérep2 iPS Nanog-GFP +ve Ecadherin +ve MKOS
El4repl ESC Nanog-GFP +ve Ecadherin +ve NONE
El4rep2 ESC Nanog-GFP +ve Ecadherin +ve NONE
TNGESCSrepl ESC Nanog-GFP +ve Ecadherin +ve NONE
TNGESCSrep2 ESC Nanog-GFP +ve Ecadherin +ve NONE
TNGMKOSESCsrepl ESC Nanog-GFP +ve Ecadherin +ve MKOS
TNGMKOSESCsrep2 ESC Nanog-GFP +ve Ecadherin +ve MKOS
TNGOKMSESCsrepl ESC Nanog-GFP +ve Ecadherin +ve OKMS
TNGOKMSESCsrep2 ESC Nanog-GFP +ve Ecadherin +ve OKMS
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The RNA-Seq data set for Chantzoura et al. (2015) was downloaded from the
Gene Expression Omnibus (GEO) repository from the provided accession number
GSE70816. The raw counts data can be found as supplementary data within
this submission by the file labelled as "GSE70816 Chantzoura2015 Expression

ReadCounts.txt".

Data Normalisation

The data set comprises 48 samples and 25922 features/genes. Upon initial analysis
of the data followed by tests with different normalisation approaches the samples
were normalized by regularised log transformation using the DESeq2 package
(Love et al., 2014) and removed the genes with counts of less than 10 in 20% of the

samples resulting in 13995 genes.

We can see in Figures 4.4a and 4.4b that the global read distribution for all the
samples after normalisation is fairly equivalent indicating high quality of all sam-
ples. We can observe in the density plot (Figure 4.4b) that all the samples have a
high proportion of undetected and or low expressed genes, a commonly expected
feature of RNA-Seq data. One of the properties of the regularised log transforma-
tion is the shrinkage of the variance of low expressed genes resulting in a more
even variability across the ranges of level of expression as we can observe in Figure
4.4c. This reduction of expression noise improves the quality of downstream
analysis such as clustering and dimension reduction techniques such as principal

component analysis.
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(c) Gene expression standard deviation

Mapped Counts (Loa2))

(b) Density plot
that most cell types form well defined distinct clusters apart from the initial inter-

groups are color coded as displayed on the legend above the plot; (b) Density
tances further indicate the high quality of the data set (Figure 4.5). We can observe

Fig. 4.4 Chantzoura data set mapped reads statistics. (a) Box plot: Distribution
of the RNA-seq data sets representing the expression levels (regularised log trans-
formed and quantile normalized) for all 13995 genes considered. The sample
plot: Log-intensity distribution of all libraries superposed and color coded as per
legend insert; (c) Gene expression standard deviation vs. ranked mean: The color
intensity of scatter plot reflects the number of genes at a given mean rank as per
legend. The red line depicts the running median estimator (window-width 10%).
The unsupervised hierarchical clustering of the samples by their Euclidean dis-

Unsupervised Hierarchical Clustering
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mediary pre-iPS cells. The intermediate later stage iPS cells (3NG+ Ecad+) cluster
well with established iPS cells and the earlier stage cells form two groups that
cluster well based on the expression of the surface marker E-Cadherin. Interest-
ingly, the E-Cadherin +ve intermediate pre-iPS cells 2NG- Ecad+ and 3NG- Ecad+
cluster perfectly into two groups distinguished by the reprogramming cassette
used (MKOS and OKMS) instead of the expression of the surface marker ICAM1
which was one of the markers used to sort these two intermediary reprogramming
cell populations. The fact that the different reprogramming cassettes have the
property of producing distinctly related reprogramming intermediate cells might
confer this analysis an advantage since we have an opportunity to characterise the
genetic network of more intermediate stages, possibly producing an even higher

resolution analysis than we would expect if this phenomenon was not observed.
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Fig. 4.5 Chantzoura data set sample clustering: The heatmap represents the
clustered pair-wise Euclidean distances between all samples based on their regu-
larised log transformed expression of all all 13995 genes analysed. The euclidean
distances range from 0 (dark blue) to just over 150 (red) as depicted in the legends
next to the plot. The surface marker E-Cadherin, the reporter gene Nanog-GFP,
the type of reprogramming cassette used (MKOS, OKMS or none) as well as the
sample groups MEE 2NG- Ecad-, 2NG- Ecad+, 3NG- Ecad-, 3NG- Ecad+, 3NG+
Ecad+, iPSCs and ESCs were also color coded to assist in the sample clustering
visualisation.
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Principal Component Analysis

This high-throughput gene expression data set was further processed in order to
reduce it’s dimensions by singular value decomposition transformation and was
used for performing principal component analysis. I was able to verify that the
variance observed can be well represented by the first few principal components.
The first principal component has by far the highest singular value over all (Figure
4.6a) and explains over 41% of the variance between samples (Figure 4.6b). Fur-
thermore the combination of the first 3 principal components is able to explain

around 60% of the variance (Figure 4.6a, 4.6b and 4.6c¢).

This analysis gives us another perspective of the relatedness of the samples ob-
served with the hierarchical clustering and further reinforces the suitability of the
sorted intermediate reprogrammed cells for the analysis of sequential steps in
reprogramming towards pluripotency. The principal component analysis plots
shows a remarkable clear route from somatic cell state (MEFs) moving towards the
pluripotent cell state (ES and iPS cells) . The order of the cell stages observed are
MEFs, 2NG- Ecad-, 3NG- Ecad-, 2NG- Ecad+, 3NG- Ecad+, 3NG+, Ecad+, iPSCs

and ESCs (Figures 4.7a and 4.7c¢).

Moreover, when we analyse the sequential stages of reprogramming focusing on
the type of cassette construct utilised we can confirm the findings from Chant-
zoura et al. (2015) that the earlier intermediate stages 2NG- Ecad+ and 3NG- Ecad+
produced by the OKMS cassette seem to be trapped in an earlier stage when com-

pared to the equivalent cell populations produced with the MKOS cassette (Figure
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4.7b and 4.7d). This observation further highlights the added resolution of this

dataset.
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Fig. 4.6 Chantzoura data set singular value decomposition
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Fig. 4.7 Chantzoura data set principal component analysis: Principal compo-
nents (eigengenes) were calculated via singular value decomposition and plotted
the first two (a and b) or three principal components (c and d) to assist in visualisa-
tion of the sample groupings. The plots were both coloured based on the sample
groups and reprogramming cassette used as indicated in the figure legends.
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4.2.2 Weighted Gene Co-Expression Network Analysis

One of the key features of weighted gene co-expression analysis (WGCNA) is the
preservation of continuous data in the classification of network module member-
ship (Zhang and Horvath, 2005). Traditional methods employ a hard threshold for
such classification which leads to discrete outputs. The choice for a hard threshold
is arbitrary and incur a loss of information especially in the boundaries of the

chosen threshold.

WGCNA uses a soft-threshold in the form of a power over the adjacency measure-
ments which itself is derived from the correlation of measurements. This strategy

leads to a "fuzzy" classification value which lies continuously between 0 and 1.

Scale Free Topology Fitting

Most biological networks display a power-law distribution (scale-free topology),
which is characterised by having a small number of highly connected nodes (i.e.
hub genes) that link the rest of the less connected nodes to the system (Barabasi
and Albert, 1999). Using the WGCNA package (Langfelder and Horvath, 2008)
implemented in R I have performed tests for selecting the soft threshold power to
try satisfy a scale free topology and at the same time produce the most meaningful

biological network modules.

Two measures of agreement of scale free topology are the scale free fitindex R? and

the overall mean connectivity (k). When R? is close to 1 and the overall mean « is
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relatively low the network is considered to be approximately scale free. Therefore
I selected the value 12 for the soft threshold as it is the point where R? gets close
to saturation and the mean connectivity is close to the minimum (Figure 4.8a and

4.8b).

Another diagnostic of network scale free topology is done by plotting log(p(x))
versus log(x). We can see in Figure 4.8c that the chosen power (8 = 12) leads to an
approximate scale free topology with an R? of 0.77 and slope -1.8. The black line
shows the linear model fit for scale-free topology. We can observe that highest
values cause the network to satisfy the scale free topology only approximately and
might be better modelled by the exponentially truncated power law as fitted by

the red line in Figure 4.8c (Csdnyi and Szendr6i, 2004).

scale free R"2=0.77 , slope= —1.8, trunc.R"2= 0.91
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Fig. 4.8 Selection of power f for the Chantzoura data set: A power f is selected
at the point where the scale free fit index R? is close to saturation (a) and the mean
connectivity is close to the minimum (b). The power  of 12 was chosen as the
soft threshold value which causes the network topology to approximate a scale
free topology the most (c).



116 Gene Networks of Somatic Cell Reprogramming towards Pluripotency

Construction of a Weighted Gene Co-Expression Network

I constructed a signed weighted gene co-expression network following the guide-
lines from the authors of the method (Zhang and Horvath, 2005). In order to
prioritise only positive gene expression correlations and to obtain a network ro-
bust to outliers, the adjacency matrices were constructed using an algorithm that
takes into account the correlation coefficient sign derived from bi-weight mid-
correlations. I initially created a matrix of pairwise correlations (Pearson correla-
tion) between all pairs of genes across the measured samples (cor (x;, x;)) followed
by the creation of an adjacency matrix (A;, ;) by raising the co-expression coeffi-
cients to the selected soft threshold power =12 (A;,;=10.5+0.5xcor (x;, xj)llz).
The adjacency matrix (A;, ;) was then used for the calculation of the topological
overlap matrix (TOM), which is a robust and biologically meaningful measure of
network interconnectedness. Network interconnectedness represents the strength
of the co-expression relationship of two genes with respect to all other genes in
the network. The grouping of genes with highly similar co-expression relationship
was done by average linkage hierarchical clustering on the topological overlap.
The hierarchical clustering tree was cut using the Dynamic Hybrid Tree Cut al-
gorithm (Langfelder et al., 2007). The expression profile of each module was
summarised by representing it as the first principal component termed here as

module eigengene.

Figure 4.9 displays the resulting hierarchical cluster tree of all 13995 expressed

genes in the dataset and the color bands below is a visual representation of the



4.2 Results and Discussion 117

module assignments (first coloured band) and the gene significance (GS) measure
(red and blue indicates positive and negative correlation with analysed cell types
respectively). The strongest clustering driver was the reprogramming status and
the two biggest modules, turquoise and blue, correspond to mouse embryonic
fibroblasts (MEF) cells and cells in pluripotent state respectively. The black, green,
red, brown and pink modules correlate with the intermediate reprogramming
cell sub-populations 2NG- Ecad+ and 3NG- Ecad+, while the magenta and yellow
modules correlate with 2NG- Ecad- and 3NG- Ecad- which are E-Cadherin -ve.
These intermediate modules may be interesting for further investigation since they
may reveal important reprogramming mechanistic landmarks towards successful

reprogramming to pluripotency.
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Fig. 4.9 Network module definition for the Chantzoura data set. Gene dendro-
gram obtained from the reprogramming dataset of Chantzoura et al. 2015. This
tree was defined by hierarchical clustering the dissimilarity based on consensus
topological overlap measures using average linkage of the 13995 genes analysed.
The color coded modules were assigned based on the dynamic hybrid branch
cutting method represented as the first color band below the the dendrogram.
The several other color bands represent the gene significance measures to all
the cell samples analysed: “red” indicates a high positive correlation with the a
cell type and “blue”, high negative correlation. Note that the two major network
modules “turquoise” and “blue” strongly correlate with MEFs and Nanog +ve cells
respectively and the other modules are associated with the intermediate stages of
reprogramming.
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Merging Highly Similar Network Modules

I could verify that some defined module eigengenes have very similar expression
profiles and those ones with the most similarity should be merged together. The
module eigengenes were used for performing a hierarchical clustering and an
arbitrary height was selected at a point were module eigengenes that fall below

should be merged as illustrated in Figure 4.10
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Fig. 4.10 Module merging height for the Chantzoura data set. Hierarchical clus-
tering of module eigengenes. The red line indicates the arbitrary height of 0.27
selected for merging very similar module eigengenes.

The function mergeCloseModules from the WGCNA package was used for merging
and reassigning the final module eigengenes. The top panel of Figure 4.11 shows
a new hierarchical clustering of the resulting merged eigengenes and the heatmap

in the bottom panel illustrate the the pairwise correlations of such modules. The

chosen merging threshold height was considered conservative as there were still

some module eigengenes which were significantly correlated to each other. The

green and magenta modules are associated with early reprogramming stages

and the brown and blue modules associated with the latest stages of pluripotency
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acquisition. The two modules from these stages, which have a pair wise correlation
larger than 0.70, as seen in the heatmap from Figure 4.11, could potentially still
be merged together but were left as they were as an attempt to recover the most

biological information from these two important stages of reprogramming.
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Fig. 4.11 Module eigengenes network for the Chantzoura data set. The top panel
shows a hierarchical clustering dendrogram of the eigengenes based on dissim-
ilarity. The bottom panel shows the eigengene network, which is defined by a
signed weighted correlation network varying from 0 (no correlation) to 1 (highest
possible correlation) as displayed in the color legend.
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After merging the highly similar module eigengenes we get an improved picture
of the representation of cell types (Figure 4.12). The larger modules turquoise,
brown and blue remained almost unchanged representing MEFs and pluripotent
cell types respectively. The intermediate sub-populations 2NG- Ecad+ and 3NG-
Ecad+ are now represented by the tan and purple modules. The green, magenta

and orange modules represents the 2N- Ecad- and 3N- Ecad- sub-populations.
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Fig. 4.12 Network module definition after merges for the Chantzoura data set.
This tree was defined by hierarchical clustering the dissimilarity based on con-
sensus topological overlap measures using average linkage of the 13995 genes
analysed as shown before in Figure 4.9 but this time the highly correlated modules
were merged. The color coded modules were assigned based on the dynamic
hybrid branch cutting method represented as the first color band below the the
dendrogram. Note that now there are two module color bands corresponding to
the original and the merged module assignments. The several other color bands
(blue and red) represent the gene significance measures to all the cell samples
analysed: “red” indicates a high positive correlation with the a cell type and “blue”,
high negative correlation.
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Relating Module Eigengenes to Cellular Traits

The next step was to measure the association significance of the defined module
eigengenes and cellular traits. The module eigengenes are optimal representa-
tions of the gene expression profiles of each module, therefore their correlation
measures with different traits provide a useful measure of association significance

(Horvath, 2011) .

The heatmaps in Figure 4.13a and 4.13b summarises this association analysis.
The cell color palette between red, white and blue represent positive neutral and
negative correlations respectively. The pairwise correlation coefficients for each
module-trait are displayed inside the cells with the significance values (student
asymptotic p-values) between brackets. The correlation of the module eigengene
and the gene co-expression profile provides a quantitative measure of module
membership (MM) which is useful for quantitatively measuring the expression

similarity of all transcripts in the dataset to every module.

One of the main purposes for the publication by Chantzoura et al. (2015) was to
compare the properties of the two reprogramming cassettes analysed (MKOS and
OKMS). It was reported that the MKOS cassette is associated with a significantly
faster reprogramming kinetics and that a great proportion of cells treated with
OKMS reprogramming cassette appear to get "stuck" at intermediate reprogram-
ming stages. The current reanalysis of Chantzoura et al. (2015) data set by WGCNA
further confirms these findings. Figures 4.14a and 4.14b illustrate the measure-

ments of association (average gene correlation) of each of the defined module
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eigengenes with the two reprogramming cassettes. We can see that the reprogram-
ming cassette MKOS is positively associated with the blue and brown modules
(Late pluripotency genes) while the reprogramming cassette OKMS shows a nega-
tive association with these modules. Moreover the reprogramming cassette OKMS
is highly associated with modules from the earliest stages of reprogramming
green, magenta and orange while MKOS is negatively associated with the green

and orange modules and significantly less associated with the magenta module.
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Fig. 4.13 Chantzoura data set module eigengene associations with phenotypes.
Network module association to cell types and cell markers: The heatmaps in Fig-
ures 4.13a and 4.13b represent a high level representation of the identified network
modules and the highly correlated modules to relevant trait provide an efficient
mean of prioritisation of modules for further analysis. The module eigengene
values were correlated with each cell type analysed as well as the markers Ecad-
herin and Nanog-GFP and the two alternative reprogramming cassettes MKOS
and OKMS. The color coded heatmaps represent the level of correlation between
the module eigengenes (rows) and cell type or feature (columns). As shown by the
color legend guides on the right, red represent strong positive correlation, white
stands for no correlation and blue represent strong negative correlation. Each
correlation coefficient value is printed in the corresponding table cell along with
the association significance level between brackets. Again we can see that the
turquoise and blue module are very significantly highly correlated with MEF cells
(R=0.84, p = 1e-13) and Nanog-GFP +ve cells (R=0.83, p = 3e-13).
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Fig. 4.14 Module significance to reprogramming cassette type: alternative visu-
alisation of the level of association (mean gene significance) across modules and
the reprogramming cassettes MKOS 4.14a and OKMS 4.14b. The higher the mean
gene significance in a module, the more significantly related the module is to the
feature of interest. We can see that the two reprogramming cassettes are associ-
ated with close to mutually exclusive network modules. The last two columns of
Figure 4.13a represent similar information.
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4.2.3 Network Modules Based Gene Set Enrichment Analysis

The associations of the various cell types along the reprogramming route with the
final network module eigengenes provide an attractive approach for ranking gene
sets for performing gene set enrichment analysis. The selection of genes with
high module membership values (high association with a module) and high gene
significance (high association) for a cell trait/type permits us to select network
hub genes which have the highest probabilities of being the essential drivers of

biological functions most prominent in the cell traits/types in question.

The Figure panels 4.16a to 4.24 illustrate such an approach for each of the identi-
fied network modules for this reprogramming data set. The sub-figure a in each
panel is formed by a gene expression heat map (top) and the corresponding mod-
ule eigengene expression which gives a summary representation of the expression
of the genes in that module. The number of genes in each modules is indicated
between parentheses on the top of each heatmap. These expression visualisations
allow a precise appreciation the dynamics of gene expression profiles through
the various stages of reprogramming. The sub-figure b in each panel illustrates
the correlation of the module membership from the genes in each module as
function of their gene significance for the best correlated cell trait/type. In or-
der to prioritise the most important hub genes a threshold was set for module
membership and gene significance values. The genes with the highest values
for both measures within such threshold were selected as input for performing

gene set enrichment analysis using the online tool Enrichr (Chen et al., 2013a)
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and the results are summarised as bar plots of the enrichment levels of the most

significantly enriched gene ontology (GO) terms.

Figure 4.15 summarises the results from all Figures 4.16a to 4.24. Based on the
WGCNA results the observed gene co-expression network modules during re-
programming fall roughly into three categories with regards to their expression
dynamics: a) Somatic related module expression goes gradually down at different
speed (Turquoise and Green); b) Intermediate stages related module expression
that goes up in the middle of the process but is down regulated when pluripotency
is reached (Orange, Magenta, Purple, Red and Brown); c) Pluripotency related

modules that goes up in the final stages of reprogramming (Brown and Blue).

The associated biological processes enriched in each network module gives us an
insight of the events occurring on the route to pluripotency. The transition from
somatic cells MEF to the first intermediate reprogramming cell population 2NG-
ECAD- is marked by gradual but pronounced decrease of genes associated with
extracellular matrix organisation, and cell migration. Interestingly the 2NG- ECAD-
population significantly acquires the expression of genes related to non-coding
RNA processing and RNA splicing and this module is gradually down regulated
before the acquisition of pluripotency. The red module is also associated with
RNA splicing and has transient up-regulation in 2NG- ECAD-, 3NG+ ECAD+ and
ESCs, however its expression is down-regulated in iPSCs. The magenta module is
enriched for genes associated with the activation of immune response and their

expression gets gradually up-regulated from 2NG- ECAD-, peaking its expression
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when E-Cadherin expression is activated (2NG- ECAD+) but is sharply down-
regulated upon pluripotency acquisition marked by Nanog expression (3NG+
ECAD+). The purple module also has a transient expression associated with the
activation of E-Cadherin expression which marks the mesenchymal to epithelial
transition (MET) stage of reprogramming and then is down-regulated upon Nanog
expression (3NG+ ECAD+). The Tan module expression is also transiently up-
regulated around MET phase and is associated with amino acid bio-synthesis.
After MET (ECAD+) the brown module gets up-regulated and its expression is
maintained steady until full pluripotency. The brown module is associated with
cell division regulation, DNA repair and recombination. After Nanog expression
is switched on (3NG+ ECAD+) the cells are considered to have completed the
reprogramming to pluripotency and this period is marked by the expression
activation of the large blue network module which the most significant hub genes

are associated with meiosis and epigenetic regulation.
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Fig. 4.15 Dynamics of Biological Processes

stages of reprogramming are labelled in the grey bar on the top of the figure.
The markers used for the cell sorting and the network eigengenes expressions are

represented as horizontal color bars with the color intensity correlating with its
expression levels. The most significantly enriched functions are summarised on

the color coded boxes on the bottom of the figure.
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4.2.4 Conclusion

A similar approach to study gene co-expression network dynamics during human
fibroblast reprogramming has been recently reported(Paul et al., 2016). How-
ever this published study had several technical issues which compromised the
relevance of their findings. Firstly, the authors were unable to fully reprogram
any of the assessed somatic cells into self-renewing iPSC cells, which failed to
significantly express several key pluripotency regulators such as NANOG, ESRRB,
TBX3, TETI and TETZ2 and failed to form teratomas in mice suggesting a partial
reprogramming at most. Secondly their microarray gene expression analysis was
performed in the whole bulk cell population at different time points after adenovi-
ral delivery only up to 3.5 days. The reprogramming process is very heterogeneous
and asynchronous therefore the result of gene analysis of bulk cell populations are
inherently noisy and imprecise. Moreover the expression profiles observed during
the experiment’s time-course suggests that the transient short pulse expression of
the reprogramming factors produced by the adenoviral vector used in the study

was insufficient to permanently change fate of the somatic cells.

The analyses presented in this and the next chapter successfully address all these
limitations. The RNA-seq gene expression analysis was performed on sorted
cell populations based on robust markers able to distinguish several stages from
the starting somatic cells throughout the several intermediate reprogrammed
stages up to fully reprogrammed iPS cells, resulting in reliable gene expression

correlations with the various cell states. This analysis has revealed interesting
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biological functions during the process of reprogramming and its reproducibility
will be addressed in the next chapter using a separate data set. The modules that
are shown to co-occur in different analyses have a high chance of being important
components for the mechanisms of reprogramming and may offer the possibility
for the identification of process bottlenecks which limits the efficiency of iPSC

generation.
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Fig. 4.16 Turquoise module characterisation: The turquoise module is composed
of 4588 genes whose eigenegene is significantly associated with MEF cells (Figure
4.16b: R =0.89, p < 1e-200). Figure 4.16a: heatmap of turquoise module gene
expression with the rows corresponding to genes and the columns corresponding
to the 48 cell samples. Red and green color codes represent the scaled gene
expression values as over-expression and under-expression respectively. The
bar plots below the heatmap represent the expression levels of the turquoise
eigenvector (eigengene) across the 48 samples with each bar corresponding to
a principal component of the eigenvector. The value of an eigengene is high
when most genes in the module are over-expressed in a given sample (red in
the heatmap) or the value is low when under-expressed (green in the heatmap).
Figure 4.16b: Selection of hub genes with high module membership values (MM
>=(.7) and gene significance for MEF cells (GS >=0.6). Each spot in the scatter plot
correspond to a gene and the dotted red gates represent the arbitrary thresholds
for filtering the intra-modular hub genes. The red line correspond to a loess
regression fit and the correlation coefficient and p-value is printed above the
plot. Figure 4.16c¢: The filtered hub genes were used for gene ontology function
enrichment analysis and the results are represented as a bar plot. The enriched GO
term is used as bar labels and the length of the bars represent the enrichment level
and the color brightness of the bar correspond to the significance of enrichment
with grey being non significant.
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Fig. 4.17 Green module characterisation: The green module is composed of 1089
genes whose eigenegene is significantly associated with MEF cells (Figure 4.17b:
R =0.57, p =7.7e-95). Figure 4.17a: heatmap of green module gene expression
with the rows corresponding to genes and the columns corresponding to the 48
cell samples. Red and green color codes represent the scaled gene expression
values as over-expression and under-expression respectively. The bar plots below
the heatmap represent the expression levels of the green eigenvector (eigengene)
across the 48 samples with each bar corresponding to a principal component of
the eigenvector. The value of an eigengene is high when most genes in the module
are over-expressed in a given sample (red in the heatmap) or the value is low when
under-expressed (green in the heatmap). Figure 4.17b: Selection of hub genes
with high module membership values (MM >= 0.42) and gene significance for
MEEF cells (GS >= 0). Each spot in the scatter plot correspond to a gene and the
dotted red gates represent the arbitrary thresholds for filtering the intra-modular
hub genes. The red line correspond to a loess regression fit and the correlation
coefficient and p-value is printed above the plot. Figure 4.17c: The filtered hub
genes were used for gene ontology function enrichment analysis and the results
are represented as a bar plot. The enriched GO term is used as bar labels and the
length of the bars represent the enrichment level and the color brightness of the
bar correspond to the significance of enrichment with grey being non significant.
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Fig. 4.18 Orange module characterisation: The orange module is composed of
836 genes whose eigenegene is significantly associated with Ecadehrin positive
cells (Figure 4.18b: R = 0.36, p = 5.5e-27). Figure 4.18a: heatmap of orange module
gene expression with the rows corresponding to genes and the columns corre-
sponding to the 48 cell samples. Red and green color codes represent the scaled
gene expression values as over-expression and under-expression respectively.
The bar plots below the heatmap represent the expression levels of the orange
eigenvector (eigengene) across the 48 samples with each bar corresponding to
a principal component of the eigenvector. The value of an eigengene is high
when most genes in the module are over-expressed in a given sample (red in the
heatmap) or the value is low when under-expressed (green in the heatmap). Figure
4.18b: Selection of hub genes with high module membership values (MM >= 0.5)
and gene significance for Ecadehrin positive cells (GS >= 0). Each spot in the
scatter plot correspond to a gene and the dotted red gates represent the arbitrary
thresholds for filtering the intra-modular hub genes. The red line correspond to a
loess regression fit and the correlation coefficient and p-value is printed above the
plot. Figure 4.18c: The filtered hub genes were used for gene ontology function
enrichment analysis and the results are represented as a bar plot. The enriched GO
term is used as bar labels and the length of the bars represent the enrichment level
and the color brightness of the bar correspond to the significance of enrichment
with grey being non significant.
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Fig. 4.19 Magenta module characterisation: The magenta module is composed
of 151 genes whose eigenegene is significantly associated with MEF cells (Figure
4.19b: R =0.41, p < 1.7e-07). Figure 4.19a: heatmap of magenta module gene
expression with the rows corresponding to genes and the columns corresponding
to the 48 cell samples. Red and green color codes represent the scaled gene expres-
sion values as over-expression and under-expression respectively. The bar plots
below the heatmap represent the expression levels of the magenta eigenvector
(eigengene) across the 48 samples with each bar corresponding to a principal com-
ponent of the eigenvector. The value of an eigengene is high when most genes in
the module are over-expressed in a given sample (red in the heatmap) or the value
is low when under-expressed (green in the heatmap). Figure 4.19b: Each spot in
the scatter plot correspond to a gene. The red line correspond to a loess regression
fit and the correlation coefficient and p-value is printed above the plot. Figure
4.19c: The filtered hub genes were used for gene ontology function enrichment
analysis and the results are represented as a bar plot. The enriched GO term is
used as bar labels and the length of the bars represent the enrichment level and
the color brightness of the bar correspond to the significance of enrichment with
grey being non significant.
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Fig. 4.20 Purple module characterisation: The purple module is composed of
247 genes whose eigenegene is significantly associated with 2NG- Ecad+ cells
(Figure 4.20b: R = 0.68, p < 7.1e-35). Figure 4.20a: heatmap of purple module gene
expression with the rows corresponding to genes and the columns corresponding
to the 48 cell samples. Red and green color codes represent the scaled gene
expression values as over-expression and under-expression respectively. The bar
plots below the heatmap represent the expression levels of the purple eigenvector
(eigengene) across the 48 samples with each bar corresponding to a principal
component of the eigenvector. The value of an eigengene is high when most
genes in the module are over-expressed in a given sample (red in the heatmap)
or the value is low when under-expressed (green in the heatmap). Figure 4.20b:
Each spot in the scatter plot correspond to a gene. The red line correspond to a
loess regression fit and the correlation coefficient and p-value is printed above the
plot. Figure 4.20c: The filtered hub genes were used for gene ontology function
enrichment analysis and the results are represented as a bar plot. The enriched GO
term is used as bar labels and the length of the bars represent the enrichment level
and the color brightness of the bar correspond to the significance of enrichment
with grey being non significant.
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Fig. 4.21 Red module characterisation: The red module is composed of 62 genes
whose eigenegene is significantly associated with Ecadehirin positive cells (Figure
4.21b: R=0.67, p < 2.6e-09). Figure 4.21a: heatmap of red module gene expression
with the rows corresponding to genes and the columns corresponding to the 48
cell samples. Red and green color codes represent the scaled gene expression
values as over-expression and under-expression respectively. The bar plots below
the heatmap represent the expression levels of the red eigenvector (eigengene)
across the 48 samples with each bar corresponding to a principal component of
the eigenvector. The value of an eigengene is high when most genes in the module
are over-expressed in a given sample (red in the heatmap) or the value is low when
under-expressed (green in the heatmap). Figure 4.21b: Each spot in the scatter
plot correspond to a gene. The red line correspond to a loess regression fit and
the correlation coefficient and p-value is printed above the plot. Figure 4.21c:
The filtered hub genes were used for gene ontology function enrichment analysis
and the results are represented as a bar plot. The enriched GO term is used as
bar labels and the length of the bars represent the enrichment level and the color
brightness of the bar correspond to the significance of enrichment with grey being
non significant.
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Fig. 4.22 Tan module characterisation: The tan module is composed of 60 genes
whose eigenegene is significantly associated with Ecadehrin positive cells (Figure
4.22b: R =0.56, p < 3.3e-06). Figure 4.22a: heatmap of tan module gene expression
with the rows corresponding to genes and the columns corresponding to the 48
cell samples. Red and green color codes represent the scaled gene expression
values as over-expression and under-expression respectively. The bar plots below
the heatmap represent the expression levels of the tan eigenvector (eigengene)
across the 48 samples with each bar corresponding to a principal component of
the eigenvector. The value of an eigengene is high when most genes in the module
are over-expressed in a given sample (red in the heatmap) or the value is low when
under-expressed (green in the heatmap). Figure 4.22b: Each spot in the scatter
plot correspond to a gene. The red line correspond to a loess regression fit and
the correlation coefficient and p-value is printed above the plot. Figure 4.16c:
The filtered hub genes were used for gene ontology function enrichment analysis
and the results are represented as a bar plot. The enriched GO term is used as
bar labels and the length of the bars represent the enrichment level and the color
brightness of the bar correspond to the significance of enrichment with grey being
non significant.
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Fig. 4.23 Brown module characterisation: The brown module is composed of
3470 genes whose eigenegene is significantly associated with Ecadehrin posi-
tive cells (Figure 4.23b: R = 0.84, p < 1e-200). Figure 4.23a: heatmap of brown
module gene expression with the rows corresponding to genes and the columns
corresponding to the 48 cell samples. Red and green color codes represent the
scaled gene expression values as over-expression and under-expression respec-
tively. The bar plots below the heatmap represent the expression levels of the
brown eigenvector (eigengene) across the 48 samples with each bar corresponding
to a principal component of the eigenvector. The value of an eigengene is high
when most genes in the module are over-expressed in a given sample (red in the
heatmap) or the value is low when under-expressed (green in the heatmap). Figure
4.23b: Selection of hub genes with high module membership values (MM >=0.7)
and gene significance for Ecadehrin positive cells (GS >= 0.5). Each spot in the
scatter plot correspond to a gene and the dotted red gates represent the arbitrary
thresholds for filtering the intra-modular hub genes. The red line correspond to a
loess regression fit and the correlation coefficient and p-value is printed above the
plot. Figure 4.23c: The filtered hub genes were used for gene ontology function
enrichment analysis and the results are represented as a bar plot. The enriched GO
term is used as bar labels and the length of the bars represent the enrichment level
and the color brightness of the bar correspond to the significance of enrichment
with grey being non significant.
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Fig. 4.24 Blue module characterisation: The blue module is composed of 3492
genes whose eigenegene is significantly associated with Nanog-GFP positive cells
(Figure 4.24b: R = 0.98, p < 1e-200). Figure 4.24a: heatmap of blue module gene
expression with the rows corresponding to genes and the columns corresponding
to the 48 cell samples. Red and green color codes represent the scaled gene
expression values as over-expression and under-expression respectively. The bar
plots below the heatmap represent the expression levels of the blue eigenvector
(eigengene) across the 48 samples with each bar corresponding to a principal
component of the eigenvector. The value of an eigengene is high when most
genes in the module are over-expressed in a given sample (red in the heatmap)
or the value is low when under-expressed (green in the heatmap). Figure 4.24b:
Selection of hub genes with high module membership values (MM >= 0.7) and
gene significance for Nanog-GFP positive cells (GS >= 0.7). Each spot in the
scatter plot correspond to a gene and the dotted red gates represent the arbitrary
thresholds for filtering the intra-modular hub genes. The red line correspond to a
loess regression fit and the correlation coefficient and p-value is printed above the
plot. Figure 4.24c: The filtered hub genes were used for gene ontology function
enrichment analysis and the results are represented as a bar plot. The enriched GO
term is used as bar labels and the length of the bars represent the enrichment level
and the color brightness of the bar correspond to the significance of enrichment
with grey being non significant.



Chapter 5

Reproducibility of Reprogramming

Gene Networks

5.1 Introduction

This chapter presents the re-analysis of the RNA-Seq data set produced by O’'Malley
et al. (2013b), which developed a high-resolution analysis system for the study of
reprogramming somatic cells to pluripotency. This original study was the precur-
sor to the work developed by Chantzoura et al. (2015) using similar experimental
strategies (Figure 5.1 ). Therefore this data set was chosen for the purpose of as-
sessing the reproducibility of the gene network analysis performed in the previous
chapter and to further characterise the biological processes associated with the
various intermediate stages of reprogramming somatic cells to pluripotency. A

better understanding of such consensus processes should enable the identifica-
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tion of facilitator features and possible bottlenecks for reprogramming which

could be manipulated for improving iPS generation efficiency.
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Fig. 5.1 Experimental strategy for the analysis of iPS cell generation stages (adapted
from O’Malley et al. (2013b)).

5.2 Results and Discussion

5.2.1 Dataset manipulation

The data set from the study performed by O’'Malley et al. (2013b) was acquired
as raw FASTQ RNA-sequencing data which were stored by the authors in the Ar-
rayExpress public repository, hosted by the European Bioinformatics Institute
under the accession number E-MTAB-1654 and ERP002573 (Secondary accession
at European Nucleotide Archive — ENA). Table 5.1 lists the utilized samples, cell
type information, marker profiles used for cell sorting and their respective se-

quencing run identification numbers. The sequenced samples are composed of
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mouse embryonic fibroblasts, ES and iPS cells and 6 intermediate reprogramming
cell populations types, all with at least 2 biological replicates per group. The iPS
and intermediate cells were generated using a doxycycline inducible secondary
reprogramming system and the different intermediate reprogramming cell pop-
ulations were sorted based on a combination of two cell surface markers (CD44
and ICAM1) and a Nanog expression reporter (eGFP knock in). The nomenclature
used for identifying the different intermediate stages of reprogramming are the
following: the number 1, 2 and 3 in the start of the name refers to the cell surface
profiles CD44 +ve/ICAM1 —ve, CD44 -ve/ICAM1 —ve and CD44 -ve/ICAM1 +ve
respectively. N- and N+ refers to Nanog-GFP negative and positive and r1-3 indi-
cate the number of the biological replicate. All intermediate reprogramming cell
populations were sorted after 10 days of reprogramming factors (OKMS) induction

except for the Day15 3N+ samples, which were sorted 5 days later.

The single-end read sequencing FASTQ files were directly uploaded to the Galaxy
main instance server for mapping to mouse genome. The quality of the reads
was first inspected using FastQC v0.11.2 (Galaxy Version 0.65) read quality reports
tool. The sequencing read lengths ranged between thirty-three and thirty-nine
base pairs with the total number of sequences varying between around ten and
forty million reads per library which all had the mean sequencing quality per base
above the Phred score of thirty. Figure 5.2 illustrates the per base quality score
distribution of a representative run (ERR268441). The reads were then mapped
to the mouse genome build mm10/GRCm38 using the gapped-read aligner tool

TopHat v2.0.14 (Galaxy version 0.9) with the default settings for single-end RNA-
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sequencing data. The overall read mapping rate was all around 95 percent of
which around 20 percent had multiple alignments and the mean per base quality

score were maintained above the Phred score of thirty as illustrated by Figure 5.3.

After confirming quality, BAM files were downloaded and used for downstream
analyses using R statistical software. The list of BAM files was managed with
the Bioconductor package Rsamtools for preparing them for mapping to anno-
tated mouse genes. For this purpose the gene annotation reference provided
by the package TxDb.Mmusculus.UCSC.mm10.knownGene was used by the Ge-
nomicFeatures package function exonsBy for grouping the non-overlapping exons
of all transcripts per gene. A gene count table was then generated using the func-
tion summarizeOverlaps using the settings mode as union and singleEnd as TRUE
resulting in a Bioconductor RangedSummarizedExperiment object which was
used throughout the rest of the analyses to help manage the multiple parts of
this dataset. The gene count table can be found in the attached media (omal-
ley_gene_counts.csv). The samples metadata was collected using the package
ArrayExpress and further processed for the creation of some relevant variables
such as cell types, presence of cell sorting makers CD44 and ICAM and Nanog-GFP
reporter gene expression. The obtained metadata was then stored in the colData
slot of a RangedSummarizedExperiment object designed for storing sample phe-
notypic data and other metadata. A spreadsheet containing the full metadata for

this data set can be found in the attached media (omalley_metadata.csv).



Table 5.1 O’'Malley et al. RNA-sequencing data set

Run Sample Name Cell Type FACS Markers

ERR268464 MEFrl MEEF cell -

ERR268447 MEFr2 MEEF cell -

ERR268465 1N-rl intermediate population CD44 +ve, ICAM1 —ve, Nanog-eGFP -ve
ERR268443 1N-r2 intermediate population CD44 +ve, ICAM1 —ve, Nanog-eGFP -ve
ERR268459 1N-r3 intermediate population CD44 +ve, ICAM1 —ve, Nanog-eGFP -ve
ERR268445 1N+rl intermediate population CD44 +ve, ICAM1 —ve, Nanog-eGFP +ve
ERR268442 1N+r2 intermediate population CD44 +ve, ICAM1 —-ve, Nanog-eGFP +ve
ERR268457 2N-rl intermediate population CD44 -ve, ICAM1 —ve, Nanog-eGFP -ve
ERR268455 2N-r2 intermediate population CD44 -ve, ICAM1 —ve, Nanog-eGFP -ve
ERR268460 2N+rl intermediate population CD44 -ve, ICAM1 —ve, Nanog-eGFP +ve
ERR268450 2N+r2 intermediate population CD44 -ve, ICAM1 —ve, Nanog-eGFP +ve
ERR268446 2N+r3 intermediate population CD44 -ve, ICAM1 —ve, Nanog-eGFP +ve
ERR268461 3N-rl intermediate population CD44 -ve, ICAM1 +ve, Nanog-eGFP -ve
ERR268454 3N-r2 intermediate population CD44 -ve, ICAM1 +ve, Nanog-eGFP -ve
ERR268448 3N-r3 intermediate population CD44 -ve, ICAM1 +ve, Nanog-eGFP -ve
ERR268456 3N+rl intermediate population CD44 -ve, ICAM1 +ve, Nanog-eGFP +ve
ERR268452 3N+r2 intermediate population CD44 -ve, ICAM1 +ve, Nanog-eGFP +ve
ERR268444 3N+r13 intermediate population CD44 -ve, ICAM1 +ve, Nanog-eGFP +ve
ERR268449 Dayl53N+rl intermediate population CD44 -ve, ICAM1 +ve , Nanog-eGFP +ve
ERR268453 Dayl53N+r2 intermediate population CD44 -ve, ICAM1 +ve , Nanog-eGFP +ve
ERR268441 iPSCrl iPSC -

ERR268463 iPSCr2 iPSC -

ERR268451 El4rl ESC -

ERR268458 E14r2 ESC -

ERR268462 E14r3 ESC -
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5.2.2 Exploratory Data Analysis

To further determine the quality and get acquainted with the properties of the data
set produced by O’'Malley et al. (2013b). I performed a series of exploratory data
analysis techniques. This step is important for investigating for potential outlier
libraries and to confirm grouping of samples. To help reduce expression noise,
genes which had an expression count below 10 in eighty percent of samples were
filtered out of the data set resulting in 13430 genes to be analysed. Regularized
logarithm transformation was applied to the gene count data set using the package
DESeq?2 as a mean for stabilizing the data variance as this is a robust method to
size factor variation and prepare the data for further analysis such as clustering of
samples and other downstream machine learning applications. The transformed

dataset can be found in the attached media (omalley_rlog expression.csv)

Some descriptive statistical properties of the transformed dataset are illustrated
in Figure 5.4. The box plots in Figure 5.4a depict the distribution of the RNA-seq
data sets representing the expression levels (regularised log transformed) for all
13430 genes. We can observe that the distribution of all samples is fairly similar
to each other with regards to both sample groups and biological replicates. This
property can be further confirmed by the density plot in figure 5.4b indicating
that the data set is well normalized and no outlier library was detected. The
scatter plot in Figure 5.4c was used to evaluate the correlation of the expression

mean and standard deviation and indicates that there is no obvious dependence
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between these two properties. The horizontal red line highlights that the data set

is approximately homoscedastic.
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Fig. 5.4 O'Malley data set mapped reads statistics. (a) Box plot: Distribution of the
RNAseq data sets representing the expression levels (regularized log transformed)
for all 13430 genes. The sample groups are color coded as displayed on the legend
above the plot; (b) Density plot: Log-density distribution of all libraries superposed
and color coded as per legend insert; (c) Gene expression standard deviation vs.
ranked mean: The color intensity of scatter plot reflects the expression level as per
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Unsupervised Hierarchical Clustering

The relationship between samples as well as the coherence of cell surface markers
and the expression of Nanog-GFP gene reporter was investigated by perform-
ing sample hierarchical clustering. Figure 5.5 shows a heatmap representing the
pairwise Euclidean distances between all samples based on regularised log trans-
formed expression of all 13430 genes analysed. We can see that the MEE and
the pluripotent cell samples (ESCs, iPSCs and Day15 3N+) clearly form discrete
groups with perfect agreement for the grouping of biological replicates. As for
the intermediate reprogramming population samples the clusterings were not
so much clear cut with the biological replicate samples for 3N+ being the only

sample group that clustered with each other perfectly.
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Fig. 5.5 O’Malley data set sample clustering. The heatmap represents the clustered
pairwise euclidean distances between all samples based on their regularised log
transformed expression of all all 13430 genes analysed. The euclidean distances
range from 0 (dark blue) to 150 (red) as depicted in the legends next to the plot.
The two surface markers ICAM1 and CD44, the reporter gene Nanog-GFP as well
as the sample groups MEE 1N-, 1N+, 2N-, 2N+, 3N-, 3N+, Day15 3N+, iPSCs and
ESCs were also color coded to assist in the sample clustering visualisation.
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Principal Component Analysis

The regularised log transformed expression data set was scaled by subtracting the
expression of each gene from all samples by their means, transposed and then
used to perform a singular value decomposition of the data matrix. Figure 5.6
illustrates the analysis. Figure 5.6a displays singular values for each principal
component (eigengene), Figure 5.6b shows the proportion of explained variance
per eigengene and Figure 5.6c illustrates the cumulative explained variance. The
first two principal components explain around 32 and 23 percent of the data set
variance respectively with a cumulative variance explained of around 55 percent
which was enough for separating well most of the sample groups as shown by the
principal component analysis plot in Figure 5.7. Similar to the hierarchical clus-
tering results the MEF and pluripotent samples formed very distinct tight groups
and the intermediate reprogramming samples were also easily distinguishable
groups, different to the hierarchical clustering. Most importantly the separation
and positioning of the sample groups in the plot formed a clear path coinciding
with experimental set up based on the markers used with the following order:
MEE 1N-, 1IN+, 2N-, 2N+, 3N-, 3N+, Dayl5 3N+, iPSCs and ESCs. This observation
gives confidence both in the quality of the data set as well as in the possibility of
characterising the expression profile of each of these groups of samples based on

their eigengene profiles as used in WGCNA.
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5.2.3 Weighted Gene Co-Expression Network Analysis

Scale Free Topology Fitting

In order to build a weighted gene co-expression network I selected the lowest
possible 3 value which is used to transform the network adjacency matrix with the
purpose of adjusting the network so it approximately satisfy the scale-free topology
criterion. Figure 5.8 illustrates the analysis of the effect of power £ values ranging
from 1 to 35 on network properties such as connectivity and scale-free fit index. A
spreadsheet with the resulting network properties as a function of the tested power
thresholds can be found in the attached media (omalley_power_threshold.csv).
The function pickSoftThreshold from the WGCNA package was used for calculating
the weighted network by transforming the data set into a co-expression adjacency
matrix and raising its values by the range of § values to be tested. The plot in Figure
5.8a shows that the power f value of 12 corresponds to a scale free connectivity
index of around 0.7 and after that it begins to saturate. The plot in Figure 5.8b
shows the mean connectivity is a decreasing function of the power § and reaches
nearly 0 mean connectivity value when the soft-threshold is set to 12. To further
evaluate how well the network satisfies the scale-free topology criterion when the
power f is set to 12, the logl0 of the connectivities (log10(x)) was plotted as a
function of the log10 of the frequency of the connectivities (logl0(p(x))) as shown
in Figure 5.8c. The red line shows that the network connectivity model fits very
well with the exponentially truncated power law model which is an alternative

model of scale-free topology (Csanyi and Szendrdi, 2004).
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Construction of a Weighted Gene Co-Expression Network

A signed weighted gene co-expression network was constructed following the
guidelines from the authors of the WGCNA method (Zhang and Horvath, 2005) as
described in the previous chapter (Section 4.2.2). Figure 5.9 illustrates the resulting
network module definition for the 13430 genes analysed. As previously described
in Section 4.2.2 the resulting module eigengenes with similar expression profiles
were merged together. Figure 5.10 shows the hierarchical clustering of the module
eigengenes with the horizontal red line representing the arbitrary tree cutting
height chosen for merging similar modules falling below that threshold. The reas-
signed final modules are illustrated in Figure 5.11. The module merging produced
more well defined gene clusters which have clear differential associations with
the different cell types utilised in this data set. Some of the final modules still had
a relatively high correlation to each other as illustrated in the correlation heatmap
in Figure 5.12. A spreadsheet containing the module assignment (mergedColors)

per gene can be found in the attached media (omalley_module_assignment.csv).
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Fig. 5.9 Network module definition for the O’Malley data set. Gene dendrogram
obtained from the reprogramming dataset of O’Malley et al. 2013. This tree was
defined by hierarchical clustering the dissimilarity based on consensus Topolog-
ical Overlap measures using average linkage of the 13430 genes analysed. The
color coded modules were assigned based on the dynamic hybrid branch cutting
method represented as the first color band below the dendrogram. The other color
bands represent the gene significance measures to all the cell samples analysed:
“red” indicates a high positive correlation with the a cell type and “blue”, high
negative correlation.
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Fig. 5.11 Network module definition after merges for the O’Malley data set. This
tree was defined by hierarchical clustering the dissimilarity based on consensus
Topological Overlap measures using average linkage of the 13430 genes analysed as
shown before in figure 5.9 but this time the highly correlated modules were merged.
The color coded modules were assigned based on the dynamic hybrid branch
cutting method represented as the first color band below the the dendrogram. The
several other color bands (blue and red) represent the gene significance measures
to all the cell samples analysed: “red” indicates a high positive correlation with
the a cell type and “blue”, high negative correlation.
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Fig. 5.12 Module eigengene similarities and correlations for the O’Malley data
set. The top panel shows a hierarchical clustering dendrogram of the eigengenes
based on dissimilarity. The bottom panel shows the eigengene network, which is
defined by a signed weighted correlation network varying from 0 (no correlation)
to 1 (highest possible correlation) as displayed in the color legend.
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Relating Module Eigengenes to Cellular Traits

The profile of the defined module eigengenes had differential correlation with
the different cellular traits analysed as illustrated in Figure 5.13. The values dis-
played in each cell in the heatmap refer to the pairwise correlation coefficients
for each module eigengene-cellular trait which is color coded as pallet from red
(positive correlation) to blue (negative correlation) as per figure legend. The value
between parentheses correspond to the significance of such correlation (student
asymptotic p-values). Based on these results we can see that the turquoise module
represent well the gene co-expression network almost exclusive to MEF somatic
cells (R=0.89, p = 2e-9) while the green, dark green, magenta and orange modules
correspond the gradual transition towards pluripotency. The brown and blue
modules on the other hand represent the final stage of pluripotency consolidation
with the respective correlation coefficients of 0.65 and 0.56 for Nanog GFP +ve
cells. These results are very similar to what was observed with the data set from

(Chantzoura et al., 2015) analysed in the previous chapter (Figure: 4.13).
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Fig. 5.13 O’Malley data set module eigengene associations with cell types and
cell markers: This heatmap represents a high level representation of the identified
network modules and the highly correlated modules to relevant cellular traits
provide an efficient mean of prioritisation of modules for further analysis. The
module eigengene values were correlated with each cell type analysed as well as
the markers CD44, ICAM and Nanog-GFP. The color coded heatmaps represent
the level of correlation between the module eigengenes (rows) and cell type or
feature (columns). As shown by the color legend guides on the right, red represent
strong positive correlation, white stands for no correlation and blue represent
strong negative correlation. Each correlation coefficient value is printed in the
corresponding table cell along with the association significance level between
brackets. We can see that the turquoise and blue module are very significantly
highly correlated with MEF cells (R=0.89, p = 2e-9) and Nanog-GFP +ve cells
(R=0.56, p =0.004).
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5.2.4 Network Based Gene Set Enrichment Analysis

The figure panels 5.15 to 5.21 illustrate the process used in the characterisation of
each of the defined modules, selection of hub genes and the use of those as input

for gene set enrichment analysis.

The sub-figure a (Figures 5.15a to 5.21a) at the top of each panel is formed by a
a gene expression heat map with all genes from each module and an eigengene
expression bar plot which summarises the expression of all the genes along the
different analysed cell types. The number of genes is shown between parentheses
next to the module name. The selection of the hub genes was done after the
visualisation of the correlation of all gene significance values with their corre-
sponding module membership values (Figures 5.15b to 5.21b). The trait chosen
for gene significance analysis was the one with the highest association with that
module as viewed in Figure: 5.13. Arbitrary thresholds for module membership
and gene significance are chosen appropriately in order to shortlist the potential
hub genes with the highest values for both measures. These short listed hub
genes were then used as input for gene set enrichment analysis using the on-
line tool Enrichr (Chen et al., 2013a) and the results are summarised as bar plots
in sub-figures 5.15c to 5.21c. Supplementary spreadsheets for the shortlisted
hub genes for each module containing their gene symbols and module member-
ship values can be found in the attached media (genelnfo_turquoise_om.csv to
genelnfo_blue_om). These files can be directly uploaded into the Enrichr tool

(http://amp.pharm.mssm.edu/Enrichr/) to reproduce the gene set enrichment
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analysis displayed here. The sub-figures 5.15c to 5.21c shows the Enrichr results

for Gene Ontology - Biological Processes 2017.

Figure 5.14 summarises the results of all Figures 5.15 to 5.21. We can verify that
the associated Biological Processes enriched in the network modules produced
for this data set are very similar to the ones obtained with the data set in the previ-
ous chapter. The modules associated with the initial phases of reprogramming
(turquoise and green) are most enriched for genes associated with extracellu-
lar matrix organisation whose expression goes down as reprogramming starts.
The modules associated with intermediate stages of reprogramming (dark green
and magenta) are enriched for genes involved in skin development as previously
observed with the (Chantzoura et al., 2015) data set. The orange module has
transient expression associated with later stage activation of Nanog expression
and its genes are enriched for genes involved in gene expression regulation and
post-transcriptional processing. The brown and blue modules are associated
with the establishment and maintenance of pluripotency at late reprogramming
and is mostly enriched for functions such as stem cell maintenance, cell division

regulation, cell fate specification and germ cell development.

These results are shown to be highly reproducible when compared to the the
ones obtained with the previous data set (Chantzoura et al., 2015) and analysed
in the previous chapter. One of the biggest advantages that WGCNA offers in
comparison to standard differential gene expression (DGE) is that it preserves the

gene expression profile structure of correlated genes instead of focusing only in
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fold change and significance levels as traditionaly done. Standard differential gene
expression relies on hard thresholds (fold change and significance) which leads to
a certain loss of information which does not occur in WGCNA which produces
continuous values leading to an increase in resolution as a consequence of the
soft threshold regime employed. The following sections in this chapter analyses
the results produced by WGCNA and DGE and utilise the fundamental network
concepts unique to network analysis to further evaluate the reproducibility of

module assigned between the two reprogramming data sets analysed so far.



Reproducibility of Reprogramming Gene Networks

166

uoneoyoads arey 0D

sisojw ul 610 8iNGNI0IIN
sisojw ui Alquiasse a|puids
8oUBUBJUIRW |80 WelS

juawdojanap wiads
sisolew Joj “610 ‘woiyy

uonesauab ajewen
Juswdojanep 81000

Buioids YNy UOREDIUNWWIOD [[8D) Juswdojenap uoxy

$50001d 0lj0qRIOU YNHOU

Juswdojensp siwiapidgy
uonenusiayip aikoounesey
9)se) Jo uondeaied Alosueg

d yNHW uoj uoisaype |20
unjs wouy ssoj OzH Bay

uoissaidxe ouSD) | JaLEq UDS JUSWYSI|qeIST

[

uonejfioydsoyd "joid By
Bnip 0} asuodsay

aseupy uejoud Bas “BaN
uonesiuebio N3

UoNEnUSIaYIP Wispopus
UoISeypE 81essqns-j80
uonesiuebio N3

(SS3004d V01907019 09) SNOILONNL AIHOIUNT

_

_ _ _
$0S3 -
sosa! +ONE ONE

+ONC -ONe +ONL

“ONL

43N

NOISS3HdX3
3INAONW
INION3IOI3

SHINHUVIN
30v4HNs

J9OVLS

The

stages of reprogramming are labelled in the grey bar on the top of the figure.

Fig. 5.14 Dynamics of Biological Processes in iP$ cells reprogramming

The markers used for the cell sorting and the network eigengenes expressions are

represented as horizontal color bars with the color intensity correlating with its
expression levels. The most significantly enriched functions are summarised on

the color coded boxes on the bottom of the figure.
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5.2.5 Increased Resolution of Network Based Analysis

Some of the same biological processes uncovered with the current WGCNA ap-
proach were also observed in the original analyses of Chantzoura et al. (2015)
and O’Malley et al. (2013b) data sets which focused on DGE 5.1. However, the
relationship among each gene is inevitably lost when only gene expression change
differences are considered. The Figure 5.22 illustrates a contingency table for
the cross tabulation of all the network genes and modules used for WGCNA in
the current work and the differentially expressed genes (DEG) and their assigned
clusters which were defined in the original work (O’Malley et al., 2013b). The
values printed in each cell are the numbers of overlapping genes and their as-
sociated Fisher exact test p-values. To assist the visualisation, the cells are also
coloured based on their significance levels (-log(p-value)) with a gradient of red
tones as displayed by the legend. The WGCNA modules with their gene numbers
are printed with their respective colours on the x axis ordered by their occurrence
during reprogramming from MEEF to iPS. The original DEG clusters are printed
on the y axis. The DEGs were identified using edgeR and DESeq Bioconductor
packages by selecting genes that had a log fold change of 1.5 or higher and FDR
of 0.05 or lower with both packages and the clusters were classified by K-means
clustering. The grey WGCNA module and DEG clusters are composed of genes
not associated with any module or cluster respectively. We can observe that most
DEG clusters have the majority of their genes significantly assigned to at least two

WGCNA modules indicating that the latter approach was able to further separate
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the DEG clusters with higher resolution. Moreover the number of unassigned
genes in the DGE approach is far greater than for WGCNA with nearly 8 times

more genes being ignored (10836 and 1416 respectively).
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Fig. 5.22 Contingency table DEGs vs Network modules: Cross Tabulation of all
the network genes and modules used for WGCNA in the current work and differ-
entially expressed genes (DEGs) and their assigned clusters which were defined
in the original work (O’'Malley et al., 2013b). Each row and column are labelled
by the corresponding module/cluster color and the total number of genes in the
module/cluster. In the table, numbers give counts of genes overlapping row clus-
ter and column module. The table is color-coded by log(p), the Fisher’s exact test
p value, according to the color legend on the right.
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5.2.6 Network Module Preservation in Reprogramming

The comparison of networks is a powerful approach which allows the identifica-
tion of differences and similarities in gene regulation between conditions and
between data sets, regardless of whether these were produced with different plat-
forms such as micro-arrays and RNA-Seq or even from different species. In this
section I compare the networks from two data sets created to study the mecha-
nisms of reprogramming somatic cells to pluripotency and the identification of
network modules preserved in both studies gives us a higher confidence on the

reproducibility of these results.

We have already seen a good agreement in module eigengene association with
similar stages of reprogramming as well as the results of gene set enrichment
analysis which produced enrichment to similar GO biological functions. This
agreement indicates a good overlap of genes among supposedly equivalent net-
work modules in the two data sets. This overlap can indeed be confirmed via
standard cross-tabulation based statistics as illustrated in Figure 5.23 . This fig-
ure shows that there are highly significant overlaps of genes in most modules as
inferred by Fisher exact test. Values within each cell correspond to the number
of overlapping genes and their significance as hypergeometric p-values in the

pairwise comparisons between modules.

Despite this remarkable agreement between data sets this approach using con-
tingency tables has the disadvantage that it is ill suited for making the strong

statement that a given module is not preserved. It may be argued that the module
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Fig. 5.23 Chantzoura and O’Malley module genes cross tabulation: Cross Tab-
ulation based approach for module preservation analysis between Chantzoura
(rows) and O’Malley (columns) network modules. Each row and column are la-
belled by the corresponding module color and the total number of genes in the
module. In the table, numbers give counts of genes in the intersection of the
corresponding row and column module. The table is color-coded by log(p), the
Fisher’s exact test p value, according to the color legend on the right.
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memberships are dependent on the method used for cutting hierarchical clusters
and module preservation could possibly be achieved by appropriate cluster classi-
fication tweaks. The analysis of module preservation based on inherent network
properties such as gene connectivities and module densities offers a more robust

method to more confidently quantify the reproducibility of module assignments.

The WGCNA package provides an algorithm implementation which takes into
consideration over 20 network statistics which are then summarised into two main
complementary composite module preservation statistics, Zsummary and Medi-
anRank measures taking as input the module assignment in the reference data
set and the adjacency matrices from the reference and test data sets. The Zsum-
mary is obtained by a computationally intensive permutation test of each network
statistics and then aggregated. The significance threshold of such composite Z
score is evaluated as values below 2 (Zsummary < 2) indicate no preservation,
values between 2 and 10 (2 < Zsummary < 10) indicate weak to moderate evidence
for module preservation and values above 10 (Zsummary > 10) indicate strong
evidence of module preservation. One undesirable property of the Zsummary
statistic is that it depends on the module size (number of genes). Therefore the
MedianRank module preservation contributes to the analysis as it ranks the mod-
ule preservation independently of the module sizes providing a relative module
preservation measure. However it does not provide a significance threshold. Fig-
ure 5.24 illustrates such an analysis when the Chantzoura data set was used as a

reference and the O’Malley data set the test. Based on this analysis we can verify
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that the red and orange modules are moderately preserved and all other modules

are highly preserved (Figure: 5.24b) .
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Fig. 5.24 Chantzoura and O’Malley data sets module preservation statistics

Interestingly the top three modules with the highest MedianRank values are the
tan, purple and magenta modules, all associated with transient intermediate
stages of reprogramming (Figure: 5.24a). The highly preserved magenta, purple
and tan modules from Chantzoura networks overlaps mostly with the magenta
module in the O’Malley network. As previously described, the hub genes from
these modules are enriched for genes associated with gene expression regula-
tion in epidermis development (Purple), immune response activation and lipid
metabolism (Magenta) and biosynthetic metabolism (Tan). No direct association
of the genes in magenta, purple and tan modules have been reported so far. It

would be interesting to assess if these network modules are also preserved in other



180 Reproducibility of Reprogramming Gene Networks

reprogramming data sets or these are more associated to the experimental setup

from O’Malley and Chantzoura experiments which are very similar to each other.

The analysis of the gene co-expression network from the pluripotency (brown)
module reveals the gene interactions of the well known core pluripotency regu-
latory network with Oct4 (aka Poubf1), Sox2 and Nanog being some of the most
connected genes (Figure: 5.25a). Upon inspection of the network structures of
intermediate reprogramming stages and the established pluripotent brown mod-
ules I observed a potentially interesting network within the orange module. This
module is highly associated with RNA splicing machinery genes however if I subset
the hub genes from this module which are either genes for transcription factors,
transcription co-factors, chromatin associated proteins or chromatin remodellers
it reveals a sub-network having the high-mobility-group protein B2 (Hmgb2) gene
as the most connected gene which is highly associated H2af.z and the genes for
two chromatin remodelling proteins Ruvbll and Ruvbl2 (Figure: 5.25b), which are
thought to be associated with H2A.Z chromatin deposition machinery and histone
acetyltransferase complex (Choi et al., 2009; Mizuguchi et al., 2004; Subramanian
etal., 2013a). Hmgb2 is a top hub gene in both the pluripotency (brown) module
and the chromatin remodelling (orange) module and have been recently reported
to be an important pluripotency regulator via association with Oct4 (Campbell
and Rudnicki, 2013; Zhao et al., 2017). Therefore the combination of Hmgb2,
Ruvbll, Ruvbl2, H2af.z and other genes from the orange module may further

improve the efficiency of reprogramming mediated by H2af.z over-expression
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together with Yamanaka factors as observed in Chapter 3 and elsewhere (Wang

etal., 2015).
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Fig. 5.25 Network structures of the pluripotency and intermediate reprogramming
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5.2.7 Conclusion

The so called Yamanaka factors triggers a highly stochastic process during iPS cell
generation, gradually accumulating characteristics which confer higher probabil-
ity of successful reprogramming eventually progressing to a more deterministic
phase accompanied by two waves of pluripotency gene expression. (Buganim
et al., 2012; O’Malley et al., 2013b; Polo et al., 2012; Samavarchi-Tehrani et al.,
2010). The reanalysis of the data sets from O’Malley et al. (2013b) and Chantzoura
et al. (2015) by WGCNA and the evaluation of their gene co-expression network
structure preservation permitted me to not only identify the gene expression sig-
natures of the various intermediate reprogramming cell types but also provides
a way to increase its resolution and a way of prioritising genes based on their
co-expression interactions with other genes withing a network. Intramodular hub
genes with the highest connectivities have higher probabilities of having key roles
on the biological processes associated with such network and the selection of
candidate reprogramming factors based on this properties provides an attractive
means of increasing the chances finding molecules able to improve the efficiency

of reprogramming.

The results presented in this and the previous chapters identified a sub-network
of a module associated with potentially relevant chromatin remodelling functions.
A core hub gene in this sub-network is Hmgb2 which is also a top ranked hub
gene in established a pluripotency network. H2af.z is another member of this

sub-network, along with Ruvbll and Ruvbl2 which are chromatin remodelling
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proteins with known association to H2A.Z chromatin deposition (Choi et al., 2009;
Mizuguchi et al., 2004; Subramanian et al., 2013b). [ have demonstrated in Chapter
3 that H2af.z over-expression is able to improve iPS cells generation efficiency
when co-expressed with conventional Yamanaka factors. Given the network posi-
tion of H2af.z in this chromatin remodelling sub-network, it is possible that its
reprogramming boosting effect might be further enhanced by the forced expres-
sion of other network partner components such as Ruvbll, Ruvbl2, Hmgb2 and
Vps25 speeding up the transition to a fully fledged pluripotency network. The fol-
lowing chapter addresses the assessment of reprogramming module preservation
occurring during early development from oocyte to morula, the natural route to

pluripotency.






Chapter 6

Gene Expression Networks in
Pre-Implantation Development and
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Networks



Gene Expression Networks in Pre-Implantation Development and their
186 Similarities to Reprogramming Networks

6.1 Introduction

Pre-implantation development provides insight into efficient genome reprogram-
ming of differentiated cells (Figure 6.1). Following fertilisation the maternal factors
deposited in the oocyte are known to be responsible for epigenetically resetting
the paternal sperm DNA and chromatin across the zygote to prepare for whole-
genome activation, also known as zygotic genome activation (ZGA). This tran-
scriptional burst has a small wave at late pronuclear (1C) stage and peaks at the

two-cell (2C) stage in mouse (Xue et al., 2013).

Zygotic Oct4
A Oogenesis OV“|at'°" Femllzanon ZGA actlvatlon First lineage Second lineage
( 2 weeks) specification specification

Accumulation of Terminally Totipotency Pluripotency

maternal RNA and differentiated

protein sperm and egg  1-cell 2-cell 4-cell 8-cell Morula Early Late

blastocyst blastocyst

Npm2, Brg1, Dnmt1o, Dppa3, Zfp57, Dnmt3a, MERVL, Zscan4d Esrrb  Oct4 Nanog Utf1, Serpinh1 Enax1
Dnmt3l, Tet3, Ezh2, Hsf1, Bnec1, Ctcf, Ago2, Atg5, Zfp352, Tdpoz, Nr5a2 Gata6 Sox2 Sox17 Dab2
Mater, Floped, Padi6, Filia, Zar1, Tcl1, Uchl1,... Testv3, Gm2022... Prdm14... Cdx2... Eomes... Hnf4a...

Fig. 6.1 Mouse pre-implantation development: (A) Mature oocytes are fertilised
by sperm producing totipotent zygotes which gradually lose their totipotency
with each cell division with blastomeres becoming gradually more specialised.
The blastocyst is formed at embryonic day 3.5 and finally implants in the uterus
at embryonic day 4.5. The stored maternal factors of the oocyte trigger zygotic
genome activation (ZGA) at the 2 cell stage when there is a massive degradation
of maternal factors and activation of a new embryonic gene-expression profile,
followed by progressive activation of lineage specific genetic programs. (B) repre-
sentative key genes expressed in each pre-implantation stage. Adapted from Wu
etal. (2017)

The ZGA at 2C stage embryos is marked by the activation of transposable ele-

ments, such as the endogenous retrovirus MERVL, and a number of 2C exclusive
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transcripts as those from Zscan4 gene family, essential for the transition from 2C
to 4C stages and subsequent embryo development (Falco et al., 2007). Interest-
ingly it has been recently observed that totipotent 2C-like cells can transiently
arise spontaneously in mouse ES cells cultures at very low frequency of less than
0.5% (Macfarlan et al., 2012) and the expression of 2C specific genes is negatively

regulated by KDM1A also known as LSD1 (Macfarlan et al., 2011).

The zygote and individual blastomeres from 2C stage are fully totipotent at a single
cell level, that is they are able to develop into a complete organism and also the
extra-embryonic tissues. The genome activation of Oct4 and Cdx2 and their mutu-
ally antagonist expression marks the first lineage specification in the mouse (Niwa
et al., 2005; Ralston and Rossant, 2005; Strumpf et al., 2005). While the blastomeres
expressing Cdx2 become committed to form the extra-embryonic trophectoderm,
the zygotic activation of Oct4 marks the beginning of the pluripotency network
circuitry formation followed by the activation of a number of pluripotency master
regulators, such as Nanog and Sox2 at consecutive embryonic stages until pluripo-
tent cells become confined to the inner cell mass (ICM) of the blastocyst from

which ES cells can be readily derived (Nichols and Smith, 2012).

The pre-implantation development from zygote to the blastocyst stage, when
pluripotency is fully established, occurs in a timely step-wise fashion (Figure 6.2)
and the recent development of single cell RNA-Seq has brought us an opportunity
to study the genetic circuits operating in such an important phase of early life at an

unprecedented resolution. In this chapter I describe the re-analysis of such a data
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set (Xue et al., 2013) with the purpose of exploring the possibility of finding shared
gene expression networks between reprogramming and the natural embryonal
route to pluripotency. The identification of shared network hub genes between
these two alternative paths to pluripotency may allow us to better understand the
mechanisms involved in such events and could possibly lead to more efficient

reprogramiming recipes.

Sperm
+ Deterministic = g{::qp%tgl?st

Fig. 6.2 Natural route to pluripotency: The asssembly of genetic networks to-
wards pluripotency is deterministic during pre-implantation development.

6.2 Results and Discussion

6.2.1 Data Set Manipulation

The publicly available data set analysed in this chapter was produced by Xue et al.
(2013) and was downloaded as a pre-processed file (File can be found in the at-
tached media as Xue/GSE44183_mouse_expression_mat.txt) from the NCBI Gene
Expression Omnibus repository (Assession GSE44183) and converted to a Biocon-
ductor SummarizedExperiment object to assist the analysis in R programming

environment. The samples from this data set are from single cells from consecu-
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tive stages of pre-implantation mouse development (oocytes up to 8 cell stage) or
single morula embryos. The two sample replicates for 2, 4 and 8 cell stages were
also combined to produce a mixed 2, 4 and 8 cell stage third replicate to improve
sequencing sensitivity. The pre-processed data set was produced by mapping the
RNA-Seq raw reads to the mm9 mouse genome using default parameters in BWA
and then transformed using the reads per kilobase per million (RPKM) metric.
Genes with low expression in all stages (average RPKM < 0.1) were filtered out,

followed by quantile normalisation.

6.2.2 Exploratory Data Analysis

To determine the quality and properties of the data set produced by Xue et al.
(2013) I performed exploratory data analysis by assessing the normalized data as
well as the gene expression variance distributions across the range of expression
levels. Figures 6.3a and 6.3b illustrate that the obtained data set was already
well normalized with the single cell samples for 4 and 8 cell stages having some
expression skew for genes with lower expression. Moreover there was no obvious
dependence of the standard deviation on the mean expression (Figure 6.3c). The
horizontal red line in Figure 6.3c highlights that the data set is approximately

homoscedastic.
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Fig. 6.3 Xue data set mapped reads statistics:(a) Box plot: Distribution of the
RNA-seq data sets representing the expression levels (RPKM log transformed) for
all 13879 genes in the data set. The sample groups are color coded as displayed
on the legend above the plot; (b) Density plot: Log-density distribution of all
libraries superposed and color coded as per legend insert; (c) Gene expression
standard deviation vs. ranked mean: The color intensity of scatter plot reflects the
expression level as per legend. The red line depicts the running median estimator
(window-width 10%)

Unsupervised Hierarchical Clustering
In order to assess the sample relationships between groups as well as their repli-

cates I performed unsupervised hierarchical clustering. Figure 6.4 indicates that

the samples of this data set were of good quality with the different sample types
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replicates forming coherently distinct clusters. The heatmap corresponds to the
pairwise Pearson correlation between all samples based on the expression of all
13879 genes in the data set. We can see that the oocyte and pronuclear stage sam-
ples are very similar to each other, nevertheless they are clearly distinct reflecting
the early minor wave ZGA described by Xue et al. (2013). The major ZGA marks
the the formation of a 2-cell embryo in mouse development (Schultz, 1993; Xue
et al., 2013) causing the 2C stage samples to cluster away from all other samples
as it would be expected. Moreover the successive transition from 4 cell embryo to

morula was also well captured by the hierarchical clustering in Figure 6.4.

Principal Component Analysis

Principal component analysis was performed by singular value decomposition
of the scaled RPKM values of all genes in the data set. Figure 6.5 illustrates such
analysis. The plot in Figure 6.5a displays the singular values for each principal
component (eigengene), Figure 6.5b shows the percentage of variance explained
per principal component and Figure 6.5c shows the cumulative variance explained
by the consecutive combination of the principal components. The first three
principal components are able to capture most of the variance in the data set,
explaining around 60, 20 and 5 percent of the data set variance respectively with a

cumulative variance explained of around 85 percent.
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Fig. 6.4 Xue data set sample clustering: The heatmap represents the clustered
pairwise Pearson correlations between all samples based on their log transformed
RPKM expression of all 13879 genes analysed. The Pearson correlations range from
0 for no correlation (dark blue) to 1 for maximum correlation (red) as depicted in
the legends next to the plot. The sample types were also color coded to assist in
the sample clustering visualisation.
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Figure 6.6 shows that the first 3 principal components are well suited for sepa-
rating all the sample groups. The principal component analysis using the first 2
principal components clearly illustrated the appropriate ontological sequence of
embryonal stages forming a well defined path from oocytes to morula. The ability
to reproduce well what has been demonstrated in the original publication by Xue

et al. (2013) gives support to the quality and robustness of the data set.
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Fig. 6.5 Xue data set singular value decomposition: Principal components (eigen-
genes) were calculated via singular value decomposition.

6.2.3 Weighted Gene Co-Expression Network Analysis

Scale Free Topology Fitting

As previously described in the two previous chapters an optimum power f was se-
lected as a soft-threshold in order to build a weighted gene co-expression network
which is able to approximately satisfy the scale-free topology criterion. Figure 6.7
illustrates how the network properties such as connectivity and scale-free fit index

vary as a function of power f values ranging from 1 to 35.
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Fig. 6.6 Xue data set principal component analysis: Most of the variance be-

tween samples from each embryonic stage is captured by the first 3 principal
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Fig. 6.7 Selection of power f for the Xue data set: The power 12 produces a
weighted gene co-expression network that satisfy the most the scale free topology
criteria.

A spreadsheet (Xue/xue_power_threshold.csv) with the resulting network proper-
ties as a function of the tested power threshold range can be found in the attached
media. The network properties tested were mean, median and maximum con-
nectivities, network density, centralization and heterogeneity as well as the scale
free topology indexes and slope. The WGCNA function pickSoftThreshold was
used for such calculations by transforming the data set into a similarity matrix
and raising its values by the soft-threshold values using the network type setting
to signed network. We can see in Figure 6.7a that the power § value of 12, which
is usually the recommended method default, produces a scale free fitting index
of around 0.95 and this represent the point where scale free fitting index begins
to saturate. The plot in Figure 6.7b shows the mean connectivity is a decreasing
function of the power § and reaches a mean connectivity value of 435 when the
soft-threshold is set to 12. Figure 6.7c illustrates that the network produced the

power S set to 12 fits very well a scale-free topology producing a near perfect fit
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when the log10 of the connectivities (logl10(x)) was plotted as a function of the

log10 of the frequency of the connectivities (log10(p(x))).

Construction of a Weighted Gene Co-Expression Network

Using the selected power f set to 12 I created a signed weighted gene co-expression
network following the guidelines from the authors of the WGCNA method (Zhang
and Horvath, 2005). I was able to produce a network topology very similar to that
in the original publication (Xue et al., 2013). Figure 6.8 illustrates the resulting
network module definition for the 13879 genes analysed. The second color band
below the clustering tree represents the final module assignments after merging
modules which eigengenes had similar expression profiles. The network modules
produced remarkably well defined gene clusters with clear differential associa-
tions with the different embryonic stages analysed in this data set. We can verify
that most modules have an almost exclusive positive association to one of the
embryonic stages as illustrated by the red colours in the gene heatmap below the
clustering tree in Figure 6.8. Some of the final modules still had a relatively high
correlation to each other as illustrated in the correlation heatmap in Figure 6.9. A
spreadsheet containing the module assignment (mergedColors) per gene can be

found in the attached media (Xue/xue_module_assignment.csv).
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Fig. 6.8 Network module definition for the Xue data set: Gene dendrogram ob-
tained from the single cell RNA-Seq dataset of Xue et al. (2013). This tree was
defined by hierarchical clustering the dissimilarity based on consensus Topolog-
ical Overlap measures using average linkage of the 13879 genes analysed. The
color coded modules were assigned based on the dynamic hybrid branch cutting
method represented as the first color band below the the dendrogram. The second
color coded band represent the final module assignment after merging similar
modules. The several other color bands represent the gene significance measures
to all the cell samples analysed: “red” indicates a high positive correlation with
the a cell type and “blue”, high negative correlation.
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Fig. 6.9 Module eigengene similarities and correlations for the Xue data set: The
dendrogram at the top show the similarity relationships between the module
eigengene based on their Euclidean distances. The heatmap at the bottom shows
the pairwise correlations of the module eigengenes measured by their Pearson
correlation coefficient values as per legend on the right.
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Relating Module Eigengenes to Embryonic Stages

The profile of the defined module eigengenes has differential correlation with the
different cellular traits analysed as illustrated in Figure 6.10. The values displayed
in each cell in the heatmap refer to the pairwise correlation coefficients for each
module eigengene-cellular trait which is color coded as pallet from red (positive
correlation) to blue (negative correlation) as per figure legend. The value between
parentheses correspond significance of such correlation (student asymptotic
p-values). The fact that each module eigengene has a very strong correlation
with a distinct pre-implantation embryonic stage indicates that their expression
profiles represent well the gene expression signatures from each stage and is
able to capture their most salient differences. These results are very similar to
what was published by Xue et al. (2013) and the small differences may be due to
different choices in the tree cutting setting and selection of similar modules to
merge. However, these small differences should not affect the overall final network

structure, especially for the hub genes whose connectivities are very robust.

6.2.4 Network Based Gene Set Enrichment Analysis

As in the previous two chapters, the Figures 6.12 to 6.20 illustrate how the char-
acterisation of each of the defined modules was performed as well as how the
hub genes were selected and used as input for gene set enrichment analysis. The
gene expression heatmaps in sub-figures a (Figures 6.12a to 6.20a) at the top of

each panel serve to illustrate the gene expression profile of each module along the
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Fig. 6.10 Module eigengene association with cell type: This heatmap represent
a high level representation of the identified network modules and the highly
correlated modules to embryonic stages analysed providing an efficient mean
of prioritisation of modules for further analysis. The module eigengene values
were correlated with each embryonic stage analysed. The color coded heatmaps
represent the level of correlation between the module eigengenes (rows) and
embryonic stage (columns). As shown by the color legend guides on the right,
red represent strong positive correlation, white stands for no correlation and
blue represent strong negative correlation. Each correlation coefficient value is
printed in the corresponding table cell along with the association significance
level between brackets. We can see that for each embryonic stage there is at least
one module highly correlated with the correlation coefficient value of at least 0.8.
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different samples from the various embryonic stages analysed. The number of
genes is shown between parentheses next to the module name. Likewise the bar
plots below the heatmaps serve to summarise the expression of the genes in each
module as the first principal component also referred as the module eigengene

expression.

The process of selection of the hub gene sets is illustrated in the scatter plots
in Figures 6.12b to 6.20b. The gene significance to an embryonic stage is plot-
ted as a function of their module membership values for the selected module.
The embryonic stage chosen for performing gene significance analysis is the
one with the highest association to that module as viewed in Figure 6.10. The
thresholds marked as dashed lines are arbitrarily selected values for module mem-
bership and gene significance in order to shortlist the potential hub genes with
the highest values for both measures. The selected hub gene sets are then used
as input for gene set enrichment analysis using the online tool Enrichr (Chen
et al., 2013a) and the results are summarised as bar plots in sub-figures 6.12c
to 6.20c. The full list of short listed genes per module containing their gene
symbols and module membership values can be found in the attached media
(Xue/xue_turquoise_genes_4_Erichr.csv to Xue/xue_yellow_genes_4_Erichr.csv).
These files are already formatted in a way that can be directly uploaded into the
Enrichr tool (http://amp.pharm.mssm.edu/Enrichr/) to reproduce the gene set
enrichment analysis displayed in this chapter. The sub-figures 6.12c to 6.20c

shows the Enrichr results for Gene Ontology - Biological Processes 2017.
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Figure 6.11 summarises the results of all Figures 6.12 to 6.20. The module ex-
pression profiles and their most associated Biological Processes produced in this
re-analysis of Xue et al. (2013) data set are very similar to what the authors have
published in the original article which gives confidence in the reproducibility and

robustness of the method as well as in the quality of the data set.

The original publication summarised their results into 5 broad functional terms,
(a) cell cycle regulation (From oocyte to zygote), (b) transcription regulation (From
zygote to 4 cell stage), (c) RNA processing/ribosome biogenesis (From zygote to
8 cell stage), (d) Translation (From 8 cell stage to morula) and (e) Mitochon-
drion/Energy metabolism (Morula). In my re-analysis I characterised each of
the 9 final modules obtained with WGCNA which increased the resolution of the
enriched functions associated with each embryonic stage. The summary of the
enriched functions obtained in this re-analysis can be verified in Figure 6.11. The
oocyte specific turquoise module is associated with hormonal response which
gets down-regulated after fecundation. The blue module is expressed up until
before 2 cell stage and is associated with cell division regulation. The brown mod-
ule is specific to the pronuclear stage and is associated with regulation of DNA
methylation reflecting the preparation of of the paternal genome DNA epigenetic
reprogramming as a preparation for ZGA. The purple module is restricted to the 2
cell stage and is associated with chromatin remodelling and DNA repair which are
strongly associated biological functions activated during ZGA. The pink module

expression from 2 cell stage to 8 cell stage and is associated with mRNA stabili-
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Dynamics of Biological Processes During Mammalian Pre-

Implantation Development: The embryonic stages are labelled in the grey
bar on the top of the figure. The network eigengenes expressions are represented

Fig. 6.11

as horizontal color bars with the color intensity correlating with its expression
levels. The most significantly enriched functions are summarised on the color

coded boxes on the bottom of the figure.



Gene Expression Networks in Pre-Implantation Development and their
204 Similarities to Reprogramming Networks

sation. The red module has its expression restricted to 4 and 8 cell stage and is
associated with gene expression regulation and post-transcriptional regulation
during the first lineage segregation stage when pluripotency is being established.
The cyan module is expressed only at 8 cell stage and is associated with translation
regulation and chromatin remodelling. The green module expression extends
from 4 cell stage to morula and is associated with gene expression, translation and
cell cycle regulation. Finally the yellow module expression is restricted to morula
stage and is associated with translation, gene expression and energy metabolism

characteristic of the changes occurring prior to the formation of the blastocyst.

These results are in good agreement with the the biological events taking place
in the pre-implantation development in the mouse and the fact that the defined
network modules are able to represent well each of the embryonic stages gave me
the opportunity to further inspect each intra-module network structure to try to
identify commonalities between the reprogramming network modules defined in
the previous two chapters and gain some insights into possible novel ways to try

to improve the efficiency of somatic cell reprogramming.
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6.2.5 Network Module Preservation in Early Development and

Reprogramming

In this section I compare the networks from pre-implantation development and
somatic cell reprogramming to assess the possibility of finding preserved genetic
circuits between the two processes and try to gain some insight from the embryo

about how to improve the efficiency of iPS cell generation (Figure 6.21).
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Shared Network Modules ?
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+ Deterministic g{:ﬁ]p%t:ﬁ: Stochastic —. + Kifa
Myc

Fig. 6.21 Gene network analysis of shared modules between iPS cell generation
and early development.

As we have seen in the previous chapter the use of network properties statistics is
a powerful method for increasing the chances of identifying key master regulators,
common between different networks because it takes into consideration not only
the overlapping occurrences of genes individually, but also evaluates how the
they are co-expressed with each other. The genes that have the highest intra-
modular connectivities, that is, have the highest co-expression rates within a
module are considered as the hub genes and are very often the key drivers of
important biological functions that are associated with that module. By assessing

the preservation of hub genes between networks it is possible to identify common
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co-occurring processes between different conditions and this forms the rational

for the network data mining performed below.

As a first step I cross-tabulated all the genes from the various network modules
from pre-implantation development defined in this chapter and from somatic cell
reprogramming defined in Chapter 4 and inferred their overlap significance by

Fisher’s exact test as illustrated in Figure 6.22.
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Fig. 6.22 Chantzoura and Xue module genes cross tabulation: Chantzoura mod-
ules are the rows and Xue modules the columns. Each row and column are labelled
by the corresponding module color and the total number of genes in the module.
In the table, numbers give counts of genes in the intersection of the corresponding
row and column module. The table is color-coded by -log(p), the Fisher’s exact
test p value, according to the color legend on the right.

Xue et al. 2013
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Next I performed the analysis of the WGCNA composite network preservation
statistics Zsummary and MedianRank using the Xue data set as reference and
Chantzoura as a test data set as well as the other way around switching the refer-

ence and test data sets (Figure 6.23).
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Fig. 6.23 Module preservation statistics between and Xue and Chantzoura data
sets: In (a and c¢) Chantzoura was used as a reference data set and Xue as a test set
and in (b and d) Xue was the reference and Chantzoura the test data set. (a and b)
The summary statistic Zsummary (y-axis), as a function of the module size. Each
point represents a module labelled by color. The dashed blue line indicate the
threshold Zsummary = 2. (c an d) The composite statistic medianRank (y-axis), as
a function of the module size. Each point represents a module, labelled by color
as in panel a. As can be seen from the labels on the y-axis, the order on the y-axis
is reversed. Low numbers on the y-axis indicate a high preservation.
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The evaluation of the module preservation results illustrated in Figures 6.22 and
6.23 led me to some interesting observations. Curiously, the modules with the high-
est number of overlapping genes between the two networks were the turquoise
modules in both data sets, which are associated with the oocyte in the Xue data set
and MEFs in the Chantzoura data set. However the network preservation statistics
between these two modules was not significant when preservation Zsummary
was taken into account regardless of whether Xue or Chantzoura was used as
a reference in the permutation tests (Figures 6.23 a and b). Of note, from the
intersecting 650 genes between the turquoise modules of the two data sets 365
have module membership (aka intra-modular connectivity) values over 0.5 in
both modules and are enriched for genes involved in protein processing in the
endoplasmic reticulum and may not be relevant for the objectives of this work

(Figure 6.24a).

The most preserved modules in the Xue network are the red, green and yellow
modules, when considering preservation Zsummary with Xue as a reference and
Chantzoura as a test set (Figures 6.23b and 6.22). More over, many preserved hub
genes from these two modules had significant overlap between the four most
preserved reprogramming modules tan, red, orange and brown (Figures 6.23a,
6.23c and 6.22). Interestingly the red and green pre-implantation modules are
associated with the 4C-8C and 8C-morula stages respectively, which correspond
to the final stages when the pluripotency network is being established (Figure
6.11). Similarly the reprogramming modules tan, red, orange and brown also

correspond to the final stages of pluripotency acquisition (Figure 4.15). Indeed
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the overlapping hub genes with module memberships values above 0.5 in both
data sets are significantly associated with pluripotency related genes. Figures
6.24b, 6.24c, 6.24d, 6.24e, 6.24f, 6.24g illustrate the gene set enrichment analy-

sis of the significant overlapping transcription factors in pre-implantation and

reprogramming networks.
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Fig. 6.24 Gene set enrichment analysis of preserved hub genes: Overlapping hub
genes with module memberships (MM) over 0.5 were used for gene set enrichment
analysis in Enrichr. The bar plot labels correspond to the module color labels
as Xue / Chantzoura respectively. The Turquoise/Turquoise (a) gene list was
composed of all genes meeting the MM thresholds. The gene lists from b to g were
further filtered to contain only transcription factors. The Purple/Blue gene list
was filtered to contain only transcription factors and chromatin remodellers.



Table 6.1 Preserved hub genes between pre-implantation development and somatic cell reprogramming. Genes are listed in order of
their module membership values per module overlaps. TFs stands for Transcription factors and CRs stands for Chromatin Remodellers

Overlapping Modules Module Associations  Genes
Green/Brown 8C-Morula/iPSCs Zfp42, Dnajc2, Esrrb, Poubf1, Zfp568, Gm14139, Cdc5], Salll, Mta3, Zfp296, Jarid2,
Tfam, Sox15, Nr5a2, Terfl, Zfp599, Zfp110, Nfx1, Zfp143, Ttf1, Elf3, Gm3604,
Zbtb3, Nfyb, E2{3, Zbtb48, KIf8, Tgifl, Snapc4, Zfp217, KIf2, Gabpa,Zfp157
Green/Red 8C-Morula/pre-iPSCs Mbd3, Dnajc2, Rxrb, Snapc4, Salll, E2{3, Gtf2i, Zfp747
Green/Tan 8C-Morula/pre-iPSCs Zfp42, Cdc5l, Esrrb, Tead4, Sox15, Pou5f1, Tbx3, Gm14139, Nr5a2, Zfp296,
Zfp568, Mta3, KIf8, Zbtb17, Terfl, Zfp143, Zfp599, Gm3604, Elf3
Red/Brown 4C-8C/iPSCs Nr5a2, Baz2a, Dnajc2, Sox15, Zfp459, Esrrb, Salll, Zfp568, Gm14139, Terf1,
Zfp143, Rcor2, Nfyb, Nanog, Ttf1, Zbed4, Zfp110, Zfp42, Gm3604, K1f8
Hmgb2, Gabpa, Zfp599, E2{3, Zfp59, Grhl2, K1f2, Zfp217, Mga, Z{p763, Zbtb44,
Zfp808, Zbtb8a, Mycn, Zfp317, Tgifl, Z{p566, Dmrt1, Zfp105, Sox21, Zfp273
Red/Red 4C-8C/pre-iPSCs Dnajc2, Mbd3, Rcor2, Nr1d2, Gtf2i, Zfp740, Sox21, Yyl, Zfp105, Zfp292,
Salll, E2f3, Smarccl, Pax6, Zbed4, Grhl2, Hmgb2, Mycn
Red/Tan 4C-8C/pre-iPSCs Sox15, Obox6, Nr5a2, Zfp820, Tead4, KIf8, Esrrb, Baz2a, Zfp143, Gm14139,

Purple/Blue (TFs)

Purple/Blue (CRs)

2C/2C-like iPSCs

2C/2C-like iPSs

Zfp459, Terfl, Zfp568, Zbtb17, Tbx3, Zfp42, Z{p59, Nanog, Gm3604,

Zbtb44, Zfp273, Zfp599, Zfp808

Kdmb5b, Mga, Zfp367, Zscan4c, Zfp281, Zscan5b, Hic2, Rlf, Tfdp2, Etv5, Zscan4d,
7fp639, Zfp446, Zfp775, Zfp7, Yy2, Zfp352, Smarccl, Gabpa, Zfp689, Nrfl, Ctcf,
Zbtb8a, Atf1, Zbtb44, Atf2, Pou2f3, Zfp553, Usfl, Zfp142, Zfp263, Zfp574

Kat2b, Tetl, Taf7, Suz12, Kdm4c, Cbx7, Trim33, Chdl

UOISSNISI(] pue SINSIAY 2°9
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I also observed a significant overlap of hub genes from the Xue purple module
and the Chantzoura blue module. This is very relevant because the purple module
is exclusively associated with the 2C stage of pre-implantation marked by the
transcriptional burst of major ZGA. Moreover the in depth evaluation of the genes
associated with the reprogramming blue module indicates that this module is
capturing the genetic network of the elusive 2C-like pluripotent stem cells that
spontaneously cycle at a very low rate between this totipotent state and the most
prominent naive pluripotent state (Macfarlan et al., 2012). It is currently believed
that somatic cell reprogramming into induced pluripotency occurs via an initial
rate limiting stochastic stage followed by a more deterministic hierarchical late
stage (Buganim et al., 2013). Therefore genetic dissection of networks operating
in this early 2C embryonic stage may provide clues about achieving more efficient

reprogramming of somatic cells.

A number of 2C/2C-like factors identified in this analysis (Table 6.1) have been
linked to important functions in pluripotent stem cells and have even been shown
to improve the efficiency and quality of iPS cell generation. Another handful
of factors identified here as 2C/2C-like hub genes have not been functionally
characterised and may prove to be key factors in the induction of totipotency
and pluripotency. The list of 2C/2C-like hub genes identified are composed of
33 transcription factors and 8 chromatin remodellers and some of their known

functions are described below (Table 6.1).
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Zscan4 is a well known family of markers of ZGA with embryonic expression being
exclusive to the 2C stage (Falco et al., 2007).Three members of the Zscan gene
family (Zscan4c, Zscan4d and Zscan5b) have been identified as highly ranked
2C/2C-like hub genes. Zscan4 has been shown to be a potent natural factor
that enhances the efficiency of iPSC formation and reactivates early embryonic
genes (Hirata et al., 2012). Moreover Zscan4 promotes genomic stability during
reprogramming and dramatically improves the quality of iPS cells as demonstrated
by tetraploid complementation. Zscan4 also enhances telomere lengthening and
dramatically decreases the DNA damage response (DDR) during reprogramming
(Jiang et al., 2013). Zscan4 has also been studied in ES cells where it has been
shown to regulate telomere elongation and promote genomic stability (Zalzman
et al., 2010). The AzfI and Atf2 factors have also been found to be essential for
ZGA in mouse embryos (Jin and O’Neill, 2010, 2011, 2014) and Trim33 involved
in silencing of transposable elements and contribution to the maintenance of
genomic stability (Isbel et al., 2015). Another well know maker of 2C cells also
identified here as a hub gene is Zfp553 which has been recently shown to be
essential for the maintenance and acquisition of pluripotency in mice by activating
the expression of Oct4 and Nanog (Yu et al., 2016). Etv5 was identified as being an
early reprogramming regulator preceding activation of key pluripotency regulators
such as RexI (also known as Zfp42), Dppa2, Nanog and Sox2. Etv5was found to
be preferentially expressed in reprogramming-prone cell populations and highly
expressed in ESCs suggesting a functional role in poising early reprogramming

(Lujan et al., 2015).
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A number of identified factors are known to be involved in DNA demethylation
such as Tetl. There are 3 known Tet genes and 7Tet3is the main transcript variant in
oocytes which is key in the ability to reprogram the injected nuclei from somatic
cells (Gu et al., 2011). However I was able to verify with the data set from Xue et al.
(2013) a massive switch to Tetl between the pronuclear stage and the 2C stage
where the major ZGA takes place, with the Tet3 transcript being barely detectable
at this stage. Mouse ES cells, on the other hand, expresses TetI and Tet2 which have
distinct roles in regulating hidroxylation of 5-methyl cytosines. Tet1 is associated
with the methyl-cytosine hydroxylation at transcription start sites (TSS), whereas
Tet2 is mostly associated with this conversion in gene bodies (Huang et al., 2014b).
Importantly Tet1 facilitates iPSC induction by promoting Oct4 demethylation and
reactivation and can replace Oct4 at the standard Yamanaka 4 factors to generate
fully pluripotent iPSCs (Gao et al., 2013). Another identified 2C/2C-like factor
involved in the maintenance of low levels of DNA methylation is Rearranged L-
Myc Fusion, RLF which acts as an epigenetic modifier at CpG island shores and

enhancers across the genome.(Bourke et al., 2017).

While many other factors such as Cbx7 (Morey et al., 2012), Chd1 (Gaspar-Maia
et al., 2009), Zfp553 (Yu et al., 2016), Smarccl (Huang et al., 2012), Hic2 (Hans-
son et al., 2012) , Gabpa (Ueda et al., 2017), Ctcf (Wang et al., 2017) have all
been associated with the maintenance and/or acquisition of pluripotency a few
other factors may have negative effects in reprogramming. One of them is Lysine
Demethylase 5B (KDM5B) which was the most highly ranked 2C/2C-like factor

based on its module membership values. This transcription regulator is essen-
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tial for early embryo development and is required for ZGA by actively removing
broad H3K4me3 chromatin domains (Dahl et al., 2016). However it has also been
linked to the modulation of mouse ES cell self-renewal and suggested to be a
a barrier to the reprogramming process (Kidder et al., 2013). Znf281 is another
factor which has been linked to reprogramming as a roadblock which suggests
a need for careful caution on the selection of some selected 2C/2C-like genes
as candidate reprogramming factors. Znf281 has been characterised as an EMT-
inducing transcription factor down regulating E-cadherin (Hahn and Hermeking,
2014) and also been shown to mediate Nanog auto-repression through recruit-
ment of the NuRD complex inhibiting somatic cell reprogramming(Fidalgo et al.,
2012). Also Yy2 which is from the same gene sub family as Rex! (Kim et al., 2007)
has been recently identified to have a critical role in regulating mESC functions
through control of key pluripotency factors, including Oct4 and Esrrb. Importantly,
over-expression of Yy2 directs the differentiation of mESCs into cardiovascular

lineages (Tahmasebi et al., 2016).

Therefore, whereas there is good evidence that a number of genes could directly
contribute to the improvement of reprogramming efficiency to pluripotency, some
factors might negatively interfere with pluripotency network but still be important
for the ZGA process in the context of totipotency. This possible drawback may
be circumvented if such factors are used only as a short transient pulse at the
beginning of reprogramming test experiments. The identification of network hub
genes was instrumental in the arduous task of short listing genes with important

biological functions. The list of genes identified in this analysis should provide a
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platform for the development of new improved reprogramming cocktails as well

as the reference for further functional studies in pre-implantation embryology.

6.2.6 Conclusion

In this chapter I performed a weighted gene co-expression network analysis of a
single-cell RNA-Seq data set from mouse pre-implantation embryos produced by
Xue et al. (2013) with the purpose of trying to identify gene networks which could
also be present during the process of factor induced somatic cell reprogramming
and harness this information to select hub genes with potential for improving the
efficiency of reprogramming. The embryonic period from 8 cell to morula stages
showed a moderate network overlap with that of late stage reprogramming marked
by reactivation of endogenous Salll, Pou5f1, Zfp42, Nr5a2 and Esrrb among other
well known pluripotency genes. Interestingly the embryonic 2 cell stage specific
network had a significant structure overlap of hub gene connections when com-
pared to a pluripotency network module associated with a 2C-like properties
which spontaneously appear a low frequency in prolonged culture of pluripotent
stem cell cells (Macfarlan et al., 2012). Given that the totipotent 2C embryonic
stage is the period when the zygotic genome becomes fully reprogrammed and
reactivated I speculate that the hub genes in common between the 2C embryonic
stage and the 2C-like stem cell derived cell populations could be used as repro-
gramming factor candidates for improving somatic cell reprogramming efficiency.

A number of the highly ranked hub genes have already been reported to indeed
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enhance iPS cell generation efficiency and the selection of such factors together
with other closely associated network hub genes could potentially help kick start
a totipotent-like stage prior to the acquisition of pluripotency in vitro mirroring

the deterministic process that occurs in vivo in pre-implantation embryos.






Chapter 7

Conclusion

The seminal discovery by Takahashi and Yamanaka that somatic cells could be
reprogrammed to pluripotency by the four OSKM factors (Oct4, Sox2, Klf4, c-Myc)
has revolutionised understanding about cell identity (Takahashi et al., 2007; Taka-
hashi and Yamanaka, 2006b). Despite the numerous advances in the study of the
mechanisms of iPS cell generation it remains a poorly understood phenomenon.
It is believed that OSKM factors induce somatic cells to go through a long and
inefficient stochastic initial phase followed by a more deterministic stabilisation
stage before full pluripotency acquisition (Buganim et al., 2013). A number of
studies have unravelled critical roadblocks to reprogramming (Ebrahimi, 2015).
The study of maternal factors and the mechanisms of zygotic genome activation
should hold important clues for the improvement of reprogramming efficiency

since the embryonic development must occur in a deterministic step wise fashion.
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The work presented here began by identifying H2afz as one of the most expressed
genes in the oocytes of the Axolotl salamander. I set out to investigate a role of
H2afz in mamalian iPS cell generation motivated by the fact that this histone
variant is also the most abundant histone in ES cells (Kafer et al., 2010) and
has proven to be important for pluripotency regulation (Creyghton et al., 2008;
Hu et al., 2013). The over-expression of this histone variant was able to slightly
improve the efficiency of reprogramming of two different pre-iPS cells which
over-expresses classical Yamanka factors and acquire pluripotency at a very low
frequency. Interestingly Hist1h2aa, a maternal canonical histone, was also able
to improve reprogramming efficiency to a lesser extent and this has been inde-
pendently reproduced (Shinagawa et al., 2014). Moreover the role of H2afz in
reprogramming enhancement has also now been published (Wang et al., 2015).
This study also reported that the pluripotency activity of Nanog is dependent of
H2AZ. Surprisingly my results showed that somatic cells deficient for Nanog can

still be reprogrammed by Yamanka factors if H2afz is over-expressed.

With the assumption that natural mechanisms occurring in early pre-implantation
embryos could reveal more efficient ways of generating iPS cells I turned to re-
analysing a number of published gene expression data sets. I performed gene
co-expression network analyses with a single cell RNA-seq data set from mouse
pre-implantation development (Xue et al., 2013) as well as with two reprogram-
ming studies which utilised cell sorting to identify intermediate stages of repro-
gramming (Chantzoura etal., 2015; O’Malley et al., 2013b). The network analysis of

iPS cell reprogramming generated a higher resolution analysis than first published
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and resulted in highly reproducible network modules with significant associa-
tions to the various intermediate reprogramming stages. One of these preserved
network modules had HZ2afz as one of the hub genes along with a number of
chromatin remodelling associated genes which could be tested for their ability to
complement the function of H2afz in enhancing reprogramming efficiency. The
biological function enrichment analysis of intra-modular hub genes were instru-
mental in identifying the most salient events on the route to induced pluripotency.
Interestingly this network analysis was able to distinguish two pluripotency gene
networks, one associated with the well know ground state pluripotency and an-
other one associated with a recently reported transient cell state similar to the

totipotent 2 cell stage in pre-implantation embryos (Macfarlan et al., 2012).

The analysis of the pre-implantation data produced well defined network mod-
ules which represented the gradual transitions from oocyte to morula and the
enrichment analysis of intra-modular hub genes revealed the biological processes
associated to each embryonic stage. Lastly the network statistical analysis be-
tween early development and reprogramming revealed a moderate preservation
of modules associated with the later stages of pluripotency acquisition in both

conditions.

Moreover, there was also a significant overlap between a module associated with
the 2 cell stage in embryos (purple) and a module associated with 2C-like cell
state of pluripotent stem cells (blue). The embryonic 2 cell stage is associated

with the zygotic genome activation, therefore the analysis of network properties of
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the top hub genes common between the two 2C conditions is highly relevant for
reprogramming. Indeed their network structures proved to be extremely similar

(Figure 7.1).
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Fig. 7.1 Gene Networks in 2C stage and 2C-like cells: The most highly connected
intramodular hub genes are indicated by purple and blue dots (nodes) for the 2C
pre-implantation stage (Figure 7.1a) and 2C-like cells (Figure 7.1b) respectively.
The thickness of the green lines (edges) represent the topological overlap measures
between two nodes. The most connected nodes are clustered in the centre of the
networks.
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The intra-modular analysis of the most preserved hub genes between the two
conditions uncovers relevant genes with could be used for new reprogramming
cocktail compositions. The topological overlap measure (TOM) takes into account
not only the pairwise correlations (co-expressions) but also measures how many
common genes each one correlates with. Taking TOM into consideration, the
most highly connected genes both in 2C stage and 2C-like cells are Tetl, Cbx7,

Etv5, Mga, Kdmbb, Kdm4c, Taf7, Zscan4c and Zscan4d.

To my knowledge still there is no report describing an attempt to reprogram
somatic cells to pluripotency via a 2C-like stage. The forced activation of such a
network may help overcome important reprogramming barriers. Tet1,Etv5 and
Zscan4 have all been shown to have potent reprogramming enhancing activity
when combined with the 4 Yamanaka factors (Costa et al., 2013; Gao et al., 2013;
Hirata et al., 2012; Lujan et al., 2015). Moreover, somatic cell nuclear transfer
(SCNT) studies identified reprogramming resistant regions (RRRs) enriched for
H3K9me3, that are expressed normally at 2 cell mouse embryos generated by in
vitro fertilisation but normally not by SCNT. These RRRs could be successfully
reprogrammed by forced expression of Kdm4d greatly improving SCNT efficiency
(Matoba et al., 2014). Likewise the over-expression of Kdm5b and Kdm4c may also
help improve reprogramming efficiency in vitro prior to pluripotency acquisition.
Taken together the evidence of these being hub genes in a network preserved
between 2 cell embryos and 2C-like stem cells and reports linking some of these
genes to reprogramming enhancement it is likely that a combination of them

might more efficiently kick start the early phase of reprogramming reducing
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its stochasticity. It would be worth evaluating this 2C factors cocktail with and
without combining them with Yamanaka factors. Since the 2C network precedes
the pluripotency network it might be possible to completely omit the Yamanaka

factors altogether with the right combination of 2C factors.
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Effect of Sample Replicates in Network Structure

Fabio Amaral

4 Jan 2018

A robust Weighted Gene Correlation Network Analysis (WGCNA) is dependent on the number of
samples used. According to the WGCNA package FAQ (https://labs.genetics.ucla.edu/horvath/
CoexpressionNetwork/Rpackages/WGCNA /faq.html), correlations on fewer than 20 samples will in-
cur in too much noise which consequently impacts its biological meaningfulness. Therefore, in order to
assess the effect of sample replicates I selected only one biological replicate (*repl) from each type from
the Chantzoura et al 2013 data set resulting in exactly 20 samples. Information about this data set can be
found in Chapter 4, Table 4.1.

The downstream processing for the data subset with one replicate was done exactly as described in Chapter
4 except for the selection of the soft thresholding power 5. While the chosen power [ for the full data set
was 12 the subset data set required a power § of 13 to more closely meet a scale free topology criteria as
illustrated below.

Scale Free Fit Index R"2 Mean connectivity scale free R"2= 0.78F gRBFE-LE9 , unc.R"2= 0.89
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Suplementary Figure 1: Selection of g for the Chantzoura data subset with one biologival replicate
for each cell type :A § is selected at the point where the scale free fit index R? is close to saturation and
the mean connectivity is close to the minimum. The 8 of 13 was chosen as the soft threshold value which
causes the network topology to approximate a scalefree topology the most.
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In order to compare the network module definitions when using the full data set or the data subset with one
replicate per cell type each network dendrogramme was treated independently and resulting gene member-
ships were contrasted between the two analyses. The top two figures from the panel of Suplementary Figure
2 illustrate such dedrogrammes with the resulting color coded modules memberships imediately below. The
second color coded modules memberships serve for a rough comparison between the two networks in question.
As we can see there is good overlap between the colors from top and bottom colored network membreships
regardless if the full data set or the subset was used for the module definition. The cross-tabulation in
Suplementary Figure 2 further corroborate this notion of a well preserved network structure although the
network created with the subset data resulted in more modules possibly as a consequense of noise resulted
from using fewer samples.
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Suplementary Figure 2: Cross-tabulation based comparison of modules (defined as clusters) in
Full Data Set and Data Subset (1 replicate per cell type): (Top) Hierarchical clustering trees
(dendrogram) of genes based on full data set and data subset co-expression network. Each “leaf”” (short
vertical line) corresponds to one gene. The module membership is indicated by the color rows below the
dendrogram defined by cutting brantches of dendrograms (Left: Full data set and Right: Data Subset).
(Bottom) Cross-tabulation of Full Data set modules (rows) and Data Subset modules (columns). Each row
and column is labeled by the corresponding module color and the total number of genes in the module. The
values inside the table correspond to the count of genes in the intersection of corresponding row and column
modules. The red pallette color coding of the table represent the Fisher exact test p value, according to the
color legend on the right.

Finally, to more systematically evaluate the preservation of the defined modules between using full and
subset data I resorted to the calculation of the Preservation Median Rank and Preservation Zsummary as
previously described in chapter 5 and using 100 permutations in order to calculate levels of significance. The
Suplementary Figure 3 below illustrate the results of such analyses. The Preservation Median Rank shows
that the small tan, magenta and red modules defined with the full data set were the most preserved modules.
However the Preservation Zsummary results show these modules as some of the least preserved modules. This
is aparently contradiction is not unexpected as the Zsummary calculation is heavily influenced the by the size
(number of genes) of the modules analysized and interpretaion of these two complementary measurements of
module preservation should be performed in conjunction (Langfelder et al. 2011). Nevertheless, all modules
are extremely preserved (Zsummary >= 20 indicates high preservation) and these results demonstrate that



the number of replicates has not significantly influenced in the network structures whether using full or
subset data sets.
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Suplementary Figure 3: ** Chantzoura data sets (Full vs Subset) module preservation statistics.** All mod-
ules are extremely well preserved. The preservation median rank is illustrated on the left and the preservation
Zsummary on the right. All modules showed a very high preservation Zsummary scores indicating that the
subset data set was still able to capture very similar network structure when compared to using the full data
set.

Conclusion

Given that there is a significant overlap between gene module memberships and high preservation network
statistics between analyses with full and subeset (1 replicate per cell type) I conclude that the number of
replicates was not responsible for driving the network module definition in the main analyses performed
throughout this thesis.
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Gene expression data are accumulating exponentially in public repositories. Reanalysis and integration of
themed collections from these studies may provide new insights, but requires further human curation.
Here we report a crowdsourcing project to annotate and reanalyse a large number of gene expression
profiles from Gene Expression Omnibus (GEO). Through a massive open online course on Coursera, over
70 participants from over 25 countries identify and annotate 2,460 single-gene perturbation signatures,
839 disease versus normal signatures, and 906 drug perturbation signatures. All these signatures are
unique and are manually validated for quality. Global analysis of these signatures confirms known asso-
ciations and identifies novel associations between genes, diseases and drugs. The manually curated
signatures are used as a training set to develop classifiers for extracting similar signatures from the entire
GEO repository. We develop a web portal to serve these signatures for query, download and visualization.
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mics repositories such as the NCBI Gene Expression

Omnibus (GEO)! and EBI ArrayExpress® accumulate

and serve gene expression data from thousands of
studies. It is clear that these data contain much more
information than what has typically been extracted from each
individual dataset for the accompanying initial publication.
However, currently, performing integrative analysis of large
collections of gene expression studies to obtain a global integrated
view of cellular regulation requires a significant data wrangling
effort, that is, manually unifying data formats, adding metadata
and converting the data to be more machine readable.

Due to high cost, gene expression profiling data are typically
produced on a small scale, in targeted studies that are diverse with
respect to tissue or cell type, genetic or chemical perturbation,
disease model, expression assay platform and model organism.
When submitted into public repositories such as GEO, the
requirement for metadata annotation is minimal. Lack of
standards for extensive metadata collection, and the diversity of
individual studies, prohibits the easy reuse and integration of this
type of data.

One of the advantages of carefully annotating studies from
databases such as GEO is the potential for developing a signature
search engine that operates at the data level. Tools such as
SIGNATURE?, SPIED? Cell Montage’, ProfileChaser®,
ExpressionBlast’ and SEEK® automatically attempt to compute
differentially expressed signatures from GEO to provide a
signature search engine at the data level. However, these tools
are prone to mistakes because they automatically select the
control and perturbation samples, as well as other aspects of
signature generation and annotation, without relying on an
extensive high-quality gold standard, which is needed for training
better-quality classifiers.

Manual extraction of collections of gene expression signatures
from GEO has been demonstrated to be highly useful. It was
applied for drug repurposing’, suggesting novel drugs for
many diseases'?, and explaining mechanisms of action for many
approved drugs!!. Several efforts have attempted to further
annotate datasets from GEO manually; one example is Gene
Expression data Mining Toward Relevant Network Discovery
(GEM-TREND)!2. The disadvantage of manual curation is that it
does not scale up to cover the thousands of studies currently
available. For similar challenges, crowdsourcing projects have been
developed as a potential solution to overcome this obstacle.

Crowdsourcing projects fall into two categories: microtasks and
megatasks'>14, Microtasks consist of relatively trivial tasks that
require a large number of Farticipants; for example, extracting
features from images of cells'®. Crowdsourcing microtask projects
in biomedical research have been established to improve
automated mining of biomedical text for annotating diseases'®,
curation of gene-mutation relations'’, identifying relationships
between drugs and side-effects'8, drugs and their indications'?, as
well as annotation of microRNA functions®’. These efforts
produce large collections of high-quality datasets that can be
further utilized by algorithms that can extract new knowledge
from already-published data that require better annotation,
cleaning and reprocessing.

When computing gene expression signatures, the
computational method wused to identify the differentially
expressed genes (DEGs) has a significant impact on the results.
Using several benchmarks, including matching expression
changes after transcription factor perturbations with ChIP-seq
data, we previously showed that a method we developed called the
Characteristic Direction (CD) signiﬁcantlgr improves the
prioritization of differentially expressed genes”! when compared
with several commonly applied methods such as fold change,
T-test or ANOVA, SAM?2, limma® or DESeq?*.

2

In this study, we present the results of a crowdsourcing
microtask project implemented to annotate and extract gene
expression signatures from GEO. Our analysis of the
crowdsourced gene expression signatures demonstrates that our
collection of signatures is of high quality and can be used to
recover prior knowledge, as well as discover new knowledge,
about associations between drugs, genes and diseases. We also
develop a web portal for users to visually identify associations
between signatures, download the signatures for further
computational analyses, and search the collections of gene
expression signatures created for this project with their own
signatures or by keywords. To scale up the collection of signatures
for the three themes: disease, drug and gene perturbation, we use
the manually extracted signature collections as a gold standard to
train classifiers that automatically extract signatures from GEO.

Results

Crowdsourcing gene expression signatures. The crowdsourcing
challenge we designed followed several steps and consisted of
several components and processes (Fig. 1). First, participants were
asked to identify GEO studies in which single-gene or -drug
perturbations were applied to mammalian cells, or in which
normal versus diseased tissues were compared. After identifying
relevant studies, participants extracted metadata from the studies
and computed differential expression using GEO2Enrichr®®, a
Chrome extension we developed that makes the signature
extraction process easy for non-experts. Extracted signatures
were stored in a local database and sanitized by automated filters
and manual inspection for improving accuracy and quality.
The cleaned database of extracted signatures was used to visualize
and analyse these signatures on the CRowd Extracted Expression
of Differential Signatures (CREEDS) web portal. To scale up the
collections, the human-extracted signatures were used as a gold
standard for training machine learning classifiers for automated
signature extraction. To date, the manual component of the
signature database contains 3,100 submissions for single-gene
perturbations, covering 1,186 genes from 1,635 studies; 1,081
disease signature submissions covering 450 diseases from 748
studies; as well as 1,238 submissions for drug perturbations
covering 343 drugs from 443 studies (Supplementary Fig. la).
After sanitizing the collections of signatures, a total of 2,177;
828 and 1,221 unique and valid signatures remained in the
CREEDS database for single-gene perturbations, disease
signatures, and drug perturbation signatures, respectively. The
automated expansion of the signatures resulted in an additional
set of 8,620 single-gene, 1,430 disease and 4,295 single-drug
signatures extracted from 2,543 GEO studies.

We observe a skewed distribution with a long tail for the
number of submissions per contributor (Supplementary Fig. 1b).
A few enthusiastic curators contributed many more signatures
than most others. The median number of signatures submitted
per person was 16. We found no significant correlation between
the number of signatures submitted per user and the quality of
submissions (Supplementary Fig. lc, Spearman’s p= —0.08,
P value =042). The leaderboard generally incentivized
volunteers to submit more gene expression signatures. We found
a significant negative correlation (Spearman’s p= —0.64,
P value<8.0e ~°!) between the scaled ranks of contributors
and the number of newly submitted studies per day
(Supplementary Fig. 1d). This suggests that highly ranked
curators were inclined to continue to submit more.

Quality improvement of crowdsourced gene expression signatures.
To improve the quality of the gene expression signatures derived
from thousands of GEO studies, we first checked for batch effects.
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Figure 1 | Workflow of the crowdsourcing project. Participants identify relevant studies from GEO and then extract gene expression signatures using
GEO2Enrichr. Participants also add metadata to each signature. Submitted signatures were manually reviewed and then used to scale up the collections
with machine learning methods. All signatures are served on the CRowd Extracted Expression of Differential Signatures (CREEDS) web portal.

To achieve this, we obtained the ‘scan date’ from the raw
microarray data files as an indicator of a potential source for
batch effects. We then estimated the magnitude of such batch
effect using principal variation component analysis®®?’. We
estimate that batch effects on average account for ~18.7% of the
variance in the gene expression dataset collections, whereas
the perturbation versus control on average accounts for ~16.7%
of the variance (Supplementary Fig. 2a).

To correct for these batch effects, we applied the surrogate
variable analysis (SVA)?® algorithm and generated new signatures
using both the CD and limma methods to call the DEGs. To
benchmark the quality of these signatures with or without the
batch correction, we used collections of genes that are expected to

| 7:12846 | DOI: 10.1038/ncomms12846 | www.nature.com/naturecommunications

be differentially expressed: direct protein interactions for gene
perturbation, disease-gene associations for disease signatures, and
targets of drugs for the drug-induced signatures. We observe that
the batch correction improves the signal and quality of signatures
(Fig. 2). We also found that the CD method outperformed limma
in ranking the expected DEGs with these benchmarks.

Comparing the collections with other similar resources. Next,
we compared the collection of the crowdsourced gene expression
signatures with MSigDB2°, which contains 8 collections of gene
sets. The collection C2 has curated gene sets extracted manually
from tables and figures within publications. We compared the

3
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Figure 2 | Batch effect correction influence on the quality of gene expression signatures. Line plots show the probability density distribution of the
scaled ranks of expected DEGs in gene expression signatures from the three collections: (a) single-gene perturbations, (b) disease signatures, and
(¢) single-drug perturbations. The colours indicate which algorithm was used to call the differentially expressed genes: Characteristic Direction (CD),
limma, or fold change; and whether batch effect correction was applied with surrogate variable analysis (SVA).

Chemical and Genetic Perturbations (CGP) subset within C2
from the latest version of MSigDB (v5.1) with our collections of
signatures. The CGP subset has 3,396 gene sets, 33% of which
have GEO identifiers (GSE) (Supplementary Fig. 3a). We first
compared the overlapping GSEs and found that our collection
covers 2,066 microarray studies, whereas the CGP subset covers
361 microarray studies with 54 shared studies (Supplementary
Fig. 3b). Breaking down the overlap into the three collections, the
shared GSEs with MSigDB are 31, 21 and 7 for the gene, disease
and drug perturbations, respectively (Supplementary Fig. 3b).
To compare the concordance of the gene-set for the 31 shared
gene perturbations, we plotted the cumulative distribution from
uniform distribution of the scaled ranks of the genes from our
collection and those matching from MSigDB, and found that
these gene sets are significantly similar (Supplementary Fig. 3c).
Overall, we find that the MSigDB signatures overlap significantly
with matched crowd-generated signatures, with only a few
exceptions (Supplementary Fig. 3d, Supplementary Table 1).
The discrepancies were due to a figure from He et al® that
only reported genes related to the cell-cycle as opposed to all
DEGs; the Sagiv et al’! study reported DEGs in both siRNA
knockdown and mAb treatment, whereas the DEGs in our
database were derived from knockdown versus control only; and
the gene sets curated from Soucek et al.>? by MSigDB do not
match the original figure from that paper. However, overall, our
analysis shows strong agreement between the matched signatures
in both databases.

4

Assessment of signature associations within each collection.
We next asked whether signature similarity within and across the
three collections can recover prior knowledge and discover novel
connections. To globally assess associations between signatures
within each collection, we used various methods to compute
similarity between all pairs of signatures, and compared ranked
signature associations with prior knowledge. Our results show
that all of the three signature collections recover prior knowledge
associations between genes, drugs and diseases (Supplementary
Tables 2-4), and these associations are more discernable when
computing differential expression with the CD method (Fig. 3).
For example, individual independent studies that perturbed
Prkag3 by either knockout or gain-of-function mutation were
identified as opposing signatures®® (Supplementary Table 2).
An example that emerged from comparing disease signatures
was the high similarity between hypercholesterolaemia and
hepatocellular carcinoma signatures (Supplementary Table 3). It
was shown that cholesterol metabolism is indeed deregulated in
hypercholesterolaemia  and  hepatocellular ~ carcinoma®*3>.
There are some top-ranked drug pairs that induce similar gene
expression changes. For instance, the gene expression signatures
for diethylstilbestrol, estradiol and tamoxifen from independent
studies are very similar (Supplementary Table 4). The
confirmation with prior knowledge associations suggests that
we can predict novel associations with these data. In other words,
top-ranked associations or top-ranked opposing signatures
between drugs, diseases or genes that do not have literature
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Figure 3 | Benchmarking signature connections with prior knowledge. Signed Jaccard index and absolute Jaccard index are used to measure the similarity
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green, respectively. ROC curves are plotted for (a) recovering the same perturbed genes; (b) recovering similar diseases; and (¢) recovering drugs with

similar chemical structure.

support should be considered as high-quality predictions. Given
the observation that drugs with highly similar chemical structure
induce slightly more similar gene expression signatures than
expected by chance (Fig. 3¢c), we further investigated whether the
correlation between chemical similarity and gene expression
signature similarity also applied to drugs pairs with lower
chemical similarity scores. By binning the signed Jaccard index
by Tanimoto coefficients, we found no correlation between lower
chemical similarity and gene expression signature similarity
(Supplementary Fig. 4), suggesting that partial chemical similarity
is not predictive of expression similarity.

Signature associations across the three collections. Using the
signed Jaccard index, we computed an adjacency matrix for all
possible pairs of signatures from the three collections (Fig. 4a)
and observed many clusters. These clusters are heterogeneous,
containing connections between genes, diseases and drugs.
We highlight a few of these clusters (Fig. 4c,d), while others can
be explored using the interactive clustergram or packed circles
plot on the CREEDS web portal. In the first cluster that we chose
to highlight, imatinib, a small molecule that is known to be a
tyrosine kinase inhibitor®®, has signatures that were generated
from multiple cell lines, including K562 leukaemia cell line
(GSE1922), chronic myelogenous leukaemia (CML) CD34 + cells
(GSE12211) and three other CML cell lines (KU-812, KCL-22,

JURL-MK1) (GSE24493), which cluster together with knockdown
signatures of NRAS in melanoma cell lines (GSE12445) (Fig. 4b).
This strongly suggests that NRAS is targeted by imatinib.
Although NRAS is currently not considered a direct target of
imatinib, a recent study showed that melanoma gatients with
NRAS mutations are resistant to imatinib therapy>’. This raises
the possibility that the wild-type form of NRAS is at least a key
downstream effector of imatinib.

In the second cluster that we chose to highlight, multiple
myelodysplastic syndrome (MDS) signatures from CD34 + cells
(GSE4619, GSE19429) and ERBB2 overexpression signature from
MCF10A cells (GSE14990) cluster together (Fig. 4c), suggesting
that the up-regulation of ERBB2 may have a role in MDS. Indeed,
it was shown that ERBB2 amplification is present in 35% of a
cohort of MDS patients®®. In the third example, endometrial
cancer signatures (GSE17025) are shown to cluster with
estradiol signatures derived from MCF7 cells from multiple
independent studies (GSE4668, GSE11352, GSE53394), as well as
MIR34A overexpression signature from HCT116 cells (GSE7754),
PPARG overexpression signature from NIH-3T3 cells (GSE2192),
and IGF1 stimulation signature from MCF7 cells (GSE7561)
(Fig. 4d). Estradiol has been shown to increase the risk for
endometrial cancer’*® and was previously discovered in a
meta-analysis study of this disease*!. Insulin-like growth factor 1
(IGFI1) and its receptor IGFIR are known to be indirectly
activated by estradiol*?*4. Downstream of the IGFIR receptor
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Figure 4 | Hierarchical clustering of the adjacency matrix of all gene expression signatures and selected clusters. (a) The entire adjacency matrix of all
signatures. (b-d) Three selected zoomed-in views of clusters from the adjacency matrix displayed in (a).

phosphoinositide kinase 3 (PI3K), the mammalian target of
rapamycin (mTOR) and MAPK signalling promote protein
synthesis, cell growth, and cell proliferation, fotentially driving
the progression of endometrial cancer®*, Peroxisome
proliferator-activated receptor gamma (PPARG) has also been
shown to induce the development of multiple types of cancers?’,
and it is known to glay a role downstream of adiponectin during
insulin resistance®, which is a significant risk factor for
endometrial cancer’®. The fourth cluster contains a YYI
knockout (GSE39009) signature produced in mice soleus, and
an autosomal muscular dystrophy signature from a mouse model
sourced from the diaphragm (GSE3252). This association
suggests that YYI may be disrupted in muscular dystrophy
tissues. Literature supports that almost all facioscapulohumeral

muscular dystrophy patients carry deletions of regetitive elements
(D4Z4) that contain binding sites for yY1?92l ALl of the
aforementioned examples are just a small portion of the signature
connections our integrative analysis offers. These examples
illustrate how novel associations between diseases, genes and
drugs can be discovered through a crowdsourcing project.

Identifying drug mimickers. To further demonstrate the utility
of the crowdsourced gene expression signatures of drug pertur-
bations, we queried these signatures against the database of drug
or other small molecule compound signatures derived from the
LINCS L1000 dataset. We then recorded the ranks of the matched
drugs out of >30,000 LINCS L1000 signatures and found that
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Figure 5 | Distributions of the ranks of matched perturbations between signatures from CREEDS and the LINCS L1000 dataset. The highest ranks (a,c),
and all ranks (b,d) of matched drugs (a,b) and matched genes (c,d) are presented. Drug perturbation signatures from CREEDS were queried against
~30,000 significant drug perturbation signatures from the LINCS L1000 dataset; whereas gene perturbation signatures from CREEDS were queried
against ~110,000 gene perturbation signatures from the LINCS L1000 dataset.

many crowdsourced drug perturbation signatures are significantly
highly ranked (Rank sum P value <4.8e — 24 (Fig. 5a,b, Table 1).
Similarly, the results can also be reproduced when querying the
drug perturbation signatures against >6,000 signatures from
the Connectivity Map dataset™ (Supplementary Fig. 5). We
additionally queried the gene perturbation signatures against
109,000 shRNA knockdown and over-expression profiles from
the LINCS L1000 data and found similar consistency (Fig. 5¢,d).
These results suggest that some drugs induce similar
transcriptional changes in small-scale studies, when compared
with results from large-scale studies such as LINCS L1000 and the
original Connectivity Map. This means that we can identify
potential mimickers using the LINCS L1000 dataset for drugs
whose signatures are highly similar between the LINCS L1000
dataset and the GEO studies. Interestingly, we found that
dexamethasone signatures in the LINCS L1000 dataset were
ranked in the top 10 using dexamethasone-induced gene
expression signatures from three independent GEO studies:
GSE34313, GSE7683 and GSE54608 (Supplementary Table 5).
The three studies treated dexamethasone in different cell types:
human airway smooth muscle cells, mice primary chondrocytes,
and in a human oviductal cell line, suggesting that the effect of
this glucocorticoid agonist is robust across mammalian cells.
Among the top-ranked potential mimickers of dexamethasone,
flumetasone and betamethasome are both corticosteroids
indicated for inflammation, confirming that the approach is
able to identify drugs with similar physiological effects. Moreover,

we found a small molecule compound 5,6-epoxycholesterol
(BRD-K61480498) with gene expression profiles highly similar
to that of dexamethasone. 5,6-epoxycholesterol also has a similar
chemical structure, but unknown anti-inflammatory effects. As
such, it is an example of a strong candidate for further
experimental validation.

Web portal to visualize and query the signatures database. To
provide easier access to the three collections of the gene
expression signatures for knowledge reuse and exploration, we
developed a web portal (Supplementary Fig. 6). This portal
visualizes all of the signatures in a packed circles layout in which
similar signatures are closer to each other. Furthermore, the
portal has interactive heatmaps of hierarchically clustered
matrices of all signatures. The web portal is available at:
http://amp.pharm.mssm.edu/creeds. The portal also has a search
engine that enables users to search by text or by providing lists of
up and down DEGs. Since DEGs for the gene expression profiles
in the CREEDS database were computed with the CD method,
which is not a standard method, we tested whether signatures
computed via other methods would produce similar results. We
found that most signatures computed by fold change or limma
are ranked similarly (Supplementary Fig. 7). However, some
signatures were not ranked as expected. The CD is a multivariate
method, whereas fold change and limma are univariate; a gene
can be identified as significantly differentially expressed by a
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Table 1 | Top hits for drug signatures extracted from GEO queried against drug perturbations from the LINCS L1000 dataset
processed using the Characteristic Direction method.

Drug name PubChem ID GEO Accession organism GEO platform Rank
Dexamethasone 5743 GSE34313 human GPL6480 1
Doxorubicin 31703 GSE58074 human GPL10558 1
Azacitidine 9444 GSE29077 human GPL571 1
Azacitidine 9444 GSE29077 human GPL571 1
Azacitidine 9444 GSE29077 human GPL571 1
Lapatinib 208908 GSE38376 human GPL6947 2
Methylprednisolone 6741 GSE490 rat GPL85 2
Lapatinib 208908 GSE38376 human GPL6947 2
Dexamethasone 5743 GSE54608 human GPL10558 3
Lapatinib 208908 GSE38376 human GPL6947 3
Tretinoin 444795 GSE1588 mouse GPL81 3
Methylprednisolone 6741 GSE490 rat GPL85 3
Tretinoin 444795 GSE32161 human GPL570 3
Methylprednisolone 6741 GSE490 rat GPL85 3
Methylprednisolone 6741 GSE490 rat GPL85 4
Trichostatin A 444732 GSE1437 mouse GPL81 4
Dexamethasone 5743 GSE7683 mouse GPL1261 5
Cycloheximide 6197 GSE8597 human GPL570 5
Methylprednisolone 6741 GSE490 rat GPL85 6
Sorafenib 216239 GSE39192 human GPL6947 7
Vemurafenib 42611257 GSE37441 human GPL10558 8
Methylprednisolone 6741 GSE490 rat GPL85 10
Curcumin 969516 GSE108%96 human GPL570 14
Curcumin 969516 GSE10896 human GPL570 15
Vemurafenib 42611257 GSE37441 human GPL10558 15
Lapatinib 208908 GSE38376 human GPL6947 16
Methylprednisolone 6741 GSE490 rat GPL85 17
Tretinoin 444795 GSE1588 mouse GPL81 20
Vemurafenib 42611257 GSE42872 human GPL6244 23
Azacitidine 9444 GSE29077 human GPL571 24
Troglitazone 5591 GSE21329 rat GPL341 31
Decitabine 451668 GSE29077 human GPL571 36
Vemurafenib 42611257 GSE37441 human GPL10558 36
Thapsigargin 446378 GSE19519 human GPL570 37
Methylprednisolone 6741 GSE490 rat GPL85 48

univariate method but may not contribute to the joint expression
changes of large sets of genes.

Finally, to scale up the three collections of signatures, we
developed machine learning classifiers that use the manually
curated signatures as a training set. The classification task was
divided into two parts: (1) classify whether a GEO dataset is likely
to contain gene, disease or drug signatures, and (2) label the
samples as control and perturbation. The features for the
classifiers were extracted from the text associated with the each
GEO study in our manually curated collection as well as from all
currently available studies on GEO where genome-wide expres-
sion was assessed by microarrays to profile human, mouse or rat
cells and tissues. Overall, we observe that various classifiers
perform very well (Supplementary Fig. 8).

We next asked whether we have collected a sufficient number
of manually curated studies or whether more manual
curation could improve the performance of the classifiers.
We see, for example, that Naive Bayesian classifiers no longer
improve once ~1,000 annotated studies are used for each
collection category (Supplementary Figs 9-13). With these
machine learning classifiers, we automatically identified a
large collection of additional signatures for the three collections.
In total, this process enabled us to add 8,620 gene; 4,295
drug and 1,430 disease automatically extracted signatures.
Each signature carries a P-value for confidence, and all these
signatures are available for download and search on the CREEDS
web portal.

8

Discussion

Gene expression profiling is arguably the most common type of
omic data. The resource we developed for this project can be
combined with transcriptomics profiling projects such as
Genotype-Tissue Expression®®, the Cancer Genome Atlas>*, the
Cancer Cell-Line Encyclopaedia®®, and the Library of Integrated
Network-based Cellular Signatures (LINCS). Here we show, for
example, how combining drug perturbation signatures collected
from GEO with the LINCS L1000 data can be used to identify
potential novel drug mimickers.

The manually extracted and cleaned signatures were proven to
be useful as a training set that enabled us to scale up the three
collections of signatures using machine learning. However, we are
aware that the quality of the automatically generated signatures is
not as good as the signatures created by the human annotators.
One solution to improve the process is to intelligently integrate
machine learning with crowdsourcing by using active learning.
With active learning, unlabelled instances are presented to human
annotators with suggestions; this allows the classifiers to be
improved dynamically while reducing the effort required of the
curators®®. Active learning methods have been shown to achieve
improved performance in similar settings>”>5,

This project highlights the commitment of citizen scientists to
spare their time in pursuit of a common goal that can advance
science and medicine. Indeed, we show how this collective effort
was used to identify novel relationships between genes, drugs and
diseases. While we highlighted several top predictions that
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emerged from our analysis, many more hypotheses can be
formed by interacting with the CREEDS portal at:
http://amp.pharm.mssm.edu/creeds.

Methods

Extracting gene expression signatures from GEO by the crowd. Three
crowdsourcing microtasks were established to collect gene expression

signatures from GEO. These are: single-gene perturbations, comparison between
diseased and normal tissues, and single-drug perturbations. These three types of
signatures were extracted using the Google Chrome extension GEO2Enrichr?
and submitted through the BD2K-LINCS-DCIC Crowdsourcing Portal at:
http://www.maayanlab.net/crowdsourcing/. These crowdsourcing tasks were open
to all participants, but a significant majority of the contributors were students from
the massive open online course Network Analysis in Systems Biology 2015
(NASB2015) offered on the Coursera platform. These participants were given
detailed instructions for finding, labelling, and extracting gene expression profiles
from GEO. Participation was strictly voluntary, and was not required for
completion of any parts of the course. Participants were not provided with a list of
predefined gene expression profiles; instead, they were encouraged to find diverse,
yet relevant, gene expression studies from GEO. Briefly, contributors first had to
locate relevant GEO studies fitting into one of the three themes, and then select the
perturbation and control samples (GSMs) from GEO series (GSE) or GEO datasets
(GDS). Only gene expression studies from selected species of mammals (human,
mouse and rat) were considered valid. Participants were also asked to submit
additional metadata about the cell or tissue type, and gene, disease or drug used in
each experiment and associate these with common published identifiers. Standard
names of genes, diseases, and drugs were provided as autocomplete options in the
submission forms, created from controlled vocabularies: HGNC for genes*”,
disease names from the Disease Ontology®® and drug names from DrugBank®!. To
incentivize participants, a real-time leaderboard was developed to display the
number of submissions from each user, and modest prizes were promised to the
top ten contributors (custom T-shirt and headphones). Additionally, co-authorship
on the published research resulting from these crowdsourcing tasks was promised
to contributors of a minimum of 15 valid entries.

Sanitization of the crowdsourced gene expression signatures. Multiple steps of
quality control filters were applied to improve the collection of the gene expression
signatures extracted by the crowd. We first performed integrity checks using the
association between GEO studies (GSE or GDS) and samples within these studies
(GSMs) by re-processing all the collected gene expression signatures based on the
metadata supplied by the curators. Signatures in which GSMs did not match their
GSE or GDS, as well as signatures with the same GSMs in the control and per-
turbation groups, were automatically detected and removed. The next filter was
applied only to the single-gene perturbation collection. We checked whether gene
symbols submitted by the curators are valid HGNC gene symbols, removing all
entries with invalid genes. The next filter was semi-automatic: we corrected sig-
natures in which the control and perturbation samples were switched. Our final
filter was to manually check if the submitted signatures agree with the descriptions
associated with the original GEO studies. After applying each of these filters, we
recorded the number of invalid submissions by curators and removed the sub-
missions from any curators who had submitted more than 10% invalid signatures.
As a result, ~20% of all the submissions were removed from the final collections.

Evaluation of batch effects. To obtain batch information from each study, we
retrieved the ‘scan date’ from the raw microarray CEL files and assumed that the
experiments were performed on the same dates that were listed within the
experimental batch. We then quantified the batch effect using principal variation
component analysis?®?’, which attributes the variation in the gene expression data
to known sources such as batches and experimental conditions. Batch effects were
corrected using the surrogate variable analysis (SVA) algorithm?® implemented in
R%? with default parameters.

Construction of expected DEGs from prior knowledge. To generate lists of
expected DEGs for the three collections of signatures for benchmarking, we used:
(1) the known direct physical interactors of the protein product of a gene from a
consolidated protein—protein interaction network we assembled for a previous
study®3; (2) a consolidated collection of manually-curated disease-gene associations
from the DISEASES resource®%; and (3) known drug targets from DrugBank v4.361,

Measuring similarity between signatures. To compare signatures, we abstracted
signatures to sets of up- and down-regulated genes. The signed Jaccard index for
two signatures S; and §; is defined as:

]<S:4P75}4P> +]<s;‘inwn.sfawn> _](s:_‘P.’s}iown) _](S;inwn.’s]’v‘P)
2

9(5.5) =

where $“Pand $%*" denote the up- and down-regulated gene sets, respectively. The
signed Jaccard index considers the direction when comparing a pair of gene

expression signatures. It has a range of [ — 1, 1] where 1 represents identical
signatures, and — 1 represents signatures of reverse effect, whereas 0 represents
unrelated signatures.

Signature pairs from different GEO studies were ranked based on the signed
Jaccard index. Prior knowledge from various resources about known connections
between genes, diseases and drugs was used to examine whether signature
similarity can be used to recover known associations between genes, drugs and
diseases. Specifically, pairs of diseases were connected through the Disease
Ontology®, and pairs of drugs were connected by the drugs’ molecular structure
fingerprints and considered similar if the Tanimoto coefficient was >0.9.
Structural fingerprints were computed with the extended-connectivity fingerprints
ECFP4%°. To score the predictions of associations between genes, drugs and
diseases, receiver operating characteristic (ROC) curves were plotted and the area
under the ROC curve (AUC) was calculated. DeLong’s test®® was performed to
compare the difference between ROC curves.

Natural language processing of text from GEO series. The text from each GEO
series including title, summary, and keywords were extracted and processed
separately. Text was first tokenized into words that were then lemmatized usirég the
WordNet Lemmatizer®” and stemmed using the Porter stemming algorithm®S.
Term frequency-inverse document frequency (TE-IDF)® was used to convert
stems of both unigrams and bigrams into numerical values that measure the
importance of an n-gram to a document in the context of the collection of
documents. Truncated singular value decomposition was used to reduce
dimensionality of the TF-IDF matrices to capture at least 10% of the variance. To
visualize the GEO studies in the textural feature space, t-Distributed Stochastic
Neighbour Embedding”® was used to reduce the dimensionality of the matrices
from the truncated singular value decomposition. To classify whether a GEO series
contains a disease signature, three textural feature matrices representing the title,
summary and keywords were used to train and test a classifier. To measure the
performance of the classification, three-fold cross-validation was applied to
calculate the area under the ROC curve, area under the precision-recall curve,
Matthew’s correlation coefficient and F1 score. Classifiers from the scikit-learn”
package were tested including: random forest”2, extra trees’>, support vector
classifier and the XGBoost implementation of gradient boosting machines’?.
Hyperparameters of the classifiers were optimized using grid search.

1

Classifying control versus treatment samples based on text. We formulate the
problem of classifying GEO samples as a binary classification problem. This means
that we aim to learn from text-derived features whether a sample is part of the
control or treatment group. Features were extracted from the following text fields
associated with each GEO sample: title, description, characteristics and source
name. These text elements were tokenized and converted to binary vectors
representing the presence or absence of tokens for each sample. The classifier we
used for solving this problem is a Bagging’> of 20 multinomial Bernoulli Naive
Bayesian® classifiers after probability calibration with isotonic regression’®. To
measure the performance of the classifier, 10-fold cross-validation was applied to
calculate area under the ROC curve, area under the precision-recall curve,
Matthew’s correlation coefficient and F1 score.

Development of the CREEDS web portal. A web portal was developed for
visualizing and querying the collections of the gene expression signatures. Rela-
tionships between all signatures are visualized using the D3.js pack layout and D3.js
clustergrammer. Clustergrammer is a visualization tool we developed starting with
the open-source code example for the matrix co-occurrence visualization on the
D3.js website. All data and metadata of the signatures are stored in a MongoDB
database. The portal uses the Python Flask framework. Signed Jaccard index was
implemented to query signatures in which users input up or down gene lists into
two separate text boxes. The text signature search option queries the metadata text
of all signatures in the database. RESTful application programming interface (API)
endpoints were also developed to enable users to programmatically query and
search the CREEDS database.

Automatic extraction of gene expression signatures from GEO. To
automatically extract gene expression signatures from GEO, we first applied the
gradient boosting machines classifier (described above) to predict the categories of
all GEO studies (n = 31,905) performed in human, mouse or rat using microarrays.
The classifier utilized the title, summary and keywords from each study. After this
step, we selected the studies that were predicted to be gene, disease or drug per-
turbations with a probability threshold greater than P> 0.9. We then applied the
Naive Bayesian-based classifiers described above to predict the probability of
whether samples associated with these studies have controls based on the sample
titles. Next, we computed the pairwise Manhattan distance between the samples
based on features extracted from sample descriptive terms, and then used the
DBSCAN” algorithm with minimum samples set of 2 to perform clustering on the
distance matrix between samples to identify clusters of semantically similar
samples. We removed any clusters with large standard deviation (P> 0.2) to reduce
instances of mixture between control and perturbation samples. To determine
whether a cluster of samples is a control group or a perturbation group, we chose
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the average probability P> 0.7 and P<0.3 from the Naive Bayesian-based classifier
as control group and treatment group, respectively. Next, we enumerated every pair
of valid control groups and perturbation groups within each study as metadata for
valid predicted gene expression signatures.

To properly label the terms associated with each predicted signature, we used
the API of BeCAS’® to tag biological entities from the text associated with each
study, as well as the text associated with the samples, including: genes, cell or tissue,
disease, and drug or other small molecule chemical; and then recorded these term
counts for a final decision of which terms we should use to label each signature. To
process the gene expression data of the predicted gene expression signatures, we
first used SVA?3 to correct the batch effect as described above, and then applied the
CD algorithm?! to compute differential expression.

Data availability. All extracted and processed signatures with their accession
numbers and other metadata are freely available for download from the CREEDS
portal at: http://amp.pharm.mssm.edu/creeds. The CREEDS portal also provides
the data through API. Users can search the data by submitting their own signatures
for analysis. The site also provides two modes of visualization of all signatures.
Accession codes for top hits for drug signatures extracted from GEO queried
against drug perturbations can be found in Table 1.
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