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Summary

Summary

Ancient, transposable element (TE) - derived sequences, occupying around 60% of the
human genome were considered as functionless junk until very recently. Curiously, TE-
derived sequences could gain novel cellular functions in evolutionary time. Importantly,
TEs, as natural gene delivery tools can be developed for many applications in
translational research, including generating induced pluripotent stem cells (iPSCs).
Derivation of pluripotent stem cells (PSCs) from embryos or somatic cells using
transcription factor-mediated reprogramming strategies holds the promise in regenerative
medicine. Deciphering the process of cell fate decision of human PSCs (hPSCs) will
facilitate to optimize protocols of maintaining and differentiating these cells. Curiously,
regardless of their ability to transpose, TE-derived sequences are activated during
embryogenesis. To explore if TE-derived sequences have any role during the early steps
of development, human induced pluripotent stem cells (hiPSCs) were generated from
human foreskin fibroblasts, using the cutting-of-edge Sleeping Beauty TE-based
reprogramming system. Using hiPSCs as the platform, | employed the RNA-seq
technique to perform genome-wide transcription profiling of hiPSCs, intermediately
differentiated cells (embryoid bodies) and their parental somatic cells (fibroblasts). By
comparative analysis of their transcriptome, | observed that an ancient, primate-specific
endogenous retrovirus family, HERVH was highly expressed in hPSCs. By means of
ChlIP-seq, gain/loss-of-function assays, | revealed that a set of core pluripotency
regulators, OCT4, NANOG, KLF4 and LBP9 modulate HERVH expression in hPSCs. The
expression of HERVH contributes to several novel primate-specific transcripts, including
IncRNAs and chimeric gene products, with the potential of modulating pluripotency.
Depletion of HERVH-derived transcription compromises self-renewal of hPSCs, while its
induction promotes pluripotency from somatic cells. Using a HERVH-based reporter
system, | have observed that a sub-population of conventional hPSCs shares some of the
key features with naive mouse embryonic stem cells and the human inner cell mass.
Importantly, recruited to the regulatory circuitry of primate pluripotency, the HERVH-
derived transcription redefines pluripotency, as being species specific. My work

contributes to decipher unexpected roles of ancient TEs in fate decision of PSCs.
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Zusammenfassung

Bis vor kurzem wurden die abgeleiteten Sequenzen der alten, transposablen Elemente
(TE), welche rund 60% des menschlichen Genoms ausmachen, als funktionsloser
Schrott betrachtet. Seltsamerweise konnten TE-abgeleitete Sequenzen wahrend der
Evolution neuartige, zellulare Funktionen erwerben. Wichtig ist, dass TEs als natirliches
Gen-Ubertragungswerkzeug fiir viele Anwendungen in der translationalen Forschung
entwickelt werden koénnen, einschlieBlich der Erzeugung induzierter pluripotenter
Stammzellen (iPS-Zellen). Die Herstellung pluripotenter Stammzellen (PSCs) aus
Embryonen oder somatischen Zellen mit Hilfe transkriptionsfaktor-vermittelten Re-
programmierungs-Strategien ist vielversprechend fir die regenerative Medizin. Die
Entschlisselung des Zellschicksals der menschlichen PSCs (hPSCs) wird es
ermdoglichen, Protokolle fir die Aufrechterhaltung und Differenzierung dieser Zellen zu
optimieren. Merkwurdigerweise werden TE-abgeleitete Sequenzen, unabhangig von ihrer
Fahigkeit zu transponieren, wahrend der Embryogenese aktiviert. Um zu untersuchen, ob
TE-abgeleitete Sequenzen eine Rolle in den friihen Stufen der Entwicklung haben,
wurden menschliche, induzierte, pluripotente Stammzellen (iPS-Zellen) aus
menschlichen Vorhaut-Fibroblasten unter Verwendung der Spitzentechnik des Sleeping
Beauty TE-basierten Reprogrammierungsystems erzeugt. Mit hiPS als Plattform, nutzte
ich die RNA-Sequenzierungstechnik, um genomweite Transkriptionsprofilierung von iPS-
Zellen, intermediar differenzierten Zellen (embryonale Koérperchen) und deren parentale
somatische Zellen (Fibroblasten) durchzufiihren. Durch vergleichende Analyse der
Transkriptome beobachtete ich, dass eine alte, primaten-spezifische, endogene
Retrovirus-Familie, HERVH, stark in hPSCs exprimiert war. Mittels ChlP-seq, ,gain/loss-
of-function-Assays“ konnte ich aufzeigen, dass eine Reihe von Kern-Pluripotenz-
Regulatoren (OCT4, NANOG, KlIf4 und LBP9) die HERVH-Expression in hPSCs
modulieren. Die Expression von HERVH steuert mehrere neuartige primaten-spezifische
Transkripte bei, einschlief3lich IncRNAs und chimare Genprodukte, welche das Potential
zur Modulation der Pluripotenz haben. Die Verminderung HERVH-abgeleiteter
Transkription beeintrachtigt die Selbsterneuerung von hPSCs, wahrend die Induktion die
Pluripotenz der Koérperzellen fordert. Mit Hilfe eines HERVH-basierten Reportersystems
habe ich festgestellt, dass eine Subpopulation von konventionellen hPSCs einige der
wichtigsten Merkmale mit naiven, embryonalen Stammzellen der Maus und des
menschlichen Embryoblasten gemeinsam hat. Wichtig ist, einhergehend mit den
regulatorischen Kreislaufen der Primaten-Pluripotenz, dass die HERVH-abgeleitete

Transkription die Pluripotenz als artspezifisch neu definiert. Meine Arbeit tragt dazu bei,
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unerwartete Funktionen der alten TEs in Bezug auf das Zellschicksal der PSCs zu

entschlisseln.
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Introduction

1 Introduction

1.1 Naive pluripotency

1.1.1 The birth of naive pluripotency

Mammalian development starts from a fertilized egg (referred as zygote), and concludes
with the formation of the fetus. The cells from zygotes, 2-cell, 4-cell, 8-cell and morula
embryos are called “totipotent”, as they have the ability to form all the embryonic and
extraembryonic tissues. While, the epiblast cells in the inner cell mass (ICM) of
blastocysts can give rise to all somatic lineages and the germline, and are hence called
“pluripotent” (Stadtfeld and Hochedlinger, 2010). During the developmental process, cells
gradually lose potency, and are progressively differentiated to fulfill the specialized
functions of somatic tissues. At the late blastocyst stage the ICM establishes the
pluripotent epiblast and an overlying extra-embryonic layer of Gata6-expressing primitive
endoderm (also known as hypoblast) (Silva et al., 2009). At this point the epiblast cells
enter the developmental “ground state,” and considered as naive pluripotent stem cells.
Naivety reflects the ability of a cell to self-renew, while retaining the potential for unbiased
differentiation and germline contribution (Boroviak and Nichols, 2014). The naive ground
state in the epiblast is characterized by uniform expression of core pluripotency
transcription factors (TFs) (Dunn et al., 2014). Though the naive pluripotency in the
embryo is a transient condition, its nature can be captured indefinitely in vitro, through
derivation of embryonic stem cells (ESCs) from the ICM (Evans and Kaufman, 1981;
Martin, 1981). Naive ESCs possess the same features as the ground state epiblast. For
example, ESCs can give rise to mice when they are injected to the tetraploid hosts,
reflecting their unbiased differential potential (Nagy et al., 1990). Similarly to the epiblast
cells, the silent paternal X chromosome gets reactivated in the naive ESCs derived from

female mouse embryos (Mak et al., 2004; Okamoto et al., 2004).

In contrast, the “primed” state, which corresponds to the postimplantation embryos, is
poised to initiate lineage-specification program. The primed state is epigenetically
restricted, as one of X chromosomes has been randomly silenced (Bao et al., 2009; Tan
et al., 1993). Recently, the so-called epiblast stem cells (EpiSCs) have been derived from
the post-implantation embryos, providing a model to mimic the primed pluripotency in
vitro (Brons et al., 2007; Tesar et al., 2007). Though EpiSCs exhibit pluripotent features
similar to ESCs, such as the capacity to differentiate into three germ layers both in vitro
and in vivo, they perform poorly in the tetraploid complementation assay (Brons et al.,

2007; Tesar et al., 2007). Interestingly, the ESCs and EpiSCs states can transit between
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each other under certain conditions, indicating that there is state-specific circuitry for their

maintenance (Bao et al., 2009).

1.1.2 Naive pluripotency definition by the transcription factor network

Regulatory networks of TFs determine the gene expression programs that stabilize naive
pluripotency (Dunn et al., 2014). Two TFs, Oct4 and Sox2, are widely recognized as
being fundamental for both the acquisition and maintenance of pluripotency (Avilion et al.,
2003; Masui et al., 2007). In the absence of Oct4 and Sox2 expression, ESCs
differentiate progressively toward trophectoderm (Niwa et al.,, 2000; Thomson et al.,
2011).

In addition to Oct4 and Sox2, Nanog is also considered as a core pluripotency TF. Indeed,
Nanog-null epiblast cells cannot be found in embryos, reflecting its crucial role in the
acquisition of naive pluripotency (Chambers et al., 2007; Silva et al., 2009). However,
Nanog is not required for maintenance of naive pluripotency, as Nanog-null ESCs can
self-renew infinitely, and retain the features for naive pluripotency (Chambers et al., 2007;
Silva et al., 2009). Nonetheless, the binding sites of Oct4, Sox2 and Nanog frequently
overlap in the whole genome of ESCs, suggesting these three core TFs acts
cooperatively to form a robust regulatory network for the naive pluripotency (Boyer et al.,
2005).

The downstream TFs, regulated directly by these three core pluripotency factors, usually
act co-activators of Oct4, Sox2 and Nanog. These downstream TFs are referred as
“ancillary” pluripotency regulators, including Kif2, Esrrb, Kif4, Prdm14, Sall4, Tfcp2I1,
and Tbx3. These TFs are individually dispensable for pluripotent identity, but can
reinforce and buffer the pluripotency network against pro-differentiation influences from
microenvironment (Hackett and Surani, 2014). The expression of all of above TFs is
much lower or undetectable in EpiSCs compared to ESCs, reflecting their specificities for
naive pluripotency. Interestingly, Nanog and the ancillary” pluripotency regulators are
uniformly expressed in ESCs under serum-free condition, but exhibit heterogeneous
expression under serum condition (Kumar et al., 2014). Their expression fluctuates
between on and off states at the single-ESC level, suggesting that ESCs show the
metastable naive pluripotency under serum condition, which may be affected by extrinsic
signals. To obtain the stabilized naive pluripotency in vitro, research is dedicated to

identify signal pathway(s) that may impact on the stability of naive pluripotency.
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1.1.3 Signaling pathways for naive pluripotency

Mouse ESCs (mESCs) are derived from the blastocyst and cultured on feeder cells
(mitotically inactivated mouse embryonic fibroblasts, MEFs). In serum-containing medium
MEFs secrete leukemia inhibitory factor (LIF). LIF is essential for maintaining the self-
renewal of mMESCs, by activating Jak/Stat3 signaling pathway via binding the gp130/LIF-R
cell-surface receptor complex (Yoshida et al., 1994). This is consistent with the finding
that Stat3 is required for sustaining the pluripotent ICM in vivo (Do et al., 2013). The
downstream targets of LIF/Stat3 are mainly naive pluripotency TFs, such as Kif4, Gbx2,
Tfcp2l1 (Cartwright et al., 2005; Martello et al., 2013; Niwa et al., 2009; Ye et al., 2013).
In conjunction with LIF, serum sustains self-renewal of mESCs. The crucial component of
the serum is BMP4, which may, at least in part, enhance E-cadherin expression via
downstream SMAD signaling pathways. The Inhibitor of Differentiation (Id) genes
activated by BMP4 can substitute for serum to maintain mESC self-renewal (Ying et al.,
2003). In the absence of BMP4, mESCs progressively differentiate toward
neuroectoderm (Ying et al., 2003). In summary, LIF/Stat3 and BMP4/SMAD pathways act
cooperatively to maintain the self-renewal of mMESCs under serum condition by

suppressing differentiation towards specific lineages.

Although mESCs exhibit the features for naive pluripotency under serum condition, they
also express some lineage markers at low levels. This may be associated with the
Fgf/MAPK signaling pathway that is also activated by LIF. In fact, the Fgf/MAPK signaling
pathway is detrimental to the acquisition and maintenance of naive epiblast (Nichols et
al.,, 2009; Yamanaka et al.,, 2010). In mESCs, Erk1/2, the downstream effector of
Fgf/MAPK signaling pathway is confirmed to degrade Klif2, and destabilize the naive
pluripotency network (Yeo et al., 2014). In parallel, Erk1/2 promote establishment of the
primed state by depositing PRC2 (polycomb repressive complex 2) proteins on
developmental genes (Tee et al., 2014). Indeed, mESCs can be transited into EpiSCs, a
more “primed” state, by adding Fgf or Activin A, TGFp to the medium (Vallier et al., 2009).
Collectively, these findings reveal that Fgf/MAPK and Activin/TGFB/SMAD signaling

pathways are essential to sustain the self-renewal of mouse EpiSCs.

Therefore, it was hypothesized that the inhibition of the Fgf/MAPK signaling pathway
might robustly stabilize the ground state of mESCs (Silva and Smith, 2008). Still,
inhibiting the Fgf/MAPK signaling pathway alone by PD032901 is insufficient to support
ESC viability in the absence of LIF. However, when Austin Smith and his colleagues
combined PD032901 with CHIR9901 (one inhibitor of GSK3p) (termed “2i condition”) the
propagation of mMESCs was successfully stabilized and clonogenicity was improved even
without LIF or serum (Sato et al., 2004; Ying et al., 2008). Thus, the 2i condition is

5
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capable of robustly capturing the naive mESCs in vitro. Using the 2i condition to culture
mESCs diminishes the probability of differentiation towards specific lineages, and
improves the generation efficacy of germline transmitted chimeras from mESCs (Ying et
al., 2008).

The effects of GSK3[ inhibition on self-renewal are principally mediated through the
stimulation of canonical WNT signaling. Inhibition of GSK3B stabilizes p-catenin that is
translocated into the nucleus, and enhances the expression of pluripotency factors (Kelly
et al., 2011; Yi et al,, 2011). In the nucleus, B-catenin can stabilize the naive pluripotency
by antagonistically interacting with TCF3, a transcriptional repressor of naive pluripotency
TFs (e.g. Nanog, NrOb1, Tfcp2/1 and Esrrb) (Faunes et al., 2013; Martello et al., 2013;
Martello et al., 2012; Wray et al., 2011).

How the Fgf/MAPK inhibitor induces and maintains naive pluripotency is still elusive.
Inhibition of Fgf/MAPK signaling in ESCs drives rapid genome-wide demethylation via
reducing expression of the de novo methyltransferase genes (Dnmt3a and Dnmt3b), a
pattern like the epigenome of the ICM in the blastocyst (Ficz et al., 2013). Prdm14 was
shown to directly suppress Dnmt3b expression, and the depletion of Prdm14 caused
increased methylation in 2i/LIF-treated ESCs (Ficz et al., 2013). However, depletion of
Prdm14 did not significantly compromise ESC self-renewal in 2i/LIF condition, indicating
that Prdm14 is unlikely the primary mediator of the Fgf/MAPK inhibitor (Yamaiji et al.,
2013).

1.1.4 Epigenetic pattern of naive pluripotency

DNA methylation is a heritable epigenetic mark present at cytosine residues in the
mammalian genomes. More than 98% of DNA methylation occurs at CpG dinucleotides in
somatic cells (Lister et al., 2009). Once established, DNA methylation is faithfully
propagated during mitosis in somatic tissues. In contrast, DNA methylation is highly
dynamic during embryogenesis. After fertilization, global DNA methylation is gradually
reduced and reaches its minimum at the blastocyst stage (Guo et al., 2014; Smith et al.,
2014; Smith et al., 2012). After implantation, a major wave of DNA re-methylation occurs
resulting in lineage restriction and the loss of cellular potency (Guo et al., 2014; Smith et
al., 2012).

Though mESCs are derived from the globally hypomethylated ICM, mESCs cultured in
serum condition are hypermethylated with an average CpG methylation level of 70-80%,
comparable to the postimplantation embryo (E6.5) (Smith et al., 2012; Stadler et al.,
2011). The enhanced global DNA methylation is associated with primed or lineage-

restricted cells (Meissner et al., 2008). In contrast, mESCs cultured in 2i/LIF condition
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exhibit a globally hypomethylated DNA methylome, resembling the profiling of the ICM in
the blastocyst (E3.5-E4.5) (Ficz et al., 2013; Habibi et al., 2013; Hackett et al., 2013;
Leitch et al., 2013).

Surprisingly, the global demethylation in mESCs happens quickly during the switch from
serum to 2i/LIF condition (Leitch et al., 2013; Shipony et al., 2014). However, some
regions (mainly imprinted loci and Intracisternal A-type particle (IAP) retroelements) are
still resistant to demethylation, and are marked with H3K9me3 (Ficz et al., 2013; Habibi et
al., 2013). Dnmt1 and Uhrf1 were implicated in the interplay between DNA methylation
and H3K9meg3 in 2i/LIF-treated ESCs (Liu et al., 2013).

Switching from 2i/LIF to serum condition rapidly upregulates, while transferring mESCs
from serum to 2i/LIF condition dramatically downregulates the de novo
methyltransferases (Dnmt3a, Dnmt3b) (Ficz et al., 2013). DNA demethylases Tet1/2
exhibit an opposite pattern, implying their roles in global CpG erasure (Ficz et al., 2013;
Hackett et al., 2013).

In mESCs, the promoters of developmental genes are marked with both active
(H3K4me3) and repressive (H3K27me3) histone marks, a phenomenon called “bivalency”
(Heintzman et al., 2009). This bivalent signature is thought to maintain a flexible poised
state that can be either rapidly reactivated through removal of methylation at H3K27 or
repressed through demethylation of H3K4me3 during lineage commitment (Vastenhouw
and Schier, 2012). The genome-wide distribution of H3K27me3 is dramatically lower in
naive mESCs as compared to EpiSCs, and consequently the number of bivalent
promoters is significantly reduced (Marks et al., 2012). The reduction of H3K27me3 may
be a direct effect of Erk inhibition by PD032901, since Erk is necessary for EED activity, a

member of the PRC2 complex at target promoters (Tee et al., 2014).

Other repressive marks, such as H3K9me2 and H3K9me3 are also shown a global
reduction in the naive mESCs (Habibi et al.,, 2013). In summary, multiple repressive
modifications (DNA methylation, H3K27me3, H3K9me2, H3K9me3) are apparently
reduced or redistributed in the ground state, while several epigenetic mechanisms linked
with open chromatin are active. Such epigenetic state makes the cells at the ground state
most plastic, which is conducive to the onset of all developmental programs upon

appropriate cues.

1.1.5 Metabolic features for naive pluripotency

In mammals, cells produce ATP by consuming glucose either by glycolysis or oxidative

phosphorylation (OXPHOS). Glycolysis is preferred when energy generation is relatively
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inefficient, e.g. in hypoxic environment in the uterus during embryo development. By
contrast, cells prefer OXPHOS to support more efficient energy production, e.g. in
oxygen-rich environment during cell proliferation. During preimplantation, ATP is
produced mainly by OXPHOS (Brinster and Troike, 1979; Leese, 2012; Martin and Leese,
1995) and then shifted to a balanced glycolysis and OXPHOS in the Ilow
O microenvironment of postimplantation embryos (Houghton et al., 1996; Leese and
Barton, 1984). Similarly, naive mESCs exhibit a bivalent metabolism that can switch
between glycolysis and OXPHOS. In contrast, mMESCs in serum condition and primed
EpiSCs show the glycolytic metabolism (Zhou et al., 2012). Accordingly, comparative
transcriptional analysis between naive mESCs and serum mESCs/EpiSCs revealed that
highly expressed genes in naive ESCs were selectively associated with OXPHOS (Marks
et al., 2012; Takashima et al., 2014; Ware et al., 2014). Such a transition of metabolism
between naive and primed state reflects the higher demand for energy, since naive

mESCs proliferate much faster than the primed EpiSCs.

1.1.6 Naive human pluripotency

Like mESCs, human ESCs (hESCs) are also derived from the ICM of the human
blastocyst and can be differentiated into three germ layers both in vitro and in vivo
(Thomson et al., 1998). However, mouse and human ESCs have several divergent
properties. First, hESCs are dependent on FGF and Activin A rather than LIF for self-
renewal. Second, proliferation rate for hESCs is much slower when compared to naive
mESCs (Hanna et al., 2010). Furthermore, morphologically, hESCs are more similar to
mouse EpiSCs than to mESCs. Indeed, expression of primed/lineage-associated genes
(e.9. LEFTY1/2, MYC, GATA4/6, T) is readily detected in hESCs. In addition, similarly to
mouse EpiSCs, OCT4 expression in hESCs is controlled by its proximal enhancer (Brons
et al., 2007; Hanna et al.,, 2010; Tesar et al., 2007; Theunissen et al., 2014). Thus,
hESCs may occupy a phase of pluripotency that is similar to the murine primed rather
than naive state. This assumption is further supported by comparative analyses of
transcriptome and epigenome between hESCs and epiblast cells within the human
blastocyst (Guo et al., 2014; Smith et al., 2014; Yan et al., 2013).

Why are hESCs so different from mESCs, when both cell types are derived from the ICM
within the blastocyst? One plausible explanation is that the species-specific genetic
background determines if the outgrowth of the embryonic cells is maintained in the
blastocyst stage (ground state), or continues to progress towards an advanced and stable

stage (e.g. postimplantation epiblast status where EpiSCs are derived).
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The concept about ground state is very important for elucidating the mechanism of early
development, facilitating genetic manipulation, and potentially enhancing the cells
differentiated into all lineages in vitro (Gafni et al., 2013; Morgani et al., 2013). So far, the
ground state has been successfully reproduced in mice and rats (Chen et al., 2013b;
Meek et al., 2013). However, the difficulties to derive and stably maintain naive hESCs in

vitro have not been completely resolved.

Several studies have reported that hESCs/iPSCs with naive features can be derived and
maintained for limited passages. These strategies included ectopic expression of NANOG
and KLF2/4 (Buecker et al., 2010; Hanna et al., 2010; Takashima et al., 2014). However,
genetic manipulation of stem cells may induce undesirable artifacts, and limit their clinical
application. Therefore, the strategy of improving culture conditions that can support naive

human pluripotency could be a more acceptable approach.

In order to establish optimal conditions to support human naive pluripotency, several
large-scale chemical screenings have been performed (Chan et al., 2013; Theunissen et
al., 2014; Ware et al., 2014). As a result, several human-specific naive culture conditions
have been established. Some of them were also successfully used to generate naive-like
primate iPSCs from fibroblasts (Fang et al.,, 2014). Importantly, these novel naive-like
hESCs show the morphology, the global gene expression profile resembling of naive
mESCs and have improved probability of clonogenicity. The different protocols seem to
induce alternative pluripotent states, which may functionally mimic the different in vivo
phases of pluripotency. However, the global DNA methylation pattern of these naive-like
hESCs resembles rather the conventional hESCs than mESCs or human blastocysts,
indicating that the genome-wide DNA methylation has not been completely erased (Gafni
et al., 2013). As a consequence, the transcription factor regulatory network for ground
state has not been successfully reactivated in these naive-like hESCs, since several core
naive pluripotency TFs are either expressed in a lower level than mESCs, or
undetectable at all (Chan et al., 2013; Gafni et al., 2013; Ware et al., 2014). The naive
5iL/A hESCs, generated by the Jaenisch group seem to have most features similar to
naive mESCs. Still, the silent X chromosomes is not reactivated in these cells, indicating
that the chromatin is not thoroughly remodeled to the ground state (Theunissen et al.,
2014), Surprisingly, bFGF, TGFB and Activin A, which are required for derivation and
maintenance of mouse EpiSCs and conventional hESCs, are included in these human-
specific naive culture conditions, suggesting that FGF and TGFp/Activin signaling
pathways may have positive effects on self-renewal of naive hESCs. Although these
attempts to derive naive hESCs appear to be somewhat controversial, they definitely

extend our understanding of the naive pluripotency in human.
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Notably, cross-species comparative analyses of global gene expression profiles reveal,
that human and mouse naive ESCs resemble rather their respective epiblast cells within
the blastocysts than each other (Huang et al., 2014a). This observation would strongly
indicate that the species-specific genetic background has a crucial influence on
pluripotency. Thus, human epiblast cells within the blastocyst rather than the naive
mESCs should be taken as the “golden standard” to derive authentic human naive
pluripotent stem cells. Notably, transposable elements, especially endogenous
retroviruses (ERVs) are recently reported to have unexpected regulatory functions during
the early development and epigenetic reprogramming in mammals (Fort et al., 2014;
Kunarso et al., 2010; Macfarlan et al., 2012; Macia et al., 2014; Ohnuki et al., 2014; Rowe
et al., 2013b). Thus, in principle the primate/human-specific transposable elements might

also affect pluripotency. Therefore, | will focus on this point for my study.

1.2 Induced pluripotency

1.2.1 History of induced pluripotency from somatic cells

Decades of research on cell fate determination lead to the view that, in vivo, differentiated
cells are irreversibly committed to their fate. However, the fantastic finding that
pluripotency can be induced in somatic cells revealed a remarkable plasticity of the
differentiated state. So far, different strategies, such as (i) somatic cell nuclear transfer,
(ii) cell fusion and (iii) ectopic expression of defined transcription factors has been

developed to reset the epigenome of somatic cell to a pluripotent state.

Reprogramming by somatic cell nuclear transfer

The first studies on induced pluripotency started over 60 years ago, when Gurdon has
successfully obtained normal adult frogs from ultraviolet-light-irradiated oocytes
transferred with nuclei from highly specialized tadpole intestinal cells (Gurdon, 1962a, b).
This method, called as the somatic cell nuclear transfer (SCNT), has been reproduced in
mammals (Byrne et al.,, 2007; Eggan et al., 2004; Hochedlinger and Jaenisch, 2002;
Wakayama et al., 1998; Wilmut et al., 1997). From the time when Dolly, the sheep was
successfully cloned in 1997, these types of experiments were referred as “cloning” to the
public (Wilmut et al., 1997). SCNT is thought to be one of the best ways to mimic the
natural fertilization (Gurdon and Wilmut, 2011; Wilmut et al., 1997). The cloned
embryonic cells can be cultured in vitro, and finally give rise to stabilized embryonic stem
cell lines (NT-ESCs). These NT-ESCs are considered to be the closest to the ESCs from
the fertilized embryo (Tachibana et al., 2013; Wakayama et al., 2006). Though SCNT is a
powerful tool to track the developmental potential of a cell, it is technically challenging.

More importantly, the development defects of the cloned animals indicate that this
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technique may not completely erase the epigenetic memory from somatic cells (Chan et
al., 2012; Gurdon and Wilmut, 2011; Simonsson and Gurdon, 2004; Thuan et al., 2010).
A better understanding of the gene/epigenetic regulation during nuclear reprogramming
was necessary to develop more reproducible methods to induce somatic cells into a

pluripotent state.

Reprogramming by cell fusion

Cell fusion involves fusing two or more cell types from the same or different species, to
form a single entity. The fused cells can be hybrids (which can proliferate, causing the
nuclei of the original cell to fuse) or heterokaryons (which do not divide and therefore
contain multiple distinct nuclei in cytoplasm). Tada, et al. were the first to demonstrate
nuclear reprogramming of somatic cells in hybrids. These cells were generated from
fusion between female embryonic germ cells and thymocytes from adult mice (Tada et al.,
1997). Their tetraploid cells could be differentiated into three germ layers in chimeric
embryos, indicating their pluripotency. In their follow-up studies they further showed that
somatic cells could be reprogrammed into a pluripotent state after being fused with
mESCs (Tada et al., 2001). This technique has been successfully reproduced in human
(Cowan et al.,, 2005; Yu et al., 2006). In these pluripotent cells the pluripotency-
associated genes (e.g. OCT4, SOX2 and NANOG) were activated, the somatic genes
were silenced and the genome went through the genome-wide demethylation process
(Cowan et al.,, 2005; Yu et al.,, 2006). Heterokaryons are considered to be an ideal
platform to elucidate the molecular mechanism of reprogramming to a pluripotent state.
Their reprogramming rate is much faster in heterokaryons than in hybrids (Gridina and
Serov, 2010). The shortcoming of this method is that the reprogrammed cells induced by

cell-fusion are tetraploid, limiting its application for cell therapy.

Reprogramming with transcription factors

The fate of a cell can be changed by ectopic expression of certain TFs involved in
establishing and maintaining cellular identity. Lassar et al. were the first to demonstrate
the proof of principle. They reported on the formation of myofibers in fibroblast cell lines
transduced with retroviral vectors expressing the skeletal muscle factor MyoD (Lassar et
al.,, 1989). Later, Graf et al. showed that overexpression of C/EBPa could efficiently
convert primary B and T cells into functional macrophages (Xie et al., 2004). These
findings inspired investigators to ask whether somatic cells can be reprogrammed into a
pluripotent state through ectopic expression of multiple pluripotency-associated TFs.
Many investigators devoted research to identify the master regulators of the pluripotency
network (Avilion et al., 2003; Benvenisty et al., 1992; Bowles et al., 2003; Boyer et al.,
2005; Cartwright et al., 2005; Chew et al., 2005; Elling et al., 2006; Jiang et al., 2008; Li
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et al., 2005; Loh et al., 2008; Masui et al., 2007; Mitsui et al., 2003; Nakatake et al., 2006;
Niwa et al., 2000; Wu et al., 2006; Zhang et al., 2006). In 2006, Yamanaka and his
colleague identified four transcription factors (Oct4, Sox2, Kif4, and c-Myc, called as
OSKM briefly) from a pool of 24 regulators, and successfully generated mESC-like
pluripotent cells (called induced pluripotent stem cells (iPSCs)) from mouse fibroblasts
(Takahashi and Yamanaka, 2006). Due to its simplicity and reproducibility (Hanna et al.,
2007; Maherali et al., 2007; Meissner et al., 2007; Okita et al., 2007; Wernig et al., 2007),
the iPSC approach becomes the prevalent method in the whole world, instead of SCNT
and cell-fusion. In the last couple of years, iPSCs have been successfully derived from
various differentiated cell types in a wide range of species, including humans (Aoi et al.,
2008; Gianotti-Sommer et al., 2008; Haase et al., 2009; Kim et al., 2008; Li et al., 2009;
Liu et al., 2008; Takahashi et al., 2007; Wu et al., 2009; Yu et al., 2007). These scientific
breakthroughs generated a platform to explore the mechanism of epigenetic
reprogramming and development of embryos. In addition, iPSCs became feasible to

generate custom-tailored cells for modeling and possibly treating human diseases.

The success of iPSCs inspires and boosts the development of other orientations of the
stem cell research, such as trans-differentiation. So far, researchers have successfully
induced the conversion of fibroblast into neurons by overexpressing the neural
factors Ascl1, Brn2, and Myt1/ (Vierbuchen et al.,, 2010); into cardiomyocytes by
overexpression of the cardiac factors Gata4, Mef2c, and Thx5 (leda et al., 2010); into
blood cells (Szabo et al., 2010); into liver cells (Huang et al., 2011; Huang et al., 2014b;
Yu et al., 2013; Zhu et al., 2014) or pancreatic acinar cells into insulin-producing B cells

by overexpressing the pancreatic factors MafA, Pdx1, and Ngn3 (Zhou et al., 2008).

1.2.2 Progress of iPSC generation by defined transcription factors

1.2.2.1 Methods for the delivery of reprogramming transcription factors

The delivery of the reprogramming TFs into mouse or human fibroblast was originally
achieved using the retrovirus-based vectors, which are usually silenced in ESCs (Cherry
et al., 2000). Silencing the exogenous genes is important. Only the “real”’ iPSCs that have
the reactivated endogenous pluripotency network, and are independent from exogenous
genes, are fully reprogrammed. By contrast, the partially reprogrammed iPSCs still
depend on the expression of exogenous genes (Hotta and Ellis, 2008). The efficacy of
iPSC generation, using retroviral vectors expressing the OSKM set is ~0.1% in mouse
embryonic fibroblasts and ~0.01% in human fibroblasts (Takahashi et al., 2007;
Takahashi and Yamanaka, 2006). Interestingly, retrovirus-induced innate immunity

improves the reprogramming efficiency (Lee et al., 2012).
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Lentiviral vectors have also been faithfully used to express different cocktails of
reprogramming factors in somatic cells. The efficacy of reprogramming by lentiviral
vectors is comparable to the retroviral method, but the lentivirus preparation is bit more
complicated and  time-consuming. Notably, the combination of TET-
inducible reprogramming system with lentiviral vectors renders the reprogramming

process controllable (Chang et al., 2009; Welstead et al., 2008).

However, there are serious safety concerns regarding viral vectors. These include
insertional mutagenesis, reactivation of endogenous oncogenes or repression of tumor
suppressor genes (Stein et al.,, 2010). Therefore, it is important to develop alternative
non-viral or non-integrative strategies to generate iPSCs for therapeutic purposes. So far,
there are several different non-viral and non-integrative approaches available for iPSC

generation.

The transfection of the linear polycistronic vector, providing almost equivalent expression
of multiple-genes from the same promoter, was employed to successfully reprogram
mouse fibroblasts into iPSCs. However, the efficiency of this method was quite low
compared to the integrating viral vector-based strategies (Hasegawa et al., 2007). As the
polycistronic vectors allow reprogramming somatic cells via a single insertion,
researchers used transposons (e.g. PiggyBac) to improve the transfection and
reprogramming frequencies (Woltjen et al., 2009; Yusa et al., 2009). As the reactivation
or constitutive expression of the reprogramming factors have oncogenic potential and
may inhibit the iPSC differentiation, it might be important to remove them. Flanking the
polycistronic reprogramming factors by loxP, the reprogramming cassette can be
removed from the matured iPSCs (Sommer et al., 2010). Notably, re-expression of the
PiggyBac transposase in the matured miPSCs has successfully excised the
reprogramming cassette that delivered by the PiggyBac transposon without leaving a

footprint, though the frequency is quite low (Yusa et al., 2009).

Alternatively to the integrating strategies to generate iPSCs, several non-integrative
methods have been developed, These approaches are based on using replication-
defective adenoviral vectors (Stadtfeld et al., 2008), F-deficient Sendai viral vectors (Ban
et al., 2011; Daheron and D'Souza, 2008; Fusaki et al., 2009; Seki et al., 2010), episomal
vectors (Yu et al., 2009), or directly introducing mRNA (Yakubov et al., 2010) or proteins
(Cho et al.,, 2010; Zhou et al., 2009) into the somatic cells. Still, compared to the
integrating viral vectors, the reprogramming efficiency is lower, especially in human
somatic cells. Furthermore, the preparation and delivery of non-integrative viral vectors,
mRNA and proteins are much more complicated, limiting their use in large-scale human

iPSC generation for clinical application and drug screening.
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Taken together, it is quite important to explore the mechanisms by which somatic cells
are reprogrammed into iPSCs, as well as to look for potential barriers to reprogramming.
Elucidating the mechanisms underlying the epigenetic reprogramming is conductive to

developing novel and efficient reprogramming methods.

1.2.2.2 Reprogramming by the alternative factors

Notably, the defined TFs that Yamanaka used were not the same as that Yu et al (Yu et
al., 2007) used in the human system, suggesting that there is remarkable flexibility in the
choice of reprogramming factors. As Yamanaka’s cocktail contains oncogenic factors (c-
Myc), and the reprogramming efficiency is low, researchers are constantly trying to

modify the original cocktail with alternative factors.

One of the first modifications was to generate iPSCs from fibroblasts using only three of
the four factors: Oct4, Sox2, and Kif4 (OSK) (Nakagawa et al., 2008; Wernig et al., 2008).
However, the three-factor reprogramming process was significantly slower and the
efficiency of iPSC generation was poor, indicating the important roles of c¢c-Myc in

boosting the reprogramming process.

By now, each gene of the original Yamanaka’'s cocktail has been shown to be
replaceable by other transcription factors (Buganim et al., 2012). This attribute has
revealed a high degree of redundancy among the genetic factors capable of inducing
pluripotency. Furthermore, there is some inter-specific redundancy as well, as mouse
Oct4, Kif4, Sox2, and c-Myc have reprogramming activities in human fibroblasts, although
with reduced efficiency (Grabundzija et al., 2013; Nakagawa et al., 2008). KIf4 and c-Myc
could be replaced by Esrrb in mouse fibroblasts (Feng et al., 2009) or by the combination
of NANOG and LIN28 in human fibroblasts (Yu et al., 2007). Oct4 could be substituted by
Nr5a1, Nr5a2 (Heng et al.,, 2010) or Cdh1 (Redmer et al., 2011). Oct4 can also be
replaced by Tet1, one of the key regulators of DNA methylation (Gao et al., 2013). By
analyzing the single-cell expression data of 48 genes at different time points of the
reprogramming process, the Jaenisch lab identified two combinations of four factors that
could replace OSKM entirely: Sall4, Esrrb, and Lin28 combined with either Dppa2 or
Nanog, all of which are downstream targets reactivated by Sox2 and Oct4 (Buganim et al.,
2012). Importantly, the Jaenisch’s cocktail could improve the quality of iPSCs that more
efficiently gave rise to “all-iPSC” mice compared with Yamanaka’s cocktail (Buganim et
al., 2014). Most of the ‘pluripotency inducers’ are highly expressed in ESCs. Surprisingly,
two recent studies reported lineage specifiers that are not enriched in ESCs, but still
could substitute for Oct4 and Sox2 during the reprogramming process (Montserrat et al.,
2013; Shu et al., 2013). Deng and his colleagues found that mesendodermal (ME)
lineage specifiers (e.g. Gata3, Gata6, Sox7, Pax1, Gata4, C/EBPa, HNF4a, and Grb2)
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could be alternative to Oct4. These TFs inhibited the expression of a set of ectodermal
(ECT) specification-related genes that are elevated by Sox2, Kif4, and c-Myc. Similarly,
the ectodermal lineage specifiers (Sox71, Sox3, and Gmn) could replace Sox2 by
attenuating the induction of ME genes in a combination with Oct4, Klf4, and c-Myc.
Remarkably, Oct4 and Sox2 could be replaced by multiple combinations of ECT and ME
specifiers simultaneously (Shu et al.,, 2013). This phenomenon can be explained by a
“seesaw” model proposing that a somatic cell has greater potential of reaching
pluripotency when it is balanced by two opposing differentiation potentials (Shu et al.,
2013).

Researchers also identified several activators that in combination with OSKM promoted
the programming process. These activators improve the efficiency and/or the quality of
iPSC generation. One example is Nanog, which reduces the time for appearance of
iPSCs from B cells by half, when it was co-transduced with OSKM (Hanna et al., 2009b).
Another example is UTF1, which increases the number of iPSCs when overexpressed in
human fibroblasts in combination with the OSKM (Zhao et al.,, 2008). Likewise,
combination of Thx3 with OSKM improves the quality of iPSCs (Han et al., 2010). Most of
these activators are abundant in ESCs and are associated with the maintenance of
pluripotency. However, Yamanaka and his colleagues identified one oocyte-specific
transcription factor Glis7, not expressed in the blastocyst or ESCs, as capable of
enhancing the reprogramming efficiency of both mouse and human somatic cells
(Maekawa et al., 2011). Glis1 may represent a link between TF- and SCNT-regulated

reprogramming.

There are also many inhibitors of the reprogramming process, and several of them have
been identified in genome-wide screens using the RNA interference (RNAi) method (Qin
et al., 2014). The most widely known factor is the tumor-suppressor gene, p53. Depletion
of p53 by transient RNAi or knockout, dramatically accelerates the reprogramming

process, and increases the number of authentic iPSC colonies (Kawamura et al., 2009).

Recently, non-coding RNAs were shown to play important roles in maintaining the self-
renewal and differentiation of ESCs (Guttman et al., 2011; Marson et al., 2008), indicating
their potential roles in the reprogramming process. For example, Lin28, a negative
regulator of the Let-7 microRNA (miRNA) family was shown to accelerate the iPSC
generation (Viswanathan et al., 2008). A subset of the mir-290 cluster improved the
efficiency of reprogramming induced by OSK. mir-290 was assumed to be a downstream
target of c-Myc (Judson et al., 2009). Surprisingly, iPSCs could derive from either mouse
or human fibroblasts by simply overexpressing certain miRNAs (Anokye-Danso et al.,

2011; Miyoshi et al., 2011). miRNAs were implicated to promote reprogramming via
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multiple mechanisms, including the regulation of the mesenchymal-to-epithelial transition
(MET) (Li et al., 2010; Liao et al., 2011; Samavarchi-Tehrani et al., 2010; Subramanyam
et al.,, 2011). Yamanaka and his colleagues reported that some miRNAs (e.g. Let-7
miRNAs) have a repressive effect on the reprogramming process (Worringer et al., 2014).
Daley et al. identified a de novo long non-coding RNA (IncRNA) in human iPSCs, named
as LINC-ROR (Long Intergenic Non-protein Coding RNA, Regulator Of Reprogramming),
which promoted reprogramming process of human somatic cells, by inhibiting p53
(Loewer et al., 2010).

1.2.2.3 Reprogramming by chemical compounds

To make iPSCs more suitable for therapeutic applications, an important aim is to identify
chemicals that can replace transgenes used for the epigenetic reprogramming. Chemical
screens have identified compounds that facilitate the reprogramming process or can
replace individual Yamanaka factors during the generation of iPSC. For example, Pei and
his colleagues showed that Vitamin C could improve the reprogramming efficiency and
iPSC quality via its role in histone modification (Esteban et al., 2010; Stadtfeld et al., 2012;
Wang et al.,, 2011). Melton et al. have reported that valproic acid (VPA), a histone
deacetylase (HDAC) inhibitor, enabled efficient reprogramming of either mouse
fibroblasts induced by OSK (Huangfu et al., 2008a) or human fibroblasts induced by only
OS (Huangfu et al., 2008b). Lyssiotis et al. found the GSK3B and CDK inhibitor
kenpaullone (KP) could replace Kif4 for iPSC generation (Lyssiotis et al., 2009). Inhibition
of TGFp signaling was capable of activating endogenous Nanog and replacing Sox2 and
c-Myc (Ichida et al., 2009; Maherali and Hochedlinger, 2009). The combination of MEK
inhibitor PD0325901, GSK3p inhibitor CHIR99021, TGF inhibitor A-83-01, and ROCK
inhibitor Y-29632 significantly improved the episomal reprogramming efficiency from
human fibroblasts (Yu et al., 2011).

In 2013, Deng and his colleagues successfully identified several Oct4 replacers (e.g. the
cyclic AMP agonist forskolin (FSK)) by the high-throughput chemical screening. Strikingly,
the Deng lab obtained germline-competent iPSCs, reprogrammed from mouse fibroblasts
using a combination of FSK and a cocktail of inhibitors (CHIR990291, 616452, VPA,
Tranylcypromine, and DZNep) that were previously reported to support Oct4-induced
reprogramming (Hou et al., 2013). These small molecules are shown to activate several
inducers of pluripotency, and also reduce DNA methylation and H3K9 methylation levels
at the Oct4 locus (Hou et al.,, 2013). Generation of human iPSCs using chemical
compounds alone is expected to be the next major step in the field of induced
pluripotency. The combination of TGFB, HDAC and MEK inhibitors enabled the

reprogramming of human primary somatic cells by overexpression of OCT4 alone (Zhu et
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al., 2010b). Thus, alternative small molecules replacing OCT4 might make the chemical-
induced hiPSCs to be truth in future.

1.3 Transposable elements

1.3.1 Classification of transposable elements

Transposable elements (TEs), also known as transposons, are sequences of DNA that
can move from one site in the genome to another. TEs are further classified as DNA

transposons and retroelements (also called retrotransposons).

1.3.1.1 DNA transposon

DNA transposons have been identified in genomes of all of prokaryotic and eukaryotic
organisms. They structurally contain a sequence encoding the transposase flanked by
double inverted terminal repeats (ITRs). Certain DNA transposons encode for additional
genes to modulate transposition (lvics et al., 2004). The mechanism of DNA transposition
does not involve an RNA intermediate. The DNA transposon is excised from the donor
locus and subsequently re-integrates into a new genomic location by its transposase (so-
called “cut and paste” transposition). This mechanism is not replicative. DNA transposon
elements amplify their copy number by piggybacking host cellular mechanisms (e.g.
replication, DNA repair). As the transposase can catalyze a transposition reaction in trans,
and from an extrachromosomal molecule to the genome, DNA transposons are ideal non-
viral gene delivery tools. Sleeping Beauty (lvics et al., 1997) and PiggyBac (Ding et al.,
2005), the two most famous transposons are widely used for various applications,
including transgenesis, gene therapy or annotating gene function (Clark et al., 2004;

Ivics and Izsvak, 2004; lvics et al., 2011; Izsvak and lvics, 2004).

1.3.1.2 Retroelements

Retroelements can amplify themselves in the genome. In detail, they are first
transcribed from DNA to RNA, followed by reverse transcription of the RNA intermediate
to DNA that is finally inserted at a new location in the genome. The reverse transcription
step is catalyzed by a reverse transcriptase, which in autonomous elements is encoded
by the retroelement itself. Non-autonomous elements are mobilized in trans. According to
their structures, retroelements are subdivided to long terminal repeat (LTR) and non-LTR

retroelements.

Non-LTR retroelements
Non-LTR retroelements consist of two sub-types, long interspersed elements (LINEs) and

short interspersed elements (SINEs). They are widespread in eukaryotic genomes, and
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are the most abundant classes of TEs in the human genome. LINE-1 (L1) is still
transpositionally active, leading to a continuous variation of mammalian genome (Hancks
and Kazazian, 2012; Moran et al., 1996). The intact L1 sequence is usually 6 kb long and
contains an internal promoter, two open reading frames (ORFs), and a polyadenylation
signal. After RNA polymerase Il transcription, mMRNA processing, and export to the
cytoplasm, two proteins ORF1 and ORF2 are translated from intact L1 mRNA. ORF1 is
responsible for re-entry of their encoding RNA into nucleus, while ORF2 is responsible for

the subsequent re-integration of the copied DNA (Kazazian and Goodier, 2002).

Different from LTR retroelements and LINEs, SINEs are transcribed by RNA polymerase
[l into tRNA, 5S ribosomal RNA, and other small nuclear RNAs. In primates, the most
common SINEs are called Alu(s). Alu does not encode reverse transcriptase, and
depends on the L1-encoded machinery for retrotransposition (Babatz and Burns, 2013).
In human, there is another group of primate-specific retroelement, called SVA named for
the sources of their component parts, SINE-R, VNTR, and Alu sequences. Similarly to
Alu, SVAs can be also mobilized, and reply on L1-encoded machinery for mobilization
(Babatz and Burns, 2013).

LTR retroelements

The LTR retroelements structurally resemble exogenous retroviruses, encoding viral
proteins gag, pro, pol, and env, which are flanked by LTRs. The LTR retroelements are
derived from retroviruses, hence called endogenous retroviruses (ERVs). According to
the similarity to exogenous retroviruses, ERVs are divided into three classes: class |
(gamma retroviruses, also called ERV1), class Il (beta retroviruses, also called ERV2 or
ERVK), and class Ill (spuma retroviruses, also called ERVL) (Mager and Medstrand,
2003).

Human endogenous retroviruses (HERVs) make up about 8% of the genome (Belshaw et
al., 2004). In each class, HERVs are subdivided into different families that are named
with single-letter amino acid abbreviations of tRNA as primers using for reverse
transcription from the primer binding site (PBS) (Cohen and Larsson, 1988). HERVs have
accumulated mutations (insertion or deletion) in their LTRs and encoding internal
sequences. Actually, HERVs are considered defective in retrotransposition. One
exception might be HERVK (HML2), the youngest and human-specific subfamily of
HERVs. Interestingly, HERVK (HML2) polymorphism is observed in different human
populations (Moyes et al., 2007), and the increase of HERVK (HML2) copies is also
observed in some cancer cell lines from different human populations, indicating that
HERVK (HML2) elements may still be capable of retrotransposition in some conditions
(Dube et al., 2014; Marchi et al., 2014; Wildschutte et al., 2014). However, while HERVK
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(HML2)-derived viral proteins (e.g. gag, pol and env) and viral particles have been
detected in some cells and tissues, there was no evidence that these viral particles would
generate de novo insertions in the human genome (Agoni et al., 2013; Jha et al., 2011;
Lemaitre et al., 2014).

1.3.2 Impacts of transposable elements on the host

A maize geneticist, Barbara McClintock has discovered TEs between 1940-1950
(McClintock, 1953). Notably, at the time of their discovery and for decades thereafter, the
scientific community dismissed transposons as useless or "junk" DNA (Grant, 1981). In
fact, scientists now assume that TE-derived sequences make up more than 60% of the
human genome (de Koning et al., 2011). This significant part of the genome consists of
sequences of generated by TE-derived activities during evolution. Notably, most of the
TE-derived sequences are not capable of transposition, due to the accumulated
inactivating mutations during evolution. McClintock, was among the first researchers to
suggest that these mysterious mobile elements might play a regulatory role on gene
expression (McClintock, 1967). Thus, she called them “controlling elements” (McClintock,
1956). Only recently, in the era of next-generation sequencing and epigenome, have

biologists begun to entertain the possibility that "junk" DNA might not be junk after all.

1.3.2.1 Impacts of transposable elements on host gene expression
Today, it is widely accepted that TEs - especially retroelement sequences - heavily

influence the host transcriptome. How might TEs influence host gene expression?

First, de novo insertion of retroelements into a gene may interfere with its function, and
might generate a pathogenic phenotype, including cancer or neuronal diseases (Muotri et
al.,, 2010; Shukla et al., 2013). In human, L1 retrotransposition might be triggered in
pathogenic states and would generate de novo insertions (Bundo et al., 2014; Shukla et
al., 2013).

While, retroelements are normally suppressed in somatic cells, they can express viral
peptides/proteins under pathogenic conditions. These translational products can affect
the host. For example, the expression of retroviral env protein can modulate the immune
response, and could restrict host infection by exogenous retroviruses (Antony et al.,
2011), but also promote tumorigenesis (Ishida et al., 2008; Reis et al., 2013; Wallace et
al.,, 2014). Notably, due to inactivating mutations accumulated during evolution, most
ERV transcripts cannot be translated into proteins, and mainly act as long non-coding
RNAs (IncRNAs)(Kapusta et al., 2013; Kelley and Rinn, 2012). Most recently, Zeng et al.
reported that ERV-derived RNA and cDNA could, respectively, trigger the RNA and DNA
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sensors followed by quick activation of B cells (Zeng et al., 2014). B cell activation
triggers the secretion of antibodies against the pathogenic antigens, implying the

unexpected roles of ERV-derived non-coding transcripts in immune activation.

Furthermore, TEs, primarily retroelements (both active and inactive), can influence host
genes by providing alternative regulatory sequences, including promoters, enhancers,
splice sites, and polyadenylation signals. Acting as promoters and/or enhancers,
retroelements not only promote ERV transcription, but also influence the transcription of
adjacent host genes (Rebollo et al.,, 2011; Rowe et al.,, 2013b). Recently, deep
sequencing revealed that 7% of transcripts in human are controlled by ERVs, and 40% of
these transcripts show spatiotemporal expression and also lineage-specific (Conley et al.,
2008; Faulkner et al., 2009). Retroelements can also provide new splice sites that may

lead to exonization and alternative splicing (Piriyapongsa et al., 2007).

1.3.2.2 Domestication of transposable elements

Notably, the new role of a TE-derived novel gene can be very different from its original
function of transposition. This evolutionary process is known as transposon domestication.
There are many TE-derived, domesticated genes reported from the human genome. One
of the best examples is Syncytin, derived from the retroviral env gene. Syncytin is highly
expressed in the multinucleate syncytiotrophoblast layer of the placenta, playing
functional roles during placentation, supported by evidence of promoting trophoblast cell
fusion in vitro (Frendo et al., 2003; Mallet et al., 2004). Strikingly, the domestication
events generating Syncytin occurred more than once during mammalian evolution, and
occurred independently from each other, involving different retroelements (Blaise et al.,
2003; Lavialle et al., 2013). In human, Syncytin derived from the env gene of a HERVW
element (Mallet et al., 2004).

Some retroelement-derived genes exhibit a lineage-specific expression pattern and
distinct functions in different species. For example, L1TD1, a gene domesticated from the
L1 retrotransposon, is identified in both mouse and human ESCs. Although L1TD1 is
highly expressed in both mouse and human ESCs, it is only required for maintaining
pluripotency in human, while it has no similar role in mice (Emani et al., 2015; Iwabuchi et
al., 2011; Narva et al., 2012; Wong et al., 2011).

Besides domesticated genes that encode proteins, TEs can give rise to de novo IncRNAs.
These IncRNAs usually exhibit cell-type specificity, defining tissue or developmental
phase specificity (Kapusta et al., 2013). As an example, some retroelement-derived
IncRNAs have crucial functions in cell identity and fate determination (Fort et al., 2014; Lu
et al., 2014).
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1.3.2.3 Retroelements can rewire the regulatory network of the host

Retroelements can carry multiple binding sites for transcription factors, and tend to
integrate near active genes (Brady et al., 2009; Schroder et al., 2002; Zhang et al., 2008).
The majority of retroelement insertions poses threats to the host, and is counter-selected.
Still certain integration loci, whose regulation could be established, would be tolerated.
These elements could trans-activate neighboring genes, and spread their chromatin
states nearby (Groner et al., 2010). Due to the above properties and their repetitive
nature, retroelements are suitable to establish novel gene regulatory networks in the host.
These regulatory networks evolve together with the host defense mechanism controlling

them.

In contrast to the heavily conserved TF sites in the genome, retroelement-driven
regulatory networks are species-specific, reflecting the divergent distribution pattern of
retroelements in distinct species (Sundaram et al., 2014). For example, ERVK and ERV1
contribute the most binding sites for OCT4 and NANOG in mESCs and hESCs,
respectively (Kunarso et al.,, 2010). As epigenetic modification restricts the activity of
retroelements in a cell type-specific manner, retroelement-driven regulatory networks are
highly suitable to define cell identity (Chuong et al., 2013). In mice, the Trim28/KAP1-
mediated, ERV-targeting transcriptional control has been co-opted to regulate cellular

gene expression during early development (Groner et al., 2010).

1.3.3 The impact of transposable elements on embryogenesis and

pluripotency

The tight regulation of TEs is crucial to prevent insertional mutagenesis during zygotic
genome activation at 2-cell stage. However, during early development a genome-wide
epigenetic reprogramming occurs to release the cell plasticity for subsequent
commitment (Cantone and Fisher, 2013). During early development, the reprogramming
process needs global epigenetic remodeling. The genome-wide DNA demethylation takes
place in two waves (Kohli and Zhang, 2013). While the demethylation of the maternal
genome of the zygote is considered as a passive process, the paternal genome goes
through active demethylation. The embryo becomes globally de novo methylated after the
blastocyst stage. The second wave of global demethylation occurs in the primordial germ

cells (Seisenberger et al., 2013).

The global epigenetic changes result in massive reactivation of TEs. Both active TEs and
certain elements already incapable of transposition can be transcriptionally activated. To
defend against the potential retrotransposition events, the host has developed multiple

defense mechanisms during evolution. TEs are silenced during early embryogenesis by a
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combination of various repressing pathways. Intriguingly, different TEs have different
reactivation pattern during embryogenesis (Rowe and Trono, 2011). The expression
peaks of various TEs, exhibit developmental stage-specific patterns, implying that TE
reactivation might be taken as hallmarks for certain stages of early development (Goke et
al., 2015; Wang et al., 2014a). It is widely accepted that TE expression and repression

are linked to the control of cellular genes through development (Peaston et al., 2004).

1.3.3.1 Reactivation of transposable elements during embryogenesis

In mice

Retroelements are relatively active in rodents, causing close to 10% of spontaneous
mutations in inbred strains of mice (Maksakova et al., 2006). IAP, one of the active
families of ERVs in mice, is expressed in the oocyte, but its expression declines
dramatically after fertilization, and then peaks again at the blastocyst stage (Gifford et al.,
2013). Another active family of ERVs, MusD/ETn is highly reactivated in postimplantation
embryos (Loebel et al., 2004). Interestingly, transcriptional regulation of IAPs directly
affects the pluripotency of mESCs (Ramirez et al., 2006). A recent comprehensive
transcriptome analysis in mMESCs suggests that a large population of de novo, ERV-
derived transcripts (mainly non-coding) are affecting or required for maintaining

pluripotency (Fort et al., 2014).

The reactivation of active TEs that are capable of transposition can be detrimental for
embryogenesis. Indeed, L1 activity in oocyte was recently correlated with the fetal oocyte
attrition (FOA) (Malki et al.,, 2014). FOA is an evolutionary conserved mechanism to
eliminate early meiotic oocytes. Malki et al. reported that increased L1 activity induces
cell-death in meiotic prophase | oocytes (Malki et al., 2014). Accordingly, mice lacking
Mael that plays a role in transposon silencing have a shortened reproductive lifespan.
Nevertheless, this study also suggests that limited L1 activity might be beneficial for

selecting oocytes that are best suited for next generations by FOA.

Surprisingly, certain families of inactivated TEs are required for the normal development.
As an example, ERVL-associated transcripts expressed at 2-cell stage are assumed to
be crucial for totipotency in mice (Kigami et al., 2003; Svoboda et al., 2004). ERVL starts
to be transcribed after fertilization, touch the peak at 2-cell stage, and then quickly get
silenced at the blastocyst stage in mice. ERVL reactivation induces many 2-cell-specific
transcripts, most of which are directly promoted by LTRs of ERVL, or are chimeric

transcripts derived from ERVL (Macfarlan et al., 2012).

In mice, the second wave of global DNA demethylation occurs in primordial germ cells

(PGCs) (E12.5-E13.5), followed by again the reactivation of retroelements (Hackett and
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Surani, 2013). However, different from the blastocyst and mESCs, ETns are highly
expressed in PGCs, while IAPs and several ERV1 (e.g. RLTR4) subfamilies are highly
expressed in gonadal somatic cells (Liu et al., 2014). Once Setdb1 is depleted, the
transcription of a subset of IAPs and ETn are enhanced, whereas L1s are not significantly
affected. Notably, the reactivation of retroelements exhibits sexual differences (Liu et al.,
2014), raising the possibility that retroelements might have a direct influence on the PGC

formation.

In human

Compared to mice less is known about the early phase of human development, regarding
the reactivation patterns of TEs. In human sperm and oocytes, most retroelements are
silenced owing to the DNA methylation, except L1 (Molaro et al., 2011). The expression
levels of DNA transposons are relatively high in human early embryos (e.g. zygotes, 2-
cells stage). Similarly to mice, ERVL transcription is gradually decreased during early
development, while ERV1 and ERVK are reactivated from the 4-cell stage, and peak at
the blastocyst stage (Smith et al., 2014). SVA, still capable of retrotransposition, is highly
expressed, but restricted to a developmental window at morula stage (Guo et al., 2014).
The transcription level of primate-specific L1 reflects their evolutionary age: the younger
L1s are more highly expressed than the older ones at the blastocyst stage (Guo et al.,
2014; Smith et al., 2014). According to the RNA-seq data of human early embryos (Yan
et al., 2013), at morula and blastocyst stages the most of TE-derived transcriptional reads
derive from the primate-specific HERVH (Wang et al., 2014a). Indeed, HERVH
expression, including HERVH-driven IncRNAs and chimeric transcripts is most restricted

to the pluripotent state.

1.3.3.2 Reactivation of transposable elements during induced pluripotency

Reprogramming of somatic cells is a reverse process compared to the embryo
development. During the reprogramming process, the epigenetic status of somatic cells is
remodeled in order to reset a pluripotent state. This epigenetic remodeling results in the

reactivation of multiple TE families.

In mice, the transcription of IAPs, MusD and L1 are gradually increased during
reprogramming, and peak at the late stage of reprogramming, while ERVL is just
moderately transcribed during the whole process (Friedli et al.,, 2014). In the matured
miPSCs, the expression of L1 and MusD remains at the highest level, while IAP
transcription is mostly repressed, but still higher than in the parental somatic cells. The
expression pattern of TEs in matured miPSCs and mESCs are similar (Friedli et al.,
2014).
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Interestingly, ERVL can also be reactivated in vitro. In serum condition ERVL is
reactivated in a rare subpopulation of mESCs, while 2i condition erases the ERVL-
positive subpopulation (Macfarlan et al., 2012). These ERVL-positive mESCs, sharing
similar transcriptome with 2-cell stage, are totipotent, and can form fetus and placenta in

a chimeric mice assay (Macfarlan et al., 2012).

Importantly, a failure to reactivate TE-enriched regions might interfere with the
reprogramming process and affect the acquired pluripotency negatively. Recently,
Matoba et al. reported that the quite low cloning efficiency by SCNT is associated with the
resistance of TE-enriched regions to reprogramming (Matoba et al., 2014). They found
that H3K9me3 were enriched at “reprogramming resistant regions (RRR)”, consisting
primarily of TEs (e.g. ERVL, IAP, and L1 loci). These RRRs were associated with low
expression level of ERVL (Matoba et al., 2014). Strikingly, the cloning efficiency could be
improved by removing H3K9me3 at RRRs, reflecting the influence of TEs on the early

development (Matoba et al., 2014).

In human, TE transcription is quickly reactivated, and gradually increased to the peak
before hiPSCs are matured. In the matured hiPSCs, the expression levels of most of TEs
are decreased back to the levels observed in hESCs (Friedli et al., 2014). Several (~400)
copies of HERVH, a few genomic loci of HERVK(HML2) and L1 form exceptions. These
TEs, similarly to hESCs are still highly expressed in hiPSCs, though their transcription
levels are a bit lower than the pre-iPSCs. Those transcriptional active HERVK loci seem
to be controlled by their neighboring regulatory elements, but not their own LTRs (Wang
et al., 2014a).

1.3.3.3 Epigenetic regulation of transposable elements in embryos and
pluripotent stem cells

In mice

The DNA of retroelements is preferentially methylated compared to the genome. TEs are
controlled by CpG methylation by DNA methyltransferases including Dnmt3a, Dnmt3b
and Dnmt1. De novo methylation of retroelements is re-established by Dnmt3a, Dnmt3b
and Dnmt3l following the global genomic de-methylation in cleavage embryos and in
PGCs (Lee et al., 2014b). Once established, the DNA methylation pattern of ERVs will be
maintained by DNA methyltransferase, Dnmt1 during early embryogenesis and germline
development (Gaudet et al., 2004).

The most active ERVs in mice are MusD/ETn and IAP (Lueders and Kuff, 1977). The
repression of IAP ERVs in the mouse genome by DNA methylation mainly occurs in the

postimplantation embryos and in differentiated cells (Howard et al., 2008; Hutnick et al.,
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2010). The hypermethylation of IAPs is mainly regulated by Dnmt1 (Hutnick et al., 2010;
Kato et al., 2007; Okano et al., 1999). However, depletion of Dnmt1 in mESCs does not
lead to dramatic elevation of IAP transcription, suggesting that alternative mechanisms
are employed to maintain the silencing of IAPs in the preimplantation stage and in
mESCs (Hutnick et al.,, 2010). Indeed, a few regions (mainly the imprinted genes and
IAPs) in the mouse genome resistant to demethylation are marked with the repressive
histone mark, H3K9me3, indicating the interplay between DNA methylation and
trimethylation of H3K9 (H3K9me3). This suggests that in addition to DNA methylation,
histone modification and consequent changes of the chromatin state also modulate

transcription/silencing of ERVs during the early developmental stages.

To protect against retroelement activation, histone methylation complements DNA
methylation. A DNA and repressive histone methyl marks together lead to the assembly
of more compact chromatin. Generally, genome-wide maps of histone marks and DNA
methylation have shown obvious linkage at TEs (Meissner et al., 2008; Mikkelsen et al.,
2007; Okitsu and Hsieh, 2007). Specifically, the methylation of H3K9 and H3K27 are
positively correlated, while H3K4 methylation is negatively correlated with the
retroelement repression. In mESCs, retroelements, especially L1 and ERVs (class | and
II), are marked with H3K9me2 and/or H3K9me3 (Mikkelsen et al., 2007). It has been
known that H3K9 methylation is catalyzed by six KMTases such as Suv39h1 (also known
as Kmt1a), Suv39h2 (Kmt1b), G9a (Kmt1c or Ehmt2), Glp (Kmt1d or Ehmt1) and Setdb1
(Kmt1e or Eset), all of which belong to the Suv39 family of SET domain-containing
proteins (Krishnan et al., 2011). These KMTases add one or more methyl groups to the ¢-
amino group of H3K9 to form dimethylated H3K9 (H3K9me2) and trimethylated H3K9
(H3K9me3). These KMTases have complementing roles. Though G9a catalyzes
dimethylation of H3K9 at ERV regions, it is dispensable for the repression of ERVs in
mESCs (Leung et al., 2011). Instead, G9a is required for de nhovo DNA methylation of
ERV regions (Leung et al., 2011). Setdb1 catalyzes trimethylation of H3K9 in class | and
Il ERVs, and essential for their repression in the mouse blastocyst and ESCs. However,
Setdb1 is not required for retroelement silencing in postimplantation embryos and
committed cells (e.g. fibroblasts), providing a spatiotemporal control of the transcription of
Class | and Il ERVs (Karimi et al., 2011; Matsui et al., 2010). Interestingly, only intact
retroelements (e.g. full-length L1 and ERVs) are marked with Suv39h1/2-dependent-
H3K9me3, which safeguard the repression of intact L1 subfamily in mESCs (Bulut-
Karslioglu et al., 2014).

H4K20me3 is also highly enriched at the ETn/MusD and IAP loci and overlaps with
H3K9me3 (Kourmouli et al., 2004; Martens et al., 2005; Mikkelsen et al., 2007; Schotta et
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al., 2004). While, H4K20me3 is significantly reduced in Setdb7-depleted mESCs (Matsui
et al., 2010), no upregulation in ERV transcription was observed in mESCs deficient in
the H4K20 KMTases Suv420h1 and Suv420h2 that caused the near complete loss of
H4K20me3 at ERVs (Matsui et al., 2010). Thus, H4K20me3 seems not to be essential for
the repression of ERVs. Intriguingly, H3K27me3 enrichment gets increased in some ERV
loci while H3K9me3 levels is decreased in Suv39-/- mESCs (Lehnertz et al., 2003; Peters
et al., 2003). These observations indicate that H3K27me3 may play a complementary
role in controlling ERV transcription. Indeed, the polycomb group complex proteins—
responsible for H3K27 trimethylation—are involved in silencing of ERVs (Golding et al.,
2010; Leeb et al., 2010). Histone deacetylation has also been shown to be involved in
silencing of ERVs (e.g. IAPs) in mESCs (Rowe et al., 2010) and L1 constructs in human

embryonic cells (Garcia-Perez et al., 2010), but the mechanism needs further elucidation.

One pathway that links specificity to silencing machinery involves the Trim28 [tripartite
motif protein 28, also known as KAP1 (KRAB-associated protein 1)] corepressor and its
cofactors (Matsui et al., 2010; Rowe et al., 2010; Wolf and Goff, 2007, 2009). The
specificity of Trim28-mediated silencing is provided by the DNA-binding Krippel-
associated box domain (KRAB)-containing zinc finger proteins (KRAB-ZFPs) (Jacobs et
al., 2014; Maksakova et al., 2013; Schultz et al., 2002). KRAB-ZFPs bind the conserved
sequence termed the primer-binding site (PBS), specific to the retroelements, while the
KRAB domain is required for recruiting Trim28 (Thomas and Schneider, 2011).
Remarkably, KRAB-ZFPs, since their appearance in tetrapods, have been under strong
positive selection (Emerson and Thomas, 2009; Thomas and Schneider, 2011), and
subject to rapid expansion, reflecting a continuous battle between the host and viruses.
Mammalian genomes encode for hundreds of KRAB-ZFPs, and target specific DNA
sequences through their zinc finger motifs (Najafabadi et al., 2015; Thomas and
Schneider, 2011). The cofactor Yin Yang 1 (YY1) and ZFP809 can also bind the proviral
LTRs of many retroviruses and enhance the recruitment of Trim28 (Schlesinger et al.,
2013; Wolf and Goff, 2009; Wolf et al., 2015). In both mouse and human ESCs, the
KRAB-ZFPs dock Trim28 at TEs. Trim28 serves as a scaffold and recruits Setdb1,
histone deacetylases and HP1 (heterochromatin protein 1), which collectively induce
transcriptional repression (Maksakova et al., 2013; Schultz et al., 2002). In contrast,
ERVs are not re-activated by the disruption of Trim28 in mouse embryonic fibroblasts
(Rowe et al., 2010). It is assumed that once silenced in development, ERVs remain
controlled in adult tissues by DNA methylation (Martens et al., 2005; Meissner et al.,
2008; Mikkelsen et al., 2007). Thus, during early development (preimplantation stage),

the key mechanism to silence ERVs is histone modification, while DNA methylation is
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often present, but dispensable. The further enrollment of DNMTs by Trim28 results in
permanent silencing marks, which are subsequently maintained throughout the

development (Quenneville et al., 2012; Rowe et al., 2013a).

In contrast, the ancient, no longer active, ERVL elements (Class lll) are regulated slightly
differently from Class | and Il ERVs. ERVL is characteristically and massively expressed
at 2-cell stage of mouse embryos (Kigami et al., 2003; Svoboda et al., 2004). ERVL is not
regulated by Setdb1, but by the H3K4 demethylase Kdm1a (also called Lsd1). The loss of
Kdm1a in mESCs results in an increase of H3K4me3 and H3K27ac at ERVL loci,
accompanied by the enhanced transcription of ERVL (Macfarlan et al., 2011; Macfarlan et
al., 2012; Maksakova et al., 2013). These data indicate that distinct histone modifications

by different histone modifiers regulate different classes of ERVSs.

Small RNAs are also able to regulate diverse families of highly polymorphic TEs. The
germline specific Piwi-interacting RNA (piRNA) pathway was first characterized in
Drosophila (Aravin et al., 2001), however Piwi-like proteins (Miwi, Mili and Miwi2) are also
found in mice (Girard et al., 2006). piRNAs are 24-30 nt long sequences that are bound
by Piwi or Aubergine proteins and target mMRNA from TEs. Importantly, the small RNA-
based silencing mechanism is cross talking with H3K9me3 histone modification (Brower-
Toland et al., 2007; Pezic et al., 2014). While the Piwi-mediated silencing mechanism is
Dicer-independent, Dicer-dependent small interfering RNAs (siRNAs) that are produced
from long double-stranded RNAs also cooperate to suppress TEs during development
(Ciaudo et al., 2013).

Furthermore, APOBEC (apolipoprotein B mRNA-editing enzyme and catalytic enzymes)
proteins serve as important post-transcriptional ERV blockers in early embryos and in
germ cells (Wissing et al., 2011). The APOBEC proteins act during the first steps of
reverse transcription, and can introduce multiple cytosine-to-uracil changes by
deamination of the retroviral negative-strand DNA (Harris et al., 2003; Mangeat et al.,
2003; Richardson et al., 2014; Yang et al., 2007). Such deaminated retroelement is

subject to degradation by uracil removal and abasic nuclease cleavage.

L1 may be also repressed by DNA-repair (Gasior et al., 2008). Furthermore, TEs
possessing Dbidirectional promoters may even block themselves by antisense

transcription.

In sum, various defense mechanisms, responsible for repressing TEs during early
development form a complex regulatory network. The different repressing mechanisms

complement each other and seem to control TEs in a specific temporal and spatial
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pattern. Intriguingly, recent studies suggest that some cellular genes crucial during early

phase of development are co-regulated with TEs.

In human

To date most of the research regarding the mechanisms TE activation and silencing are
performed in mice, and less is known about the human scenario. Compared to mice,
significantly less active elements are present in the human genome. Some studies in
human cancer cells suggest that in normal somatic cells retroelements (e.g. L1 and
certain subfamilies of ERVs) are regulated by DNA methylation (Muotri et al., 2010).
These observations would indicate that the basic mechanism by which retroelements are
repressed during human early development and in pluripotent stem cells is evolutionally
conserved. The main difference between mouse and human would reflect the differential

set of TEs, accumulated species-specifically during evolution.

Recent single cell deep sequencing data show that while the transcription from certain
retroelements do reactivate in human preimplantation embryos, the repressed ones are
positively correlated with DNA methylation and repressive histones marks (especially
H3K9me3) (Guo et al., 2014; Smith et al., 2014; Smith et al., 2012; Wang et al., 2014a).
Similarly to mice, TRIM28 and H3K9me3 were confirmed to repress retroelements (e.g.
SVA, L1, subfamilies of class | and class Il ERVs) in human pluripotent cells (Jacobs et
al., 2014; Turelli et al., 2014). In turn, upon TRIM28 depletion, the increase of
transcription of these retroelements is accompanied by replacement of H3K9me3 with
active histone marks (e.g. H3K4me1/3) (Turelli et al., 2014).

Similarly to mice, different TEs seem to be regulated by alternative pathways. For
example, in addition to TRIM28-based repression, L1 is also repressed by the small
RNA-based RNAi system, and by APOBEC proteins (Marchetto et al., 2013; Muckenfuss
et al., 2006; Wissing et al., 2011). Interestingly, while the different pathways complement
each other, they act on evolutionarily distinct sets of elements. Recent work has revealed
that in hESCs, the TRIM28 system represses a discrete subset of L1 lineages predicted
to have entered the ancestral genome between 26.8 million and 7.6 million years (MYA)
ago (Castro-Diaz et al.,, 2014). In contrast, the small RNA-based, PIWI-piRNA (PIWI-
interacting RNA) pathway seems to suppress the youngest L1 lineages (Castro-Diaz et
al., 2014). Furthermore, TRIM28-mediated repression targets SVAs (older than 3.5 MYA),
while the younger, human-specific SVA lineages are less frequently regulated (Turelli et
al.,, 2014). Class Il HERVs that were endogenized after humans and chimpanzees
diverged (<7 MYA), are controlled by TRIM28. However, Class Ill HERVs, the oldest
identifiable HERVs, which can be traced back to some 100 MYA, are not controlled by

TRIM28 any longer, probably due to the accumulation of mutations around their TSSs,
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indicative of extensive purifying selection (Turelli et al., 2014). Their DNA might already

be irreversibly silenced by methylation.
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2 Objectives

In my thesis, | focus on the relationship between retroelements and the pluripotency in

human.

2.1 Generation of human induced pluripotent stem cells using the

Sleeping Beauty transposon system

As the first one reconstructed DNA transposon, the Sleeping Beauty transposon is the
most thoroughly studied vertebrate transposon to date, and it has shown efficient
transposition in mammalian cells (lvics et al.,, 1997). The Sleeping Beauty transposon
system is composed of a transposase source and a transposon vector flanked by
inverted terminal repeats (ITRs) (lvics et al., 2004). In the presence of the transposase,
the transposon is mobilized by the “cut and paste” transposition. During the transposition
reaction, the transposon is excised and then gets reintegrated into a different locus in the
genome (lzsvak and lvics, 2004). The Sleeping Beauty transposon system can be used
as a non-viral gene delivery tool, and thereby opens up new possibilities for genetic

manipulation in cells, animal models as well as for human gene therapy.

Compared with the viral vectors currently in use, the Sleeping Beauty transposon has
many favorable advantages as a gene delivery system, including its reduced
immunogenicity (Yant et al., 2000), relaxed limitation on the size of expression cassettes
(Wang et al., 2014b; Zayed et al., 2004), and improved safety/toxicity profiles (Huang et
al., 2010a; lvics et al., 2007). In comparison to the PiggyBac transposon whose
integration features resemble retroviral vectors (de Jong et al., 2014), the Sleeping
Beauty transposon integration occurs fairly randomly in the genome (Huang et al., 2010a).
In addition, by means of SB100X, a novel hyperactive transposase developed in our lab
(Mates et al., 2009), the Sleeping Beauty transposon shows robust transposition activity.
Furthermore, the Sleeping Beauty transposon seems to trigger significantly milder
epigenetic changes at the genomic insertion sites (Zhu et al., 2010a). More importantly,
the Sleeping Beauty transposon is capable of supporting stable, long-term transgene
expression both in vitro (Grabundzija et al., 2010) and in vivo (Mates et al., 2009) with

lower transgene silencing than viral vectors.

As described in the “Introduction” part, the reprogramming efficiency of somatic cells,
especially in human, using non-integrative methods is quite low, while the integrated
approaches like viral vectors and the PiggyBac transposon may raise the safety concerns

by disrupting endogenous genes (e.g. reactivating oncogenes or repressing tumor
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repressors) in iPSCs. Given the advantages of the Sleeping Beauty transposon, | tried to
establish an alternative approach for reprogramming both mouse and human fibroblasts
into iPSCs, based on the Sleeping Beauty transposon system. Importantly, when
compared to the PiggyBac transposon, Sleeping Beauty-transfected cells exhibit fewer
numbers of integrants per cell, and it is easier to derive single-copy integrants (Huang et
al., 2010a). The Cre-loxP system is integrated into the Sleeping Beauty transposon
system, in order to exchange the Yamanaka factors with the genes of interest. Using this
combined method, it is expected that the monogenetic patient-derive iPSCs can be
corrected with the therapeutic gene meanwhile the Yamanaka factors can be removed.
Additionally, this Sleeping Beauty-based reprogramming method can be used to generate

transgenic animals from “single-copy-insertion” iPSCs.

2.2 The roles of human endogenous retroviruses in acquisition and

maintenance of human pluripotency

Recently, more and more studies show the functional roles for TEs, especially
retroelements, during early development. For example, ERVL elements have been shown
to specify totipotency at mouse embryo 2-cell stage and in mESCs cultured in serum
condition, by fine-tuning the regulatory network of totipotent cells (Macfarlan et al., 2012).
Furthermore, silencing and reactivation of retroelements affect the normal development of
mouse embryos and the determination of mESC fate. However, the human transposome
is quite different from mouse. Thus, how the human-specific TEs affect early
development is still elusive. In this study, using the RNA-seq, ChIP-seq and genome-
editing techniques, and hESCs/iPSCs as models, | tried to systematically analyze the
genome-wide expression profile of TEs in human pluripotent stem cells, and explore
whether and/or how TEs, particularly human endogenous retroviruses (HERVs), affect

acquisition and maintenance of human pluripotency.
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2) Generate miPSCs using the Sleeping Beauty/RMCE-based reprogramming
system;

3) Characterize the integration profile of the sleeping beauty transposon in miPSCs;

4) Perform the RMCE experiment on one single-copy miPSC clone;

5) Characterize the exchanged miPSC clone by series of assays (QRT-PCR, DNA
methylation);

6) Perform the in vitro differentiation assay on miPSCs;

7) Generate hiPSCs using the Sleeping Beauty/RMCE-based reprogramming
system;

8) Characterize hiPSCs by series of assays (qQRT-PCR, DNA methylation and
immunostaining);

9) Determine silencing of the reprogramming factors in hiPSCs;

10) Perform the in vitro differentiation assay on hiPSCs;

11) Write parts of the manuscript.
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Jichang Wang*, Gangcai Xie*, Manvedra Singh, Avazeh T. Ghanbarian, Tamas Rasko,
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1) Conceive ideas for the project;
2) Design and perform experiments with the exceptions of EMSA and the confocal
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3) Analyze and interpret data
4) Participate in bioinformatics analyses

5) Write parts of the manuscript.
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4 Discussion

During my PhD studies, | first generated iPSCs from both mouse and human fibroblasts
using defined transcription factors. This protocol is based on the Sleeping Beauty
transposon system, and generates iPSCs with the relative high efficiencies, comparable
to the retroviral methods. Using the Sleeping Beauty transposon system, the single-copy
iPSC colonies can be obtained with higher frequency than other approaches (e.g.
PiggyBac transposon). Importantly, | have demonstrated that it is feasible to remove the
reprogramming transgenes from the matured iPSCs or replace them with a gene of

interest (e.g. therapeutic genes) (section 4.1).

To explore whether and/or how retroelements affect acquisition and maintenance of
human pluripotency, | have used the RNA-seq technique to determine global transcription
profiles of retroelements in hiPSCs, and in their parental and differentiated cells. By
comparative transcriptome analysis, | did identify a primate-specific endogenous
retrovirus, HERVH as being essential for human pluripotency. | have used a series of
gain of function and loss of function assays to confirm my hypothesis. Importantly, | have
observed that a HERVH-marked sub-population in hPSCs might represent an alternative
pluripotent state, resembling the naive mESCs. These naive-like stem cells share key
features with epiblast cells within the human blastocyst. My research raises the possibility
that the ground state of human pluripotency might be captured and maintained
indefinitely in vitro. My research indicates that HERVH transcription plays crucial roles in
defining naive human pluripotency. The presence of the HERVH-derived regulatory
circuitry partially explains why human embryonic stem cells (hESCs) differ considerably

from those of mice (section 4.2).

4.1 Reprogramming of somatic cells into iPSCs using the novel
Sleeping Beauty/RMCE-based reprogramming system

411 Comparison of the Sleeping Beauty/lRMCE-based reprogramming
system with other approaches

Yamanaka and his colleagues generated iPSCs from somatic cells for the first time
(2006), using a defined set of transcription factors (Takahashi and Yamanaka, 2006).
Since 2006, developing alternative iPSC techniques became a very popular research
area in the world. In the last decade, researchers have developed various strategies to
derive iPSCs, using different gene delivery methods. Although, the originally used

retroviral delivery is relatively efficient and widely used, this method might raise certain
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safety issues regarding clinical translations, owing to the insertional mutagenesis of
retroviral vectors. Alternatively to the viral vectors, a series of non-viral or non-integrative
methods have been established (see Introduction 1.2.2.1). The price-to-pay for the non-
integrative strategies include the relatively low reprogramming efficiency, due to the
gradual decrease of transgene expression during the reprogramming process. Although
there are multiple protocols are available to generate iPSCs, there are still problems to be
solved to catch up with the enormous demand for iPSCs for drug screening, disease

modeling and potential clinical applications in regenerative medicine.

Our approach, based on the combination of the Sleeping Beauty transposon system and
Cre-mediated recombination exchange (Cre/RMCE) strategy, shows series of
advantages compared to viral-based and non-integrative methods. First, the hyperactive
transposase SB100X-mediated transposition of the Sleeping Beauty transposon supports
long-term stable expression of transgenes in both mice and human cells (Mates et al.,
2009; Xue et al., 2009). The sustained expression of reprogramming factors is essential
to obtain authentic iPSCs with a good frequency (Hockemeyer et al., 2008). Importantly,
our reprogramming system can efficiently obtain iPSCs, comparable to retroviral vectors.
Second, it is considerably simpler and more cost-effective to prepare the plasmid-based
reprogramming vectors in comparison to viral vectors. Unlike the mRNA-based
reprogramming method, which needs multiple rounds of transfections during the
reprogramming process (Yakubov et al., 2010), using the Sleeping Beauty transposon
system requires only a single transfection. Third, genomic integrity is crucial for iPSC
application in drug screening and cell therapy. The Sleeping Beauty transposon is
originated from the fish, and there are no homologous sequences to the Sleeping Beauty
transposon existing in the human genome. Thus, the Sleeping Beauty transposon is
precisely integrated into the host genome without any undesired genomic effects (e.g.
genomic instability). The integration profile of the Sleeping Beauty transposon is fairly
random (Huang et al., 2010a; Huang et al.,, 2010b). Fourth, SB100X promotes single-
copy insertion of the reprogramming cassette. The Sleeping Beauty transposon supports
a good expression of the reprogramming transgenes even from a single copy, and would
not compromise the reprogramming efficiency. Therefore, we can efficiently screen
single-copy iPSC clones, and select those that are integrated into a “safe-harbor” locus
(Papapetrou et al., 2011). In combination with the Cre/RMCE system, we can
successfully exchange the reprogramming cassette with genes of interest in single-copy
iPSCs. This strategy makes it possible to correct monogenetic, patient-derived iPSCs by

exchanging the reprogramming cassette with the therapeutic gene. The integration
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footprint of the Sleeping Beauty transposon can be used as a “molecular identity” for

different iPSC clones from different patients.

When compared, the presence of PiggyBac-like sequences in the mammalian genome
(Sarkar et al., 2003) represents an unpredictable risk, and might argue against using the
PiggyBac transposon system in a clinical setup. Furthermore, approximately 5 % of the
excision sites, generated by the PiggyBac transposase are not precise, and contain
microdeletions (Liang et al., 2009). The PiggyBac transposon is also reported to share a
similar integration profile with gamma-retroviral vectors, and has a bias toward
transcription start sites (TSSs) of oncogenes and tumor repressors, leaving the risks of
oncogene reactivation or disruption of tumor repressors (de Jong et al., 2014; Galvan et
al., 2009). Finally, the PiggyBac transposon hardly allows single-copy insertion of the
reprogramming cassette in iPSCs, without reducing the reprogramming efficiency (Yusa
et al., 2009). It is much more difficult to remove the reprogramming cassette, when it is
present in multiple copies. In sum, compared to the PiggyBac transposon, the Sleeping
Beauty-based reprogramming system is much safer to meet the criteria of IPSC

generation for therapeutic application.

However, our reprogramming system has also limitations. While, the Sleeping Beauty
transposon system is efficient to reprogram fibroblasts, we have difficulties to efficiently
translate our approach to blood cells (e.g. B and T cells). Notably, it was recently shown
that integration of exogenous sequences into the host genome was restricted by host
cell-cycle-related factors, which can be overcome by using small molecules (Yu et al.,
2015). Therefore, by the large-scale chemical screening, it is possible to identify chemical

compounds that can improve Sleeping Beauty transposition in blood cells.

4.1.2 Selection for the authentic hiPSCs using a pluripotency reporter

Reprogramming somatic cells using a defined set of TFs is a rare event. Usually, highly
experienced researchers in hPSC culturing isolate the putative hiPSC clones based on
cell morphologies. These clones are than subjected to further time-consuming
characterization of pluripotency. Reporters that could ease the laborious identification and
characterization work are highly appreciated by stem cell researchers. Indeed, fibroblast,
isolated from transgenic mice, expressing pluripotency reporters proved to be valuable to
monitor the reprogramming process. For example, GFP that is knocked into the Oct4
locus is used to monitor the reactivation of endogenous pluripotency genes (Yoshimizu et
al., 1999), and isolate matured mouse iIPSC (miPSC) clones in culture. Similarly, given
the large heterogeneity of hPSCs, it could be very helpful to use reporter(s) to monitor the

reprogramming process of human somatic cells and select matured hiPSC clones. To
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efficiently select authentic hiPSC clones, | integrated a pluripotency reporter into the
Sleeping Beauty-based reprogramming system. In this system, the reporter is driven by
EQOS, a retrotransposon-derived promoter that is specifically active in the pluripotent state
(Hotta et al., 2009). This pluripotency reporter can be used to monitor and optimize the
reprogramming process of human somatic cells. It can also be used to efficiently isolate
authentic patient-specific iPSCs from a small number of biopsies. As undifferentiated
hPSCs might form teratomas in vivo, the detection and removal of undifferentiated
hPSCs is key for therapeutic application of hPSCs. Notably, our pluripotency reporter can
also be used to detect and sort out undifferentiated cells from the differentiated cell

population prior to transplantation.

4.1.3 Mechanisms of somatic cell reprogramming

Somatic cell reprogramming is inherently an epigenetic remodeling event. During the
process, stepwise changes of transcriptome and cell identity are accompanied by slow
epigenetic reprogramming, including histone modification and DNA methylation (Lee et
al., 2014b; Papp and Plath, 2011; Theunissen and Jaenisch, 2014). According to the
genome-wide gene expression analysis, the reprogramming process can be divided into
three phases: the early, intermediate and late stages (O'Malley et al., 2013; Polo et al.,
2012; Samavarchi-Tehrani et al., 2010). These stages are distinguished by stage-specific

hallmarks and molecular events.

At the early stage, the expression of genes involved in cell proliferation, metabolism, and
cytoskeletal organization is upregulated, while developmental genes are downregulated
(Hansson et al., 2012; Polo et al., 2012). Consistently, using the Sleeping Beauty-based
reprogramming strategy, | observed that the mesenchymal-to-epithelial transition (MET)
occurred at the early stage. This stage was characterized by upregulation of epithelial
genes, while mesenchymal genes were downregulated. Notably, MET is the first rate-
limiting event during the reprogramming process (Li et al., 2010; Samavarchi-Tehrani et
al., 2010), but could be modulated by certain miRNAs (Liao et al., 2011). Specifically, a
hESC-enriched miRNA cluster, miRNA302/367 (located in chr4) was shown to repress
the TGFB signaling pathway that induced epithelial-to-mesenchymal transition (EMT)
(Subramanyam et al., 2011). Thus, miRNA302/367 overexpression acts by promoting the
initial phase of reprogramming, by overcoming the TGFp-induced EMT. Indeed, |
reported that miRNA302/367 overexpression accelerated the initial phase of the
reprogramming process, evidenced by small colonies formed 2-3 days earlier
(Grabundzija et al., 2013). Intriguingly, miRNA302/367 overexpression might be

detrimental to the formation of miPSCs. | did observe that miRNA302/367 overexpression
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delayed the reprogramming process of mouse embryonic fibroblasts, and induced more
flat (not domed) iPSC colonies, resembling hESCs (Grabundzija et al., 2013). Why does
miRNA302/367 have opposite functions in reprogramming in mouse and human somatic
cells? It might be related to the developmental feature of mMESCs vs hESCs —the former
represents a naive pluripotent state, while the latter represents a primed pluripotent state.
A recent report showed that ES-cell-specific cell-cycle-regulating (ESCC) miRNAs were
negatively related to maintenance of naive state in mESCs (Kumar et al., 2014). It is very
interesting to explore the distinct roles of MiRNA302/367 cluster in mESCs and hESCs.

At the intermediate stage, the ESC-like colonies start to be formed, but accompanied by
non-ESC-like colonies. The stage-specific embryonic antigen 1 (SSEA1), a surface
marker for mESCs, starts to express in a subpopulation of reprogrammed somatic cells.
In these SSEA1-positive cells, many pluripotency-associated genes (e.g. Sall4, Nanog,
Utf1, Dppa3) are gradually upregulated. SSEA1 expression is a marker for successful
reprogramming. However, certain cells would fail to downregulate the mesenchymal
genes, and would become refractory to reprogramming. These cells would express Thy1,
a fibroblast-specific surface marker (Polo et al., 2012). These findings further
demonstrate that MET is key for the reprogramming. Consistent with these changes in
transcriptome of reprogrammed cells, our pluripotency reporter was first giving signals at
end of the intermediate stage, reflecting its accuracy of reporting the activation of
endogenous pluripotency genes (e.g. Oct4, Sox2). Another hallmark of the intermediate
stage is the metabolic transition from OXPHOS to glycolysis (Folmes et al., 2011). This
phenomenon is characterized by upregulation of glycolysis-associated genes and

downregulation of OXPHOS-associated genes.

At the late stage, most ESC-like colonies will be matured, and self-renew independently
from the transgene expression, evidenced by the activation of the endogenous
pluripotency regulatory network. In optimal scenario, in matured iPSCs the exogenous
reprogramming factors are silenced (Takahashi and Yamanaka, 2006). Interestingly, the
Sleeping Beauty-based reprogramming cassette behaved differently in mice and human
iPSCs. While in mice the transgene cassette was not silenced even in matured miPSCs.
In mouse fibroblast reprogramming, although the endogenous pluripotency genes were
reactivated (e.g. Oct4-GFP), the transgenes were still detectable, evidenced by the
expression of antibiotic selection markers. This is consistent with that the Sleeping
Beauty transposon is resistant to silencing in mESCs in which retroviral vectors are
usually silenced (lvics et al., 2014a; lvics et al., 2014b; lvics et al., 2014c). As the ectopic
expression of exogenous reprogramming factor might interfere differentiation of miPSCs,

it is necessary to remove the reprogramming cassette from the matured miPSCs.
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Importantly, once the exogenous reprogramming factors are removed, these miPSCs are
still capable of self-renewal and acquire full differentiation potentials (Grabundzija et al.,
2013). These data indicate that the pluripotency of miPSCs, generated by the Sleeping
Beauty-based system are independent from the transgene expression. By contrast, the
reprogramming transgenes, pluripotency reporter and the antibiotic selection markers
were readily silenced in the stable hiPSC colonies at the end of reprogramming process.
The global gene expression analysis confirmed that the endogenous pluripotency
regulatory network had been fully activated in these stable hiPSC colonies. Importantly,
these stable hiPSC colonies can be differentiated into three germ layers, demonstrating
that they are fully pluripotent (Grabundzija et al., 2013). Why do these reprogramming
transgenes delivered by the Sleeping Beauty transposon exhibit distinct transcription
behaviour in miPSCs and hiPSCs? | hypothesize that this phenomenon is associated with
the different nature of miPSCs and hiPSCs. Mouse iPSCs represent the naive state that
is resistant to the overexpression of core pluripotency factors. Indeed, overexpression of
Oct4, Kif4, and Nanog promotes mESCs into a synthetic super-pluripotent state (Geula et
al., 2015). These super-pluripotent mESCs are refractory to differentiation even upon LIF
withdrawal. In contrast, hiPSCs represent an advanced developmental stage where some
differentiation program has been already triggered. In such state, pluripotency genes (e.g.
OCT4, SOX2, KLF4) also act as lineage specifiers (Loh and Lim, 2011). Thus, ectopic
expression of these pluripotency genes might destabilize the endogenous pluripotency
regulatory network of hiPSCs, and initiate differentiation towards certain lineages. So, at
the late stage, the pre-matured hiPSCs undergo a selection process. Only those colonies
could be matured, where the reprogramming transgenes has been silenced. However,
the ones that are still dependent on transgene expression would be collapsed, indicating

that the transgene silencing is crucial for hiPSC maturation.

As somatic cell reprogramming is essentially a series of epigenetic reprogramming
events, it is not surprised that dynamic rearrangement of the epigenetic landscape is
observed during this process. At the early stage, a mark associated with euchromatin,
H3K4me2 is redistributed genome-wide (Koche et al., 2011). CpG-poor pluripotency
genes are activated, due to global DNA demethylation, followed by acquisition of active
histone mark, H3K4me3 and loss of repressive mark, H3K27me3 at the late stage (Lee et
al., 2014a). MET-associated genes with CpG-rich promoters are reactivated early in the
reprogramming process via removal of H3K27me3 in their promoter regions (Lee et al.,
2014a). In contrast, the fibroblast-specific and developmental/differentiation genes are
repressed by DNA methylation or acquisition of H3K27me3 at the early and intermediate

stages (Lee et al., 2014a; Polo et al.,, 2012). These findings support the view that the
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global and coordinated regulation of DNA methylation and H3K27me3 histone
modification are required for the successful reprogramming. While DNA methylation and
H3K27me3 assist “biphasic” changes during the reprogramming process, H3K9me3 and
H3K79me2/3 modification are barriers to the reprogramming process (Chen et al., 2013a;
Mattout et al., 2011; Onder et al., 2012). Their gradual, but global erasure is crucial for
successful reprogramming. The reprogramming kinetics of human fibroblasts can be
promoted by depletion of H3K9 and H3K79 methyltransferases SUV39H1/2 and DOT1L,
respectively. However, depletion of SETDB1, another H3K9 methyltransferase,
compromises the reprogramming of human fibroblasts, and decreases the
reprogramming efficiency, indicating a distinct function of different H3K9
methyltransferases (Onder et al., 2012). In fact, SETDB1-mediated H3K9me3 distribution
might be beneficial for reprogramming, being consistent with the finding that Setdb1 is
required for the acquisition and maintenance of mouse pluripotency (Dodge et al., 2004;
Lohmann et al.,, 2010). Notably, Setdb1 restricts reactivation of retroelements (mainly
ERV1 and ERV2) (see Introduction 1.3.3.3). Therefore, one rational speculation could be
that SETDB1-mediated H3K9me3 histone marks safeguard reprogrammed cells from the
activation of retroelements. Thus, SETDB1 might protect against genome instability of

hiPSCs that would be otherwise induced by global epigenetic changes.

4.2 Primate-specific endogenous retrovirus-driven transcription

defines naive-like stem cells

4.2.1 HERVH is a specific marker for human pluripotency

While many genes are involved in the maintenance of pluripotency in PSCs, recent
evidence from mouse and human has suggested that, expression owing to binding of
transcription factors to transposable elements (TEs) plays an important role in the
process (Kunarso et al., 2010). The transcriptional activation of TEs during
embryogenesis reflects a history of successful TE invasion (which to be successful must
have occurred in cells in the lineage from zygote to germ cells). While only a particular
subfamily of L1 element is capable of autonomous retrotransposition in the human
genome that is capable of trans-mobilizing other retroelements (e.g. Alu and SVA), many
retroelements and their relics are only transcriptionally active. As different genomes have
been invaded by different TEs, the involvement of TE-derived transcripts has the potential
to establish lineage-specific transcriptional circuitry (Sundaram et al., 2014). Strikingly,
different TEs have wired a different set of genes into the core regulatory network of
embryonic stem cells in humans and mice (Kunarso et al., 2010). While in mice ERVL is

implicated in regulating the transitional state between toti- and pluripotency (Macfarlan et
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al.,, 2012), less is known about the role of human ERVs (HERVSs) in transcriptional
regulation. | thus surveyed RNA-seq data to look for TE families that are specifically
abundant in the hPSC transcriptome. | have shown that several TEs are expressed at
significantly higher levels in hPSCs compared to fibroblasts. The most significantly
upregulated elements, HERVHs belong to the ERV1 type of LTR retroelement. HERVH
elements are 15-30 million years old and present exclusively in Apes and Old World
Monkeys (OWMs) (Mager and Freeman, 1995). Each copy has ~80% identity to the
Repbase consensus sequence. A higher level of transcription was associated with
elements containing consensus LTR7 rather than the diverged variants LTR7C, LTR7B or
LTR7Y (Wang et al., 2014a). Different from HERVH, other families of retroelements, such
as HERVK/HML2, HERVW/HERV17, HERVL, are slightly transcribed in certain hiPSC
lines, indicating that their transcription might be sporadic. Due to the repetitive feature of
TEs, analysing RNA-seq data is very challenging. To exclude possible bias when RNA-
seq reads are mapped to the genome, | have suggested two strategies: including multiple
mapping reads, and unique mapping. Importantly, these two types of analyses
(performed by Dr. Gangcai Xie, a bioinformatic colleague) showed similar expression
profiles of TEs, confirming the robustness and reliability of the RNA-seq analysis. | did

also use qRT-PCR, to confirm basic findings, predicted by the RNA-seq analysis.

To address how specific HERVH transcription is to pluripotent cell types, RNA-seq data
from public databases were collected to compare multiple hESC and hiPSC lines and
differentiated cell lines (performed by Dr. Gangcai Xie, a bioinformatic colleague). The
comparative analysis showed that HERVH was specifically expressed in hPSCs, and the
vast maijority of the transcribed loci were identical between hiPSCs and hESCs.
Consistently with recent reports, our results suggest that HERVH is a specific marker for

human pluripotency (Kelley and Rinn, 2012; Santoni et al., 2012).

4.2.2 HERVH is involved in the regulatory network for human pluripotency

The specificity of HERVH transcription in hPSCs raises the possibility that it has been
recruited to the regulatory network for human pluripotency. | approached this possibility in

two steps.

As I've discussed it earlier (see Introduction 1.3.3.3), the host has developed a series of
mechanisms to restrict TEs, including epigenetic regulation. How does HERVH escape
from the epigenetic repression in hPSCs? | did explore the chromatin landscapes of all of
HERVH loci in hPSCs and in differentiated cells. Expectedly, in the pluripotent state, the
active histone mark, H3K4me3 was enriched in transcribed loci of HERVH, but removed

from the inactive loci. Furthermore, H3K4me3 was missing at most of the HERVH loci in
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differentiated cells. In contrast, the repressive histone mark, H3K9me3 was lost at active
loci, but was relatively enriched at inactive loci of HERVH in hPSCs (collaborating with Dr.
Gangcai Xle who did bioinformatics analysis) (Wang et al., 2014a). As TRIM28 has been
implicated to regulate TEs via H3K9me3 marks, TRIM28 is an obvious candidate that
could also regulate HERVH in hPSCs. However, TRIM28 depletion in hESCs did not
result in significant and global increase of HERVH transcription (Turelli et al., 2014),
suggesting that the epigenetic regulation of HERVH is more complicated than expected.
One possible explanation is TRIM28 is not the primary regulator of HERVH. It is also
possible that the depletion of TRIM28 by shRNA was not complete, and the residual
protein can still provide full activity on HERVH regulation. Thus, it is necessary to knock
out TRIM28 in order to elucidate its role in regulation of HERVH transcription in hPSCs.
Beside these dynamic changes of chromatin landscapes, DNA methylation was also
shown to regulate HERVH expression in hPSCs. DNA methylation was negatively
correlated with HERVH expression in hPSCs (Wang et al., 2014a; Xie et al., 2013).

As described above, HERVH expression is heterogeneous in hPSCs, and the highest
expression level is driven by LTR7 rather than the variance version LTR7Y/C/B. This
difference might be associated with the binding sites they provide for the pluripotency TFs.
Indeed, ChlP-seq analysis confirmed this hypothesis. At the active loci of HERVH, OCT4,
NANOG and KLF4 (but not SOX2) are remarkably enriched in LTR7. Importantly, a novel
TF, LBP9 (also called Tfcp2I1) recently implicated to play a role in pluripotency in mice,
was identified to regulate HERVH transcription (Wang et al., 2014a). The binding of LBP9
on HERVH was identified by combined computational prediction, and was experimentally
confirmed. Tfcp2I1/LBP9 has been reported to interact with Oct4, and act as a core factor
for maintaining the ground state of mESCs (Martello et al., 2013; van den Berg et al.,
2010; Ye et al., 2013). Importantly, HERVH transcription in hPSCs is directly affected by
depleting these TFs. These results suggest that HERVH, as a crucial element, has been
recruited into the transcription regulatory circuitry of human pluripotency. However, In
contrast to mice in which Tfcp2l1/LBP9 genome occupancy profile does not overlap with
that of canonical pluripotency factors Oct4, Sox2, and Nanog (Chen et al., 2008; Martello
et al., 2013), LBP9 and OCT4/NANOG/KLF4 are clustered on HERVH. These findings
indicate that HERVH provides TF binding sites for the key pluripotency factors, and due

to its repetitive nature might form a novel regulatory circuitry.

Gain of function and loss of function assays confirmed that HERVH had a biological
function on the acquisition and maintenance of human pluripotency. My results are
consistent with other reports, showing the gradually increased of HERVH transcription

during the reprogramming process (Friedli et al., 2014). In agreement with previous
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studies, | reported that many hPSC-specific I'cRNAs were derived from HERVH, two of
which, LINC-ROR, and LINC00458, have been shown to promote reprogramming and
maintain the hPSC identity (Kelley and Rinn, 2012; Loewer et al., 2010; Ng et al., 2012).
Intriguingly, these HERVH-derived IncRNAs have a conserved region that might be
functional. Indeed, the conserved region of HERVH-derived IncRNAs has positive impact
on reprogramming. In this study, a novel HERVH-derived transcript, ESRG was identified
to be required for human pluripotency (Wang et al., 2014a). ESRG is present in primates,
and annotated as an IncRNA. However, unlike in other primates, a long putative open
reading frame is embedded in the human ESRG, implying its coding potential. Thus,
ESRG seems to be a HERVH-derived, human specific protein-encoding gene. Besides
HERVH-derived IncRNAs, a list of hPSC-specific de novo transcripts were discovered in
my study, all of which were associated with HERVH transcription. For example,
SCGB3A2 was transcribed into different isoforms controlled by LTR7 as its alternative
promoter. In some loci, HERVH was also partially exonized and fused with the
neighboring genes, to form chimeric transcripts. Most of these chimeric transcripts were
hPSC-specific, and related to the biological functions of stem cells, indicating that they
had potential roles in maintenance of hPSC identity (Wang et al., 2014a). It is unclear if
these HERVH-associated transcripts are capable of translation into proteins. Recently,
several reports showed that putative INcRNAs could be translated into proteins that have
biological functions (Anderson et al., 2015; Bazzini et al., 2014; Magny et al., 2013). It will
be interesting to explore the coding potential of these HERVH-associated transcripts in

hPSCs and during differentiation.

4.2.3 HERVH-derived transcription defines naive-like state of hPSCs

The view that pluripotency is not a restricted state but rather a spectrum that ranges from
naive to more developmentally primed states is universally accepted. The term, naive
state means that stem cells are free of developmental and epigenetic restriction, similar
to the ground state epiblast cells in preimplantation embryos (Nichols and Smith, 2009).
While, the naive state has been well characterized in mice, it is quite difficult to reproduce
it in human. Although, hESCs exhibit some molecular and biological features similar to
naive mESCs, the wide species-specific genetic differences might explain why the mouse

naive state cannot be reproduced in other species (e.g. human).

As discussed above, TEs, especially retroelements, have been recruited into the
pluripotency network as regulatory elements. In my study, HERVH has been confirmed to
be required for maintenance of human pluripotency. While hPSCs are generally more

similar to primed mouse EpiSCs, the high expression of HERVH marks naive-like stem
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cells. Importantly, single-cell RNA-seq reveals that HERVH transcription is remarkably
enhanced in epiblast cells within human blastocyst embryos, implying that HERVH might
define the naive state of human pluripotency (Wang et al.,, 2014a). To explore this
possibility, the HERVH-based reporter, pT2-LTR7-GFP#2 was integrated into the
genome of either mouse or human PSCs by the Sleeping Beauty transposon-mediated
gene transfer, providing stable transgene expression. While all of mESC colonies
homogeneously express GFP, only ~4% of cells in each hESC colony show a strong
GFP signal (GFP""), indicating cellular heterogeneity. The rest of the cells show either
weak GFP signal (GFP"") or GFP silencing (GFP). Interestingly, when comparing
HERVH transcription in different single cells from the same hESC clones, HERVH
expression also exhibits heterogeneity (Wang et al., 2014a). Correlation analysis reveals
that HERVH transcription level is positively correlated with several pluripotency-
associated genes, including naivety-associated TFs. This observation might indicate that
the GFP"" subpopulation represents a naive-like state. To examine this possibility, a
series of analysis were performed involving GFP"™" and GFP'"" cells. Remarkably,
GFP"%" cells can be cultured in vitro, forming tight, uniformly expressing 3-dimentional
(3D) colonies characteristic of naive mESCs, while GFP™" cells are maintained in only the

conventional hESC condition rather than the naive condition.

In mice, reactivation of X chromosomes is taken as the hallmark for naive state of stem
cells, which is restricted into the female epiblast within the blastocyst and in naive
mESCs (Bao et al., 2009; Mak et al.,, 2004; Okamoto et al., 2004). Although, X
reactivation is also observed in human early embryos, it occurs more dynamically
(Okamoto et al., 2011). Interestingly, reactivated X chromosome would be silenced again
during the transition from GFP"™" to GFP"" cells, indicating that GFP"" cells have
different epigenetic landscapes from GFP'" cells, consistent with recent reports on naive
human pluripotency (Gafni et al., 2013; Takashima et al., 2014). Intriguingly, the Jaenisch
lab has generated an alternative lineage of human naive-like hPSCs, where the X
chromosome was not reactivated, but showing similar transcriptional profiling to naive
mESCs (Theunissen et al., 2014). How is this possible? | assume there might be two
possibilities: 1) X reactivation is not the hallmark for naive human pluripotency; 2) there
are alternative synthetic pluripotent states, possibly representing the different

developmental stages of human pluripotency in vivo.

Cross-species comparison of genome-wide transcription profiling between GFP-marked
cells and other published lineages, shows that GFP"9" clusters with previously reported
naive hPSCs and mESCs, while GFP™" clusters with previously reported primed hPSCs
and mouse EpiSCs (Gafni et al., 2013; Hanna et al., 2009a). Importantly, the transcription
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profile of GFP"" cells is the closest to human ICM (Vassena et al., 2011), compared with
any of the previously reported naive hPSCs (Wang et al., 2014a). This would indicate that
GFP"" cells exhibit the transcriptional profiling of naive pluripotency. However, one
should note that the term naive was used to characterize ground state pluripotency in
mice, and due to the HERVH-derived regulatory circuitry, it should be different from mice.
In fact, the presence of the primate-specific, regulatory network raises the issue, whether

naive mESCs can be taken as ‘golden standard’ for naive human pluripotency.

4.2.4 The ‘golden standard’ for evaluating naive human pluripotency

Murine naive ESCs have a series of unusual properties: they are released from the
epigenetic restriction, X chromosomes are active, they form 3D rounded clusters,
resembling the E4.5 epiblast of preimplantation blastocyst (Boroviak et al., 2014), and
they don’t expresses genes typical of differentiated cells. Recently, the global
transcriptional and epigenetic analyses shows that the epiblast cells within the mouse
blastocyst share many similar properties with human (Guo et al., 2014; Smith et al., 2014;
Yan et al., 2013), indicating that there are, to some extent, conserved signaling pathway

and regulatory network governing the pluripotency.

However, many studies reveal species-specific features during early development and in
ESCs. As mentioned above, to maintain pluripotency, naive mESCs require LIF, while the
differentiation stimuli are suppressed by inhibiting the Erk/MAPK and GSK3p signaling
pathways, with small molecule inhibitors (2i condition) (Ying et al., 2008). In contrast,
human naive-like cells and primed hESCs are dependent on bFGF and/or Activin/TGFf3
signaling (Chan et al., 2013; Gafni et al., 2013; Theunissen et al., 2014; Ware et al.,
2014). In vivo studies also show that the mechanisms of lineage specification in human
embryos differ remarkably from mice: the human blastocyst is not sensitive to the
inhibition of FGF/MAPK signaling pathway in the same manner as the mouse blastocyst
(Kuijk et al., 2012; Roode et al., 2012; Yamanaka et al., 2010). My results demonstrate
that primate-specific retroelements are involved in defining human pluripotency. My
findings collectively suggest that the regulatory circuitry for pluripotency is not as
evolutionally conserved as one might expect. Therefore, using naive mESCs as the gold
standard for derivation and evaluation of naive hPSCs might be shoehorning the latter
into a mouse-shaped box. It raises the question: how to define and evaluate the naive

human pluripotency?

Given that naive pluripotency is defined by the features similar to the epiblast cells within
the blastocyst, and reflects the ability to self-renew while retaining the potential for

unbiased differentiation and germline contribution, naivety could be defined by
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functionality. If so, what should be the criteria? Behavior within a chimera is thought to be
one of the most stringent functional assays. Consistent with this view, in contrast to
EpiSCs, naive mESCs can efficiently integrate into the ICM of blastocysts and generate

normal chimeras, indicating their full developmental potential.

However, there are issues to consider when using human-mouse chimeras to assess
functionality of ‘naive’ hPSCs. Most importantly, given the species-specific differences
substantiated by our work, it isn’t clear how to interpret the behavior of human ESCs in
the context of mouse blastocyst. Indeed, the current human-mice chimeras demonstrate
no more than human naive-like cells can engraft into mouse blastocyst at higher
frequency than conventional hESCs (Gafni et al., 2013; James et al., 2006). However, as
the engrafted cells do not develop, engraftment alone does not demonstrate functionality
in vivo (e.g. the ability to form functional organs). Furthermore, a recent study could not
reproduce the human-mouse chimera assay using their own and Hanna’'s human naive-
like cells (Theunissen et al., 2014), — indicating that this method presents reproducibility

issues when used to evaluate the function of human naive-like cells in vivo.

One might suggest that tests on chimeras involving closer relatives to human might make
for a cleaner interpretation, with fewer potential incompatibilities. However, a recent study
on the rhesus monkey chimeras suggests that using primate pluripotent cells (including
ICM) may not be feasible, due to the species-specific nature of primate embryos

(Tachibana et al., 2012). Importantly, ethical issues here are foremost.

| suggest that transcription and epigenetic profiles closest resembling ICM/epiblast cells
in the human blastocyst might be a more useful metric. To this end, the cells enriched
using the HERVH reporter are good models of naive cells as they cluster nearest to the

ICM when compared with the ‘novel naive’ cells obtained by other groups.

However, | need to emphasize that HERVH-driven transcriptional profiles in the current
naive-like hPSC lines (including the GFP"" cells) are slightly different from the human
ICM, suggesting that these naive cell lines need further optimization. Our HERVH-based
reporter could be a powerful tool for enabling optimization of naive-like hPSC culture
conditions. As shown in this study, HERVH hyper-activation is required for the
maintenance of human pluripotency in vitro, but it may interfere the differentiation of
hPSCs. In conjunction with single-cell next-generation sequencing, the efforts to
characterize the transcriptome and epigenome of human early embryos will be helpful to
deeply understand the nature and specificity of human pluripotency. It may be anticipated

to derive a novel stable state of hPSCs that can closely mimic the human ICM.

46



Discussion

4.2.5 How artificial the naive-like ESCs cultures are

The purpose of culturing hESCs was always to expand cells under well-controlled
conditions, without loosing their pluripotency. However, the concept of keeping cells long-
term in vitro is rather artificial in itself. Importantly, cells possessing superior culturing
properties might keep their pluripotency, but would not be identical to any true
developmental stage. In fact, recent studies performed in mice have shown that there are

multiple, alternative stages of pluripotency (Tonge et al., 2014).

In human, the optimization strategies to establish naive-like cultures generated various
naive-like hPSC line (Chan et al.,, 2013; Gafni et al., 2013; Takashima et al., 2014;
Theunissen et al., 2014; Ware et al., 2014). Importantly, the approaches to mimic naive
mESCs resulted in naive-like cultures, where the mouse pluripotent features are
dominant, while the primate ones were suppressed. It is not clear at the moment, whether
further optimization attempts to generate naive hPSC cultures, being more similar to their

murine counterparts would solve the hPSC culturing problems.

The specific expression pattern of HERVH, characteristic of hPSCs recapitulates the
features of the ICM of blastocyst. High-levels of HERVH expression not only mark cells in
a naive state, but also apparently play a role in maintenance of this state, while inhibiting
differentiation in vitro. However, | need to emphasize that in cultured hESCs both the
number and the intensity of HERVH-expression is higher when compared to ICM. In fact,
too high a level of HERVH expression in the ICM may interfere the normal embryo
development, as hyper-activation of HERVH in hiPSCs causes defect of differentiation
toward neuronal lineage (Koyanagi-Aoi et al., 2013). By tuning down HERVH expression
the cells might differentiate normally. The lack of diapause behavior in human embryos
suggests that hyper-activation of HERVH/LTR7 during the postimplantation

developmental stages would not be adaptive.

4.2.6 Human pluripotency and host defense

What seems to be a real enigma is why does evolution tinker with something that doesn’t
obviously need tinkering with? How did we evolve a circuitry particular to us, humans?
We know that some transcription factors related to LBP9 are important in suppressing
viruses in primates (Parada et al., 1995; Romerio et al.,, 1997; Yoon et al.,, 1994) —

perhaps this is at the heart of the conundrum?

The role of LBP9, comparable to HERVH, is to support self-renewal, while transcriptional
down-regulation of either LBP9 or HERVH potentiates differentiation. Being central to the

activity of HERVH in early embryos LBP9 functions as a switch that regulates HERVH. In
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mESCs, the knockdown phenotype of Tfcp2/1/LBP9 is less severe, and does not affect
the self-renewal (Ye et al., 2013), but rather the differentiation potential, suggesting that

LBP9 has a slightly different function in human vs mouse.

In fact, by clustering binding sites of the key pluripotency factors, including LBP9, HERVH
was expressed at the key times to define pluripotency. However, the host defense
against HERVs had to develop a way to repress HERVH expression. While, LBP9 is
associated with nonAUG codon usage (Zhou et al., 2000) and pluripotency (Martello et al.,
2013; Ye et al., 2013) in mammals, it seems to be engaged with ERV regulation only in
primates. Perhaps, LBP9 in conjunction with other members of the LBP family (Parada et
al., 1995) has been adopted to defend the host against retroviruses, and now also
functions as a repressor of HERVH. If so, then HERVH was recruited to the pluripotency
network by serendipitous modification of a pluripotency factor detailed to defend the cell
against it. Consistent with this, LBP9, a member of a CP2 family of transcription factors,
can form heteromer complexes with other family members, and functions either as a
transcriptional activator or a repressor, depending upon the interacting partner (To et al.,
2010). Furthermore, unlike other members of the family, LBP9 expression shows specific
spatiotemporal regulation, which combined with its ability to bind LTRs, would have

eased recruitment of HERVH to the pluripotency network.
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5 Conclusions

(1) The Sleeping Beauty-based reprogramming system allows to simply and efficiently
reprogram both mouse and human somatic cells into pluripotent stem cells. This
approach, in combination with the Cre-mediated recombination system can be used to

generate and correct patient-specific iPSCs, suitable for therapeutic application;

(2) By means of RNA-seq and ChlP-seq, a primate-specific retroelement family HERVH

is identified as a specific marker of human pluripotent stem cells;

(3) HERVH has been recruited into the regulatory circuitry of human pluripotency, and

plays functional roles in acquisition and maintenance of human pluripotency;

(4) A rare sub-population within hPSCs shares many features with naive mESCs and the

human ICM, and can be isolated easily using the HERVH-based reporter system;
(5) The LBP9-HERVH-driven transcription circuitry defines naive-like hPSCs;

(6) The HERVH-driven human-specific regulatory network could at least partially explain

why mouse and human ESCs are basically different;

(7) Therefore, the human ICM, rather than mESC, should be taken as the ‘golden

standard’ for evaluating naive human pluripotency.
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Appendix | Abbreviations

APOBEC
array-CGH
Fgf

bFGF
BMP4

bp
ChlP-seq
EMSA
EMT
EpiSCs
ERVK
ERVL
ERVs
ESCs
FACS
FISH

FOA

GFP
H3K27ac
H3K27me3
H3K4me1
H3K4me2
H3K4me3
H3K79me2
H3K79me3
H3K9me1
H3K9me2
H3K9me3
H4K20me3
HDAC
HERVH
HERVK
HERVW
hESCs

apolipoprotein B mRNA-editing enzyme and catalytic enzymes
microarray-based comparative genomic hybridisation

fibroblast growth factor

basic fibroblast growth fator

bone morphogenetic protein 4

base pair

chromatin immunoprecipitation with massively parallel DNA sequencing
electrophoretic mobility shift assay
epithelial-to-mesenchymal-transition

epiblast stem cells

endogenous retrovirus, class K

endogenous retrovirus, class L

endogenous retroviruses

embryonic stem cells

fluorescence-activated cell sorting

fluorescence in situ hybridization

fetal oocyte attrition

green fluorescent protein

acetylated histone h3 lysine 27/acetylation of histone h3 lysine 27
trimethylated histone h3 lysine 27/trimethylation of histone h3 lysine 27
monomethylated histone h3 lysine 4/monomethylation of histone h3 lysine 4
dimethylated histone h3 lysine 4/dimethylation of histone h3 lysine 4
trimethylated histone h3 lysine 4/trimethylation of histone h3 lysine 4
dimethylated histone h3 lysine 79/dimethylation of histone h3 lysine 79
trimethylated histone h3 lysine 79/trimethylation of histone h3 lysine 79
monomethylated histone h3 lysine 9/monomethylation of histone h3 lysine 9
dimethylated histone h3 lysine 9/dimethylation of histone h3 lysine 9
trimethylated histone h3 lysine 9//trimethylation of histone h3 lysine 9
trimethylated histone h4 lysine 20/trimethylation of histone h4 lysine 20
histone deacetylase

human endogenous retrovirus, family H

human endogenous retrovirus, family K

human endogenous retrovirus, family W

human embryonic stem cells
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hiPSCs human induced pluripotent stem cells
hPSCs human pluripotent stem cells

IAP intracisternal A-type particle

ICM inner cell mass

iPSCs induced pluripotent stem cells

ITR inverted terminal repeat

KRAB-ZFP  Kruppel-associated box domain-containg zinc finger protein
L1 LINE-1
LIF leukemia inhibitory factor

LINC-ROR  Long Intergenic Non-protein Coding RNA, Regulator Of Reprogramming

lincRNA long intergenic non-coding RNA
LINE long interspersed element

IncRNA long non-coding RNA

LTR long terminal repeat

MAPK mitogen-activated protein kinase
MEF mouse embryonic fibroblast
mESCs mouse embryonic stem cells

MET mesenchymal-to-epithelial transition
miPSC mouse induced pluripotent stem cells
miRNA microRNA

mRNA messenger RNA

nt nucleotides

ORF open reading frame

OSK Oct4, Sox2 and Kif4

OSKM Oct4, Sox2, KIf4 and c-Myc
OXPHOS oxidative phosphorylation

PBS primer-binding site

PGCs primordial germ cells

piRNA Piwi-interacting RNA

PRC2 Polycomb Repressive Complex 2
PSCs pluripotent stem cells

RMCE recombinase-mediated cassette exchange

RNA-seq RNA sequencing

RNAI RNA interference
SCNF somatic cell nuclear transfer
shRNA short hairpin RNA
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SINE
siRNA
SSEA1
TEs
TFs
TSS
VPA

short interspersed element

small interfering RNA
stage-specific embryonic antigen 1
transposable elements
transcription factors

transcription start site

vlproic acid
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