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Preface

Transposable or Transposed elements (TrEs) are a productive source of biochemically active non-coding or
occasionally coding elements that are tightly regulated in a cell-type specific manner. Many recent studies
strengthen the hypothesis that few of these elements are co-opted for the regulation of host genes. Here, we
focus on one particular large family of human ERVs, termed Human Endogenous RetroVirus H (HERV-H),
which we find as a key regulatory player in the human pluripotent stem cells. I show the co-option of
HERV-H has potentially led the evolution and development of human-specific embryogenesis including
the pluripotency. I present an updated transcriptomic encyclopedia of early human embryogenesis with
their transcriptional flags. I re-define the progression of human embryogenesis at single-cell resolution
with their markers. In conjecture with previous definitions, I characterise two unattended cell population
in human preimplantation embryos that did or did not commit to any of the known lineages in order to
form the stable blastocyst. I show the contrasting pattern of transposon families during the progression of
preimplantation embryogenesis inferred from embryonic transposcriptomics. Their cross-talk with host
factors could have driven the commitment of host cells to the particular lineages, leading to rapid turnover,
compared with non-human species.

My dissertation work shows the probable mechanism of HERV-H modulating the human pluripotency
network throughout the embryonic development and primate evolution. My comparative single cell
transcriptomic analysis of human vs Cynomolgus blastocyst and pluripotent states of Callithrix, Gorilla,
Chimpanzee and Bonobo provides a high-resolution spectrum of distinct embryonic co-ordinates among
primates. Much divergence within primate early development is owed to de-novo genes, chimeric
transcripts and even the novel human specific genes that were remodelled by HERV-H are central to
restructuring the preimplantation development across the primates. With my new classification of early
cell types and markers, we can address some practical questions. First, is there a pluripotent cell type in
the human blastocyst that would be a good candidate for extraction and stable maintenance of in vitro
pluripotent cells? I suggest that owing to their homogeneity and self-renewal property, the pluripotent
epiblast cells should be kept as a reference frame to validate in vitro pluripotent cells. Second, and
conversely, we can ask what is the identity of the plethora of recently derived naive or naive-like cell
types? Do naive/naive-like cells naturally exist in the human preimplantation embryo?. My study suggests
that maintaining homogeneity and properly expressing human specific features might be crucial to both
best mimic epiblast and preserve genome stability which is controlled by HERV-H. HERV-H displays
human-specific cross-talk with host-factors to maintain the identity of distinct developmental lineages,

both in-vivo and in vitro pluripotent states which sets a reliable foundation for clinical applications.
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Chapter 1

Introduction

1.1 Mobile DNA

Mobile DNA is also referred to as Transposable Elements (TrEs), are DNA sequences within the nuclear
genome of all living organisms. TrEs have the inherent capability to be transposed into a new genomic
location. They are harboured as enormous copy number and represent a huge portion of the eukaryotic
genome as a result of subsequent transposition. For instance, more than half of the human genome is
represented by TrEs sequences, which exceeds in massive order compared with the copy number of
protein-coding genes [1]. TrEs contribute directly to evolution and diseases as they are major source of
DNA mutations, recombination and rearrangements [2]. TrEs are being pinned as a central player driving
the structural and functional evolution of genes in various organisms [3]. There are several ways TrEs aid
biological functions to their respective hosts, such as providing regulatory sequences, coding exons, RNA
genes and open reading frames and polyadenylation signals which gradually evolves with a phenomenon
called molecular domestication also termed as exaptation or co-option [4, 5]. Distinct lineages of species
or subspecies acquire concordant and discordant TrEs in their genome that ranges from being consistent
to volatile, as been extensively studied in [6]. Briefly, TrEs are key generators of evolution as they can
disrupt, activate or inactivate genes, move chromosomal segments, and serve as hot spots for genetic
recombination. Mutations caused by TrE’s activity are often deleterious so they are gradually kept under
tight control via epigenetic modifications during the earlier stages of embryonic development. There is
an universal classification scheme of TrE families in eukaryotes, stored in a database called "Repbase".
It took around 15 years for "Repbase" to develop, but still not all TrEs of vertebral genome has been
annotated [7].

1.1.1 Antiquity of Mobile DNA

TrEs were first understood as ''jumping genes'', due to their inherent property of moving from one
location (locus) to other within the genome in the form of DNA sequence. DNA sequences which have
lost their ability to "jump" during the formative ages of evolutionary periodogram, might be termed as
Transposed elements. TrEs were first noticed in maize plants about 67 years ago by a geneticist Barbara
McClintock. Biologists were initially sceptical of her work and TrEs were called "Junk" DNA sequences
for first few decades. Only in the early 1980s, TrEs were recognised as significant entity confronting the

stimulus genomes face as per McClintock’s genome shock hypothesis [8]. Barbara McClintock received
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an unshared Nobel Prize in Physiology or Medicine in 1983 for her classical work challenging the existed
perception of what DNA sequences were capable of [9]. Eventually, it became apparent that not all TrEs
are 'junk'' as they constitute the genome of almost all organisms (both prokaryotes and eukaryotes)
typically in large numbers [10]. For example, TrEs make up approximately 50% of the human genome
and up to 90% of the maize genome [11]. Now, the exaptation of TrEs in the species specific gene
regulation is being acknowledged as few of them evidently contribute to evolution and development of

distinct biological processes and moreover, the health and disease of their respective hosts [12].

1.1.2 Theories of Transposable Elements evolution

This is 67 years and counting on from Barbara McClintock’s remarkable discovery of mobile DNA.
We now understand that genomes are dynamic and erratic, with TrEs being major contributors to their
elasticity. We recognise that TrEs are key players in genome evolution and have assisted shaping the
function of genes. Nevertheless, TrEs are foremost parasitic DNA, and parasites must be controlled or
they could be pathogenic to its host. There is far more junk than treasure in mobilomes. There are two
widely used hypothesis for the evolution of TrEs that underwent our understanding for decades.

(i) Controlling elements: McClintock along-with Britten & Davidson [13, 14] suggested major functions
for transposable elements (TEs) in genome regulation. Such a view does not exclude the harmful effects
that TrEs may provoke but adds an important functional parameter to the presence of TrEs in the host
genome. (ii) Selfish DNA: Doolittle & Sapienza [15], along with Orgel & Crick [16], suggested that
TrEs are selfish genetic elements, i.e. , genomic parasites colonising the genomes. Along with the junk
DNA premise, these hypotheses do not deny the possible exaptation events but consider their presence
due to the selfish nature of TrEs.

Currently, the evolution of TrEs is hypothesised on the based of Latent hypothesis that was not discussed
much in past two decades. As Dixie Mager wrote "because of their capacity to replicate and spread
among species, TrEs constitute the largest repertoire of active and latent gene regulatory sequences” [17].

This sets a foundation of the present dissertation work.

1.1.3 Classification of Transposable Elements

In general, there are various classes of TrEs and numerous ways to categorise them. The two major classes
of TrEs are categorised by the form of intermediates they use during their transposition process. TrEs
which are mobile within genomic loci by DNA intermediates, using transposase and DNA polymerase
to catalyse transposition are called DNA transposons (Figure 1.1). However, TrEs which are moved by
RNA intermediates using RNA polymerase, endonucleases and reverse transcriptase which catalyse the
retrotransposition are known as retrotransposons. retrotransposition requires reverse transcription in order
to transpose, are categorised under Class I TrEs, whereas the DNA transposons belong to Class II TrEs
(Figure 1.1). Different classes of transposable elements are found in the genomes of different eukaryotic
organisms will be discussed in later sections. As it is illustrated in the figure 1.1, TrEs are categorised into
two major and several minor classes based on their structure and intermediate products being utilised to

complete their life-cycle.
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1.1.3.1 Class | Transposable Elements

Class I TrEs are also referred as retrotransposons, duplicate within the genome through RNA intermediates
which are reversely transcribed and integrated at a distinct locus [18]. DNA transposons had lost their
mobility during early primate evolution at around 37 MYA [19], whereas few families of RNA TrEs are
still mobile in primate’s genome in a cell-type specific manner (mostly germ cells), so continuing the saga
of genome evolution [20]. retrotransposons are subdivided into two major groups, based on the presence

or absence of flanking LTRs.
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Figure 1.1: This schematic picture illustrates the structure of transposable elements. Additionally, an exam-
ple of each main class of TrE is depicted with average genome length i. e DNA transposons (1.4 KB), LTRs
retrotransposons (7 to 9 KB), and LINE (6 KB) are annotated as autonomous retrotransposons flanked by UTR.
Nonautonomous retrotransposons are either classified as SINE or SVA that amplify with the help of LINE-encoded
reverse transcriptase via trans-acting functions. Note: This figure is redrawn from [21].

(i) Long Terminal Repeat retrotransposons: Retrotransposons under this subgroup are classified

by the presence of flanked LTRs on both ends of internal (ICR) sequence. ICR encodes both structural
and enzymatic proteins, e.g. Gag codes for structural protein that forms viral like particle, whereas Pol
codes enzymatic proteins including protease and reverse transcriptase, lastly Env codes the capsid subunit
that is crucial for re-infection. Non-LTR TrEs lack the direct repeats at their terminal sequences (Figure
1.1).
(ii) Non-LTR retrotransposons: They are mostly represented by LI, Alu and SVA elements in human
genome. L1 elements comprises around 6 kilobases (kb) thus abbreviated as long interspersed nuclear
elements (LINE). In contrast, Alu elements are around 250 bases, thus a short interspersed repeats, or
SINE. SVA is a chimeric sequence of Alu, LTRs, tandem repeats and other SINE thus neither fall in LINE
nor in SINE category.

17



INTRODUCTION

18

1.1.3.2 Class Il Transposed Elements

Class II TrEs or DNA transposons are classified as mobile DNA via a single or double-stranded DNA
intermediate [18]. Major subclass of Class II TrEs is identified by the presence of terminal inverted
repeats (sequentially compliment to each other) on both of their ends. They encode their own protein
Transposase that mediates the insertion or excision of TrEs within the genome by a "cut and paste”

mechanism.

1.1.3.2.1 DNA transposons There are two minor sub-classes of DNA transposons that have been
found in eukaryotes and are exception to "cut and paste"” mechanism of transposition. Their transposition
mechanism is led by double or single-stranded DNA intermediates. Exceptionally, they could also move
via alternate mechanisms compared with those that are moved by cut and paste mechanism. Selected
examples of those TrEs are following:

(i) MITEs are defined as Miniature inverted repeat transposable elements are non-autonomous transposons
as a repercussion of truncated internal sequence from autonomous DNA transposons [22]. MITEs are
DNA transposons, containing Terminal Inverted Repeatss flanked by small direct repeats. MITEs exhibit
shorter internal part that lacks putative transposase ORF. MITEs transpose through transposase encoded
by autonomous DNA TrEs [23].

(ii) Helitrons are the eukaryotic transposable elements, an intrinsic part of the selective eukaryotic
genomes. Helitrons follow the displacement by aggressive rolling-circle replication model of transposition
(see. Rolling circle). [24]; The activity of its reconstructed sequence was recently showed in eucaryotic
genome by our group [25].

(iii) Mavericks are likely to replicate via a self-encoded DNA polymerase resembling the DNA viruses
mode of transposition [26]. Nevertheless, these elements follow copy and paste mechanism of transposi-
tion instead of classical cut and paste mechanism.

The majority of TrEs from both classes contain flanking direct repeats which are not part of TrEs
themselves but they play a role in TE integration. Sequentially, the flanking repeats are left behind as
"footprints" after the excision of genome. These footprints are utilised as promising tool in order to detect

transposition events in a given genome.

1.1.3.3 Autonomous and Non-autonomous

Class I and Class II TrEs could further be classified as autonomous or non-autonomous depending on
their self-capability to move around the genome. Autonomous TrEs are those mobile DNA sequences that
move on their own, while non-autonomous element’s mobility is obligatory on the autonomous ones. As
they lack either transposase or reverse transcriptase which is required for their mobility, they acquire these

proteins from autonomous ones in order to move.

1.1.4 Impact of DNA Transposons on host genome

Class II TrEs are harboured in the genomes of prokaryotes, protozoans to a wide range of metazoans
including insects, worms and in higher ordered organisms such as humans (Table 1.1) [10]. There are
at-least 10 sub-classes of DNA transposons and most of them are plugged on an early evolutionary node,

thus are diversified and maintained on major branches of the eukaryotic evolutionary tree of life (Table 1.1)
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[27]. DNA transposons are extensively studied in the context with genome evolution, adaptive immune
system, gene duplication, exon shuffling, allelic diversity, chromosomal rearrangement and epigenetic
regulation of gene expression which all have already been extensively reviewed [21]. Additionally,
we recently reported that V(D)J recombination that has been evolved with transposition, is prone to
evolutionary mutations that might stabilise the transposon-host specific interactions and prepare the DNA
transposon for a horizontal transfer from one species to another [28]. Recent advances include the role of
DNA transposons in generating introns and exonic splice sites on genomic scales [29]. These findings tag
the journey of DNA transposons from ''junk'' to ''jewel'' as TrEs offer positive, negative or even neutral
selection (see. Neutral selection) to the host not just at individual level but also at population/species
level [30]. In-silico reconstruction of fish transposon and its capability to be mobile into the eucaryotic
genomes as shown by Zsuzsanna Izsvak provides enormous applications of Sleeping Beauty transposons

for nonviral gene therapy.

1.1.5 Impact of RNA Transposons on its host

Note: The domestication of retrotransposons is reported to be an extremely rare event (approximate
number should be known after genome-wide CRISPR screen), but once it is co-opted, its impact is intense

and profoundly contribute to the fitness of host.

1.1.5.1 LTR Transposons

Most of the Internal Coding Regions (ICRs) flanked by LTRs are known as Endogenous retroviruses
(ERVs), a remnant of ancient retroviral infections. The structure of their gene units are similar with
to those of Endogenous retroviruses (XRVs) and so are their properties up to a certain extent. Mam-
malian/Vertebral genomes are expanded by multiple waves of XRV integrations into germ cells, and
consequently propagated through generations in Mendelian fashion [31, 32]. The transformation of
XRVs to ERVs in symbiosis with the evolutionary clock by a process known as "endogenization’’ of
retroviruses. The endogenization events display a classical consequence of Lateral Gene Transfer [33, 34].
The polymorphic nature of ERVs leads to genetic diversity within individual and/or population [35].
Polymorphism at an individual level is established through a homologous recombination between two
LTRs which leaves ICRs i.e. provirus DNA out, whereas LTRs stands alone on locus and established
as solo-LTRs [36, 37]. The proviral LTR sequences offer various motif for TFs binding to initiate the
transcription (on both strands). For example, TATA-box coupled with a GC/GT-box and AATAAA, the
polyadenylation signal at 3’ LTR enables them to generate the full-length proviral mRNAs [38]. Since
LTRs are frequently integrated in close proximity with protein coding genes [39], so the inherent potential
of proviral LTRs for TFs binding could modulate the transcriptional activity of nearby genes [40]. Addi-
tionally, proviral sequences and/or LTRs in proximity to cellular gene may modulate their expression by
donating splice sites, which leads to the generation of alternative or aberrant transcriptional products [41].
These transcriptional products may get translated and distort the native function of cellular genes resulting
into the interference with normal phenotype of hosts [42]. The contribution of ERVs at the level of host
fitness have been debated regarding both, the parasitic and symbiotic point of view [43]. Although natural
selection would eradicate the deleterious ERVs, still some ERV loci are pathogenic [44] suggesting that
the process of neutral selection is still ongoing. Among various diseases in vast diverse species caused by

ERVs are multiple sclerosis, schizophrenia, diabetes, systemic lupus erythematosus, seminoma, malignant
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melanoma, numerous types of cancer, preeclampsia and azoospermia [45, 46,47, 48, 49, 50, 51, 52]. The
pathogenic molecular processes include antigenic mimicry, immune dysregulation, receptor interference,
growth stimulation by cis or trans-activation, loss of physiological functions mediated by retroviral genes
and gene loss by recombinations [53, 54, 55, 56, 49, 57, 58, 59].

1.1.5.2 Short Interspersed Nuclear Elements (SINE)

SINE elements have shown tremendous reproductive success during the evolution of mammalian genomes
as they are harboured at a very high copy number [1, 60]. In conjecture with selective advantageous
nature, SINEs are non-autonomous and dependent on host’s resources for its replication, expression and
amplification [61]. Alu elements are extensively studied SINE element (4917 pubmed entries with "Alu"
in the title) as Alu elements make up more than 10% of human genome indicating their highly prolific
nature during the course of evolution [1, 60, 62]. Alu elements have greatly contributed to mammalian
genome diversity due to an uneven level of homologous recombination [63]. Various Alu families have
been expanded in relatively short time and are responsible for being part of 62% of all new exons in the
human genome [64]. Alu elements played a pivotal role in evolution by committing to restructure or
recombinations of gene models. Consequently, Alu sequences add a new functionality to the gene by
providing a new exon, through the process so called "exonization", which is one of the coherent property
of Alu elements [65]. The exonization of Alu elements questions the necessity of the host to harbour
such a deleterious mutation. An answer may lie in the mechanisms of splicing as transcripts can have
option of being spliced to either exclude or include the "Alu" exons in their mature transcript. [66].
Transcripts that exclude "Alu" exons would be translating as the same "old" peptide whereas, transcripts
including "Alu" exons would translate an entire new peptide or variant of the same. Additionally, "Alu"
elements potentially monitor the splicing of the gene being "intronic" or "intergenic" in order to produce

new classes of transcripts e.g. linear and circular RNAs [67, 68, 69].

1.1.5.3 Long Interspersed Nuclear Elements (LINE)

Among the diverse LINE families, LINE-1 (L.1) has been the dominating one with its content in the genome
of numerous species; although the copy number of L1 is smaller than Alu elements, its lengthy structure
makes ~17% of the human genome [70, 71]. L1 elements are the only autonomous elements [72] that
are currently active in human and non-human primate genomes; SINEs and SVA use L1 machinery to
be mobilized [73, 74], so the L1 element has directly or indirectly constructed ~30% of the human
genome sequence [1]. In spite of L1 element’s inactivation during their genomic integration due to 5’
truncation and mutation accumulations, still there are around 80 active L1 loci per genome [75]. The
first active L1 element was discovered when a mutation due to L1 integration distorted the Factor VIII
gene in a haemophilia patient [76]. Since then, more than 100 human diseases have been linked to the
germ-cell integration of L1 elements [77]. Active L1 elements must preserve their intact 6 KB sequence
that contains 5’UTR, two ORFs followed by 3°’UTR (Figure 1.1) [78]. In addition to huge contributions,
recently, a study from Fred Gage laboratory has reported the existence of third ORF in human and
Chimpanzee genomes along-with its significance in neuronal development [79]. Interestingly, 5’UTR
has potential to act as a bidirectional promoter (sense and anti-sense transcription) [80] and drives the
neighbour genes [81]. ORF1 of L1 makes smaller protein at around 40 KDA with RNA binding activity
[82], is required for L1 integration [83]; whereas, ORF2 is a large protein at around 150 KDA. ORF1
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does not show any level of similarity with known protein sequences [84], whereas the ORF2 sequence
matches with endonuclease and reverse transcriptase activities [85]. Beyond their capability to mobilise
themselves, L1 elements generate a spliced transcript that has been implicated in many diseases [86].
For instance, various cancer cell lines are enriched with L1 driven transcripts [87]. L1 mobility has
been implicated to cause the activation of oncogenic pathways [88] various human diseases such as
colorectal cancer [89], complexity and diversity of human brain [90], neurodegeneration [91], the double
strand break repair [92] and human evolution [93]. L1 mobility and L1 mediated normal/abnormal
gene expression, are key players to continue the evolutionary saga of human health and diseases which is

broadly covered in a recent review [94].

1.1.5.4 SVA elements

Unlike LINE and SINE elements, the existence of SVA (SINE/VNTR/Alu) element is exclusive to primate
genomes [95]. At first, SVA elements were classified under SINE and known as "SINE-R" where "R"
stood for retroviral origin [96]. Seven years later, SINE-R was re-annotated to SVA as it consists of SINE-
R, Variable Numbers of Tandem Repeats (VNTR) and Alu sequences [97]. This forms an interesting
structure of SVA elements as repeat of repeats or chimeric sequence, indicating that consensus may have
never existed in the ancestral species. SVA elements are transcribed by their own promoters and produce
non-coding RNAs [98]. Like other SINEs, SVA is also nonautonomous and require endonucleases and
reverse transcriptases encoded by L1 elements to pursue transposition [99]. The alternative transcriptional
products may result in the retrotransposition of SVA elements with differential units/lengths that may have
contributed to exon-shuffling or exon-trapping inside genome [95, 100]. SVA elements are subdivided
into six families, from SVA-A to SVA-F. SVA-F is human-specific and higher transpositionally active than
L1 elements in the order of 10 folds [101, 102]. Younger L1 and SVA elements (less than 12.5 million
years) are the ones that are still retrotranspositionally active in human genome and currently involved in
the evolutionary arm-race with KRAB Zinc finger protein [102, 103]. Despite SVA elements having a
canonical polyadenylation signal, AATAAA at its 3’end, its transcription may bypass its own polyA signal.
This occasionally show the read-through events and drive the downstream genes [104]. Ontological
analysis of genes associated with SVA insertions has been illustrated to be involved in brain function,

behavioural features and reproductive functions [105].

1.2 Host’s mode of control over Transposable Elements

This decade is witnessing a trendy debate over TrEs, whether they are with us or against us in the journey
of evolution, development and fitness. If TrEs are not restrained inside cells, their uncontrolled spread
would certainly lead to lethality [127]. Insertional mutagenesis caused by active TrEs may cause adverse
consequences for the host system. Even if the TE does not land into the coding sequence of a gene, it
can still disturb its expression by altering the conformation or regulatory sequences around it [128]. The
disruptive expression of the gene may alter the phenotype of the host and leads to lethal human diseases
such as cancer [129], as manifested by the activation of proto-oncogenes during the gene therapy of
patients and within the cell populations [130, 131]. The essence of the TrEs restraint has also been
illustrated in the early development as TE integrants cripple the retroelements control pathways which

leads to embryonic lethality [132, 133]. Majority of human TE sequences are crumbled in our genome
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Table 1.1: This table shows that with rare exceptions, transposons are present in every genome studied so far.
Transposons are still active today. However, their activity level varies across different species. Somatic transposon
activities can be observed in various organisms, including both plants and animals and comprise significant portions
of their genomes. Most active TrEs are in context with species under observation. Abbreviations: LINE, long
interspersed element; LTR, long terminal repeat; SINE, short interspersed element; TIR, terminal inverted repeat.

Species Common name Significance Genome size (Gb) | TE content Hyperactive TrEs Hypoactive TE Reference
el Moss ”.wdelfwj 0.480 ~52% LTR retrotransposon Helitrons [106]
patens evolutionary biology
Selaginella .
. —— Lycophyte an oldest vascular plant 0.106 35% LTR retrotransposon Basho [107]
Arabidopsis . genetics & -
X Flowering plant 0.125 ~ 10 % LTR retrotransposon MULEs [108, 109]
thaliana development model
Z . . . .
mszc Maize Discovery of transposons 23 ~85% LTR retrotransposon Helitrons & TIR [110, 111, 11]
Oz Rice staple calorie source 0.420 ~25% LTR retrotransposon LINE & SINE (112, 113, 23]
sativa in human
Hydra Cnidarian regeneration & tissue 15 ~ 60 % CRI hAT [114]
magnipapillata patterning model
QT Nematode neurobiology & 0.097 ~ 12 % Tcl & Tc3 Mariners LTR retrotransposon [115, 116]
elegans development model
Drosophi : sex-specific ;
el Fruit-fly sex-specific development & 0.180 ~10% TIR LTR, LINE & SINE | Review [117]
melanogaster genetics model
Takifugu Putterfish compact genome model 0.365 ~03% LINE DNA TE [18]
rubripes for comparative genomics
An_OhS X Lizard the first reptilian 22 ~20% hAT, Tc1 & Helitrons LTR retrotransposon [119, 120]
carolinensis genome sequenced
Ornithorhynchus mammalian & .
. Platypus e . 23 ~ 50 % LINE2 & MIR Inactive LINE1 [121]
anatinus reptilian evolution
ik show 0 gressiv .
DIk Bat show the most aggressive 0.002 ~25% TIRs & Helitrons LINEs & SINEs | [122, 123, 124]
lucifugus transposon activity
Rattus Rat first mammal domesticated 27 ~40% LINE, SINE and LTR DNA TrEs [125, 126]
norvegicus for scientific research
Mus icall bl .
“Y Mouse geneticalty manageasie 25 ~37% LINE, SINE and LTR DNA TrEs Review [77]
musculus mammalian model
SZ;:Z":S Modern human We the people 29 ~52% | SVA, LINE, SINE and LTR | Inactive DNA TrEs | Review [17]

so they lie as inactive DNA. retroelements that have emerged recently in primate evolution are the chief
target of host factors in order to defend itself against the same (Figure 1.2) [134]. The host mode of
defence against intrinsic retroviruses features the innate immune pathways they use for extrinsic infectious
retrovirus restriction [135]. The host system arranges the machinery to restrain endogenous retroelements
in the multiple layers as following (i) transcriptional control via DNA methylation, KRAB-ZNF binding
and chromatin status (ii) post-transcriptional processing of retroelements using piRNAs and RNA editing
machinaries and (iii) integration of new retrotransposons via DNA repair subunits. How the multiple
layers of the host defence are interconnected is largely unknown. Nevertheless, the existence of multiple
layers indicates that even if retroelements are transcriptionally or post-transcriptionally active, there are
host factors to check the life cycle of retroelements. The fourth layer of host defence is the cell cycle arrest
or undergoing senescence which is reported to be a restraining retrotransposition but is mechanistically
unclear [136, 137].

1.2.1 Transcriptional control

The transcriptional competence of TrEs is a consequence of cis-regulatory sequences, trans-acting factors
and epigenetic layouts acting in combination around a TrEs locus. retrotransposed elements have to be
expressed in germ cells and in their embryonic precursors to form a new insertion which passes from one
generation to other. TrEs harbour intact 5’ LTR and 5° UTR regulatory sequences which appear to be
appropriate for transcriptional machineries of early embryos and the germ-line. On the other side, the host
system has arranged the barrier of DNA methylation and repressive chromatin states at TrE’s promoters to

make them inaccessible to transcription factors blocking their transcription.
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1.2.1.1 DNA methylation

DNA methylation has been asserted to have evolved as a strive of the host defense to check the TE activity
[138]. Cytosines in CpG dinucleotides are converted to 5-methylcytosine by DNA methyltransferase
(DNMT) enzymes resulting in the TrE’s prominence of methylated cytosines [139, 71]. DNA methylation
leads to immediate transcriptional inactivation of the locus by activating the local repressive chromatin
state [140]. Additionally, they can also promote permanent inactivation by deaminating C into T. Since
TrEs are heavily methylated in the germ-line, the accumulation of TA or TG conversions makes them
incompetent to mobilise [141]. There are a handful members of DNA-methyltransferase family in our
genome viz. DNMT3A, DNMT3B, DNMT3L and DNMTT1 that regulate DNA methylome (Table 1.2).
There is a DNMT?2 too in the vertebrate genome but is not involved in the regulation of global DNA
methylation status like the other members of DNMTs [142]. DNMT3A and DNMT3B execute de novo
DNA methylation on CpG sites, since they contain a catalytic domain for methyl transferase, whereas
DNMTS3L is catalytically inactive regulatory factor of DNA methyltransferase [143]. DNMT3L can either
promote or inhibit the DNA methylation depending on the context, since it is essential for the function of
DNMT3A and DNMT3B [144]. It has been documented that DNMT3L is required for retrotransposon
methylation and their silencing in pre-meiotic male germ cells [143]. DNMT1 is the most abundant

methyltranferase in adult cells in order to maintain the methylation level [145].
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Figure 1.2: The repression of class I and class I ERVs is dependent on SETDB1 histone H3 lysine 9 trimethylase
activity (H3K9me3). SETDBI is believed to be recruited to its ERV targets via KRAB-containing zinc finger
proteins and their co-repressor KAP1. DNA methyltransferase enzymes catalyse the DNA substrate converting
them to methylated CpG which causes repression of ERVs. The histone deacetylases and NuRD complex remodels
the chromatin marked by H3K27Me3 (PRC2 mediated) or H3K9Me3 (SETDB1 mediated) or H3.3 (unknown) are
hallmarks of ERV repression. If this barrier of ERV repression is broken, then another layer contains piRNAs or
APOBEC group of proteins. If KRAB-ZNF fails to recognise ERV sequence then small RNAs such as piRNAs,
which in turn down-regulate their expression via DNA methylation, whereas their retrotransposition would further
be blocked by proteins such as APOBEC family members via RNA-editing

It finds and binds CpG sites on DNA with single-stand methylation (hemi-methylated), since the

parent-strand underwent replication remains methylated but not the newly synthesised strand [146].

So, the precise function of DNMTT is to maintain the established de novo methylation through mitosis

[147]. In order to pursue the function of a genomic guardian as maintaining the methylation status
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through cell divisions, DNMT1 requires Ubiquitin like with PHD nnd Ring Finger Domains, to be loaded
onto hemimethylated sites [148]. However, there are exceptions to the conventional DNMTs mode of
action, e.g. an overexpression of DNMT1 leads to de-novo methylation of CpG islands [149], similarly,
DNMT3A or DNMT3B may occasionally have a role in the maintenance of methylation, as human
cancer cells devoid of DNMT1 have shown the maintenance [150]. Surprisingly, DNMTs were also
demonstrated to act as demethylases as mammalian DNMT1, DNMT3a, and DNMT3b can convert
5’methyl cytosine to cytosine [151]. An aberrant expression or mutant version of genes encoding DNA
methylation machinery result in renewal of TrEs and a dramatically reduction in viability or fertility
[152]. Interestingly, inactivation of DNMT3A and DNMT?3B simultaneously in early embryos showed
similar phenotype with that of the DNMT1 knockout (Table 1.2) [146]. Since DNMT3A requires
DNMT?3L as a co-factor to control the expression of retrotransposons in male germ-line, a DNMT3L or
DNMT3A mutant enhances the expression of retrotransposons which leads to male sterility (Table 1.2)
[143, 153]. Curiously, DNMT3L distinctively emerged around 150 million years ago in eutherians which
concurred with a vital expansion of TrEs in mammalian genomes [154, 121]. DNMTs are obligated to
several proteins that assist the methylation conversion reaction. Among them, members of the chromatin
re-modeller SNF2 family that aid DNMTs accession to the DNA substrate [155]. Deletion of a member
from the SNF2 family leads to hypomethylation and enhanced expression of retrotransposons in germ
cells and embryonic lineages which results into the post-natal lethality [156, 157]. Hence, the interplay
between DNA methylation enzymes and chromatin dynamics resolve the control of transcription of TE
and non-TE sequences. Moreover, the role of TP53, a tumour suppressor genes, is emerging in recent
literatures to be restraining the mobility of retrotransposons by recruiting DNA methylation over them
[158].

1.2.1.2 Chromatin status

In addition to fore-mentioned DNA methylation, the chromatin status determined by histone modifications
and several other epigenetic mechanisms is housekeeping regulator of the genes and TrEs expression.
The mechanism of histone modifications, chromatin status and its accessibility for other proteins has
been extensively studied and reviewed [159]. Methylated DNA and specific histones co-operatives form
the condensed heterochromatic states (see. Heterochromatin and Euchromatin) around TE promoters in
order to silent their expression. Mainly, trimethylation on H3K9 in somatic cells and on H3K27 in early
development are the hallmarks to induce TrEs silencing [160, 161]. It was shown in the case of mice that
trimethylation on H3K9 and H3K20 constructs the heterochromatin environment around the promoters of
retrotransposons [162, 163].

Histone modifying enzymes are extremely diverse and redundant a fact that limits our knowledge about
their precise significance at a functional level. ERG-associated protein with SET domain gene has been
implicated to control TrEs at a broader level (Table 1.2) [166]. Additionally, SUV39H inactivation leads
to retrotransposons reactivation at reasonable level [162]. Interestingly, the loss of H4K20 methylation
does not affect TE expression in ES cells [176] but combined loss of H3K9 and H4K20 trimethylation
reactivates retrotransposons even in somatic cells such as fibroblasts [177]. Finally, the Polycomb
Repressor Complex 2 (PRC2) mediated H3K27 trimethylation is potential silencer of TrEs as evident
from series of recent reports which show that the loss of PRC subunits upregulates LTRs and ERVs (Table
1.2) [178, 179].
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Table 1.2: This table shows the list of host proteins (first column) with their molecular function (second column)
which control the transcriptional or post-transcriptional activity of TrEs. Third column displays the mode of cellular
action as evidenced in fourth column. Fifth column indicates their impact on organism’s phenotype. Finally the last

column illustrates the responsive TrEs for a given host factor.

Gene Molecular Function Cellular Role Evidence Consequence Targetting TrEs Reference
DNMTI1 DNA methyltransferase maintainance of methylation ~ Knockout mouse Embryonic lethality IAP [164]
DNMT3A DNA methyltransferase de novo methylation Knockout mouse Neonatal lethality L1, LTR & IAP [146, 153]
DNMT3B DNA methyltransferase de novo methylation Knockout mouse Male sterlity L1,LTR & IAP [165]
DNMT3L DNA methyltransferase de novo methylation Knockout mouse Male sterlity L1, LTR & IAP [143]
KAP1 Co-factor KRAB-ZNF Transcriptional repressor Knockout mouse Embryonic lethality LI, LTR & IAP [133]
LSH Helicase de novo methylation Knockout mouse Embryonic lethality IAP [157]
UHRF1 hemimethylated DNA binding  de novo methylation Knockout mouse Embryonic lethality IAP [148]
ESET Histone methyltransfease Histone methylation (H3K9)  Knockout mouse Not Available L1, Alu, LTR & IAP  [166]
SUV39 Histone methyltransfease Histone methylation (H3K9)  Knockout mouse Not Available L1, Alu, LTR & IAP [162]
PRC1/PRC2  Polycomb Repressor Complex Histone methylation (H3K27) Knockout mouse Not Available IAP and MLV [167]
MIWI2 Rnase H (Piwi family) DPIiRNA biogenesis/pathway Knockout mouse Male sterlity L1 and IAP [168]
MILI Rnase H (Piwi family) PIiRNA biogenesis/pathway Knockout mouse Male sterlity L1 and IAP [169]
TDRD1 Tudor (binds to MILI) PIiRNA biogenesis/pathway Knockout mouse Male sterlity L1 and IAP [170]
TDRD9 Tudor (binds to MIWI12) PIiRNA biogenesis/pathway Knockout mouse Male sterlity L1 and IAP [171]
GASZ Leucin zipper PIiRNA biogenesis/pathway Knockout mouse Male sterlity L1 and IAP [172]
ADAR Adenosine deaminase RNA editing Reporter assay Not Available retrotransposons [173]
APOBEC3  Cytosine deaminase RNA editing Reporter assay Not Available L1,LTR,IAP & Alu  [93]
AID Cytosine deaminase RNA editing Reporter assay Not Available retrotransposons [174]
ERCC Endonuclease Nucleotide excision pathway  Reporter assay Not Available L1 [175]
1.2.1.3 KRAB-Zinc Finger Proteins

There are at least 350 and 600 Krueppel-associated box domain containing zinc-finger proteins (KZFPs)
encoded by human and mouse genome respectively [103, 180, 181]. KZFPs are some of the most rapidly
evolving gene families among tetrapods, whereas, fish and birds contain extremely low numbers of KZFPs
(< 50) in their genome [103]. The dynamics of TrEs and KZFPs are extensively studied in pluripotent
cells as TrEs are directly targeted by KZFPs, which recruit TRIM28 protein as their co-factor. The
TRIM28-SETDB1 complex catalyses H3K9 trimethylation over the regulatory sequences of numerous
TrEs. In response, TrEs can acquire spontaneous mutation to escape the KZFP binding and again in counter
response, KZFPs have to be rapidly evolved to re-silence them. This evolutionary phenomenon is regarded
as evolutionary arms race between TrEs and host factors [133, 182, 183, 102]. TRIM28, being the
co-factor of vast array of KZFPs, serves as a scaffold for a heterochromatin inducing complex enveloping
histone methyltransferase, histone deacetylase, nucleosome remodelling, and DNA methyltransferase
activities [165]. TRIM28 mediated repression is also reflected on neighbour genes via repressed TrEs
which often have an enhancer or promoter activity to drive downstream genes [166, 133, 165, 184, 185,
186].

1.2.2 Post-transcriptional control

1.2.2.1 RNA-editing

The term RNA editing describes the molecular processes by which enzymatic proteins modify the mature
mRNA molecules. RNA-editing enzymes can modify various nucleosides of RNA transcripts, mostly
by deamination. RNA-editing enzymes are implicated to target against infectious RNA viruses, so these
proteins are involved in triggering host innate immune responses [187]. The APOBEC family catalyses
the deamination of cytosine residues into uracils, whereas ADAR catalyses adenosine to inosine and has
greatly expanded in the primate lineages [178]. They act as a third line of defence against endogenous and

exogenous retroelement activity, e. g APOBEC3G reduces the replication of the human immunodeficiency
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virus [188]. Primate and vertebrate specific Alu and L1 elements are edited by ADAR which converts
adenosine residues into inosines in double-stranded RNAs [189, 190, 191]. APOBEC3A, 3B, 3C and 3F
enzymes potentially restrain the different classes of LTR and non-LTR retrotransposons, such as L1, IAP,
Alu, human ERVK and MusD elements in human and mouse cells [192, 193, 194].

1.2.2.2 RNA interference

RNA interference through miRNA, piRNA and endogenous siRNA displays another layer of the post-
transcriptional regulation of TE restraining [195]. This mechanism proceeds with the generation of small
RNA sequences which find and bind their complementary sequence within TE transcripts and induces
degradation of TrEs by recruting RISC. The LTR transcripts specific to early embryos and ES cells are
transcribed in both sense and antisense orientation [196, 197]. Some of them may form double-stranded
transcripts that are putative substrates for DICER and trigger RNA interference response [198]. Another
class of small RNAs which has been repeatedly linked to RNA interference based TE repression is piRNA.
The piRNAs (PIWI-interacting RNAs) control TrEs in germ cells which are single-stranded RNAs, being
little longer than other classes of small RNAs (24-34 nt)) and processed independently. They are loaded
onto germ-line specific argonaute proteins also known as Piwi Like RNA-Mediated Gene Silencing
proteins, has broad phylogeny than conventional argaonautes [199]. Neverthless, the siRNA/Argonaute
complex and the piRNA/PIWI interaction shows a similar mode of action over degradation followed by
the recognition of target transcripts. There are four PIWI proteins in human (PIWIL1-PIWIL4), whereas,
the mouse genome encodes three PIWI proteins, their loss in the genome causes sterility similarly with
the DNMT3L mutant phenotype (Table 1.2) [168, 169]. PIWI mutants loose the methylation over the
TrE sequences, indicating that the piRNA pathway not only acts as a post-transcriptional level, but also
controls the transcriptional activity of TE elements [200, 201].

1.2.3 Integration restrainment

Lastly, the host has to defend the final stage of the TE life cycle, i. e the integration of the TE cDNA into
the genome. The host’s mechanism of integration restrainment is largely unknown, however the nucleotide
excision repair pathway has been associated with it. DNA repair complex that maintains genomic stability
is reduced to enhance L1 retrotransposition into the human cell line, suggesting its role in restraining
[202]. However, some DNA-repair enzymes have an contrasting impact on retrotransposition; ATM gene
that repairs double strand break facilitates L1 retrotransposition [203], supports that various factors from

same pathway could have positive or negative impact on restraining the TE mobility.

1.3 Human Endogenous retroviruses (HERVSs)

Endogenous means ''within the organism'' or "'within the cell'’ or even ''within the genome''. Hence
endogenous retroviral (ERV) sequence is a piece of DNA brought in our genome by retroviruses. More
than half of the human genomic sequence is derived from TrEs (Figure 1.4). The research advancements in
the last decade provide substantial evidence that few TrEs are co-opted in service of the human biological
system [204, 51, 205]. Co-opted TrEs acquire new physiological functions such as coding/non-coding
and regulatory sequences for human genes (Figure 1.7) [206, 207, 208]. Among TrEs, HERVs derived

regulatory sequences contribute to transcriptional modulations of host genes as promoter, enhancer, and



1.3. Human Endogenous retroviruses (HERV5s)

insulator [209, 210, 12, 211, 212]. Every human survives by the maintenance of the delicate equilibrium

between HERVs and the host genes.

HERVs DNA fossil ~ SINES LINEs
~ 8% ~1% ~15% ~20%

Pseudogenes

~2.4%
Retrogenes RNA fossil
~1% virus
Conserved str ~8%
DNA ~ 4%
Protein coding/ DNA fossil
genes Transposons
~1.5% ~3%

Rest of Active
Intronic Rest of - Parasitic
~9.5% Intergenic ~0.2%

~27%

Figure 1.3: More than half of human genome sequences comprises transposable or transposed elements. The human
genome content has been modified by multiple waves of retroviral invasions, followed by integration, amplification
and lateral expansion reflected as approximately 8% of genomic sequence

They were transmitted from one generation to the other in the mendelian fashion and consequently
endogenized to serve regulatory functions [213]. Recent advancements explore the substantial evidence
that few families of HERVs are co-opted to regulate cell-type specific physiological networks [214].
Amongst all HERVs in the human genome, HERV-H is comparatively conserved and intact in primates,
whereas, rest of the intrinsic retroviral families of similar age is highly polymorphic [215]. HERV-H
shows limited polymorphism in human population, suggesting that the host system has preserved it
throughout its evolutionary journey [216]. This family of HERVs has a Histidine (H) tRNA primer-
binding site, hence the name "HERV (H)". Phylogenetic studies plug it in the category of Class I/Type C
or gamma-retroviral group (Figure 1.5) [217]. While a low number of HERV-H like elements occur in
New World monkeys e.g. Callithrix, squirrel monkey, spider monkey etc. The major expansion of this
family occurred in the Old World branch (Figure 1.6). Most of the HERV-H locus in human genome has
an orthologous sequence (see. Orthologous) in Old World monkeys e.g. rhesus, Cynomolgus, baboon and
apes [218, 219]. Notably, a common partially deleted form, which amplified to several hundred copies
in Old World monkeys and which is associated primarily with LTRs, is annotated as LTR7 and LTR7B
(originally termed Type I and Type I LTR, [219, 220]. These LTRs were estimated by genomic analysis
to be present in no more than 50 copies in two species of New World monkeys [221]. A later expansion
in hominoids of approximately 100 elements with a variant LTR (termed Type la and annotated as LTR7Y
in Repbase, [7, 222] has also been documented [219, 220]. In comparison with LTR7 or LTR7B, LTR7Y
is represented by fewer copies in the human genome and has higher promoter activity in reporter assays
[219, 220, 223]. Unlike HERV-K-HML2 (the youngest family of HERVs) [224], there is no evidence for
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HERV-H integrations after the divergence of human and Chimpanzee.

The human genome has been modified to approximately 8% by multiple waves of retroviral invasions,
followed by their integration, amplification and lateral expansion, mainly in germ cells (Figure 1.3 and
1.4) [1, 225].

germ lines

Envelope (Env)

Capsid (Gag) .
Retroviral genome ‘T
(RNA)

Protease (Prt)

Reverse Transeriptase

Full-length ERVs mRNA

Integrase
(INT)

RetroViral
cDNA

Provirus

Figure 1.4: Spontaneous germ line virus infection and retroviral insertional mutagenesis in the genome lead to
provirus formation. The proviral sequence uses host transcriptional machinery in order to get activated. Once
the full-length intact sequences are transcribed followed by translation, they might produce viral particles that are
infectious to other cells or they might use their reverse transcriptase to reintegrate elsewhere in the genome

Such studies and the calculated divergence between related elements indicate that the insertional
activity of HERV-H was ceased at ~10 mya. While ~1000 elements harbour the full complement of
retroviral genes, the rest has numerous mutations or deletions with no evidence of replication competence
in the human genome [221, 226, 227]. A few copies have an open reading frame (ORF) coding for the
immuno-suppressing domain of the envelope, but no evidence of an envelope protein production has
ever been reported [226]. Indeed, most of the elements with two LTRs are roughly 5.7 kb in size and
share several common deletions [228], suggesting that the partly deleted form of HERV-H became the
favoured substrate for retrotransposition using the proteins provided by full-length integrants. HERV-H
activity has generated a total of ~6000 copies (including solitary LTRs), which are fixed in the modern
human genome. The number of solitary HERV-H LTRs (~1000) roughly equals the number of full-length
or partly full-length elements. Such a ratio of full-length and solitary LTR is highly unusual among
ERV families, which typically have much higher numbers of solitary LTRs, due to the tendency for
recombination between 5’ and 3’ LTRs of proviruses over evolutionary time [229]. The reason for this
unusual ratio is unclear, but it is tempting to speculate that maintaining full-length HERV-H elements is

selectively advantageous for the host, possibly due to the essence of HERV-H transcripts.
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1.3.1 Classification of endogenous retroviruses

ERVs are categorised into three broader classes on the basis of their sequential similarity with XRVs [230].
Class I includes the gammaretroviruses, II the betaretroviruses and III the spumaviruses (Figure 1.5).
The conventional term used to categorize HERVs is "'families'’ which are determined by phylogenetic
analysis of their DNA sequences. Each family represent a single invasion followed by their amplification
and expansion into the genome of the host [231]. HERV families are further suffixed after the single
letter of amino acid on tRNA which is complementary to the PBS of the HERV’s sequence. However, this
nomenclature does not fit very well as various members of the same family do not harbour the same PBS
[227]. HERVs are classified into 30 to 40 families but we will discuss the few of them in the following

sections which have distinguished characteristics in human genome (Figure 1.5) [232, 233].

1.3.1.1 HERV-T

HERV-T is a classical example of the HERV family in the human genome due to its conventional structural
variation; representative of those families on whom host had reacted faster to inactivate. Due to their
truncated structure they did not proliferate much and exist as ~60 copies in the human genome. I wrote
"classic’ since the similar host action is reflected over the structure of many other HERVs in the human
genome e.g. HERV-P, HERV-S and HERV-K (HMLS5). Most of these families do not harbour much
space in human genome as there are fewer than 60-80 copies indicating the subsequent loss of early
transposition. Usually, their enevelope gene proliferated mainly by reinfecting human genome rather than
retrotransposition [234, 235]. These HERV families had lost their mobility ~35 Mya. The post-alignment
phylogenetic tree of these HERVs gives a star like structure, suggesting the inhibition of their proliferation

due to the accumulation of subsequent mutations during the course if their evolutionary life [236].

1.3.1.2 HERV-L

HERVL is the most ancient family of HERVs in human genome. HERV-L sequence is also shared by vast
variety of the mammalian genome. Coalescence time of HERV-L is dated back to the ancestry of tetrapods
[237]. Interestingly, the mouse version MERV-L controls the embryonic development and pluripotency of
its host [238, 239, 240]. Strikingly, HERV-L is devoid of the env gene in the human genome, indicating
that it had lost its re-infection abilities before the mobility, as the higher copy number is consequence
of its retrotransposition events [237]. MERV-L is still mobile in the mouse, but HERV-L had lost its
mobility in humans ~30-40 Mya [237].

1.3.1.3 HERV-H

HERV-H is the most abundant intrinsic retrovirus in human genome and reasonably ''central to present
dissertation''. HERV-H is a primate-specific endogenous retroviral family and was first noticed in human
cancer cell on December; 1984 [241]. HERV-H harbours approximately one-third of total HERVs which
contain "pol” segments [227]. It invaded the primate germ lines ~30 mya during the bifurcation of old
and new world monkey lineages [220, 218]. Unlike HERV-L and HERV-T, there are HERV-H loci in the
human genome, which harbour intact full-length sequence with "envelope” genes [242]. Their activation
performs an immunosuppressive function in human cells [242]. There are various reports demonstrating

the mode of HERV-H amplification, mostly through retrotransposition, some through re-infection [221]
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and trans-complementation [243]. It is repeatedly reported that HERV-H had lost its mobility ~ 10 Mya
[218].

1.3.1.4 HERV-W

HERV-W is primate-specific family that invaded before the split of Old and New World Monkeys [244].
This family occupies fewer copies in the primate’s genome, because its activity perished after around 5
myr of mobility [245]. HERV-W, along-with its sister family HERV-FRD, was the first known HERV to
be co-opted as their envelope subunits (syncytin genes) play pivotal roles in placentation process [51, 205].
Strikingly, HERV-W is also the only HERV family that has been shown to be mobilised, integrated and
stabilised by proteins encoded by LINEs elements [246].

Lentiviruses

O Endogenous Retroviruses (ERV)
O Exogenous Retroviruses (XRVs)

W LTR
E GAG rev
E PRO Betaretroviruses O vpr
W roL O vpu
O ENV
0—1 npo —-{] tax

Gammaretroviruses

Spumaviruses
gl S —
HERV-W
ﬁ:J HERV-(FLE,R)
bell D‘DEJ)EB
bel2

Figure 1.5: The schematic genome organisations for different classes of retroviruses are shown. The drawings are
manually made and is not to scale. Note: This figure is re-drawn from [247].

Abbreviations HERV = human endogenous retrovirus; HIV = human immunodeficiency virus; HTLV = human
T-cell lymphotropic virus; SFV = simian foamy virus; LTR = long terminal repeat, consisting of the U3, R and U5
regions in the integrated provirus, gag = group-specific-antigen, du = dUTPase, pro = protease, pol = polymerase
(reverse transcriptase and integrase), env = envelope, bel 1-3 (bel 1 is also known as tas; the bel 2 reading frame
overlaps with another one named bet), tax, rex, tat, rev, vpu, vif, nef and vpr encode small additional proteins. In
spumavirus, either gag-pro or pro-pol are encoded in the same translational reading frame.

1.3.1.5 HERV-K

HERV-K (HML2) family is the youngest of all HERVs in human genome, being the only family that is still
undergoing retrotransposition. It is speculated that HERV-K might still expand in the eventual generations
of humans as evidenced by its polymorphic nature in the human population [248, 249, 243, 36, 250].
HERV-K (HML2) is the only family which has all open reading frames intact in our genome, since the host
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has not got enough time to induce frameshift indels (see. Indels) or premature stop codons to inactivate
them [249, 250, 251, 252, 253]. Several laboratories used consensus sequences of various full-length
HERV-K loci to reconstruct infectious viruses in vitro [254, 255], shedding some light that HERV-K is
potential to form viral particles inside the human cells.

1.3.2 HERVSs in primate genome evolution

The role of HERVs in primate genome evolution was ’first” shown to cause or intervene with genomic
rearrangements or DNA shuffling [256]. Next, it was illustrated that ERVs can alter the function of the
beta-globin locus of primates [257,258]. Most of the HERV families occurred in common ancestors of the
primate genome after the divergence of old world and new world monkeys between 30 and 45 mya (Figure
1.6) [259]. Some of the HERV families predated the common ancestors of new and old world monkeys
as they are older than 55 myr (Figure 1.6) [44, 260]. Since the host has got enough time to combat the
deleterious effect of retroviruses, HERVs are infested by mutations, large deletions and insertions of
other repetitive elements in order to be biochemically inactive as full-length viral sequences. An array of
accumulated mutations during the course of evolution led the HERVSs to loose their mobility in the human
genome. As mentioned earlier, HERV-K (HML2) is the exceptional HERV family that has intensified
its copy number after the human and Chimpanzee split [243, 261]. Although the extremely rare events
witnessing the HERV's have been portrayed to be beneficial for their hosts such as in placentation (HERV-
W and HERV-FRD) [51, 205], pluripotency (HERV-H and HERV-K) [262], embryonic development
(various LTRs) [263] and X-Y Chromosomal dosage compensation [264, 265, 266] but the mechanism
of their action is largely unknown. This dissertation presents an another layer on existing knowledge

about what HERVs are capable of.

1.3.3 Cis-regulatory activities of HERVs

As discussed earlier, transcription of HERVs are mostly driven by LTRs that harbour the binding site for
array of transcription factors. The diversity of HERVs between and within species in their copy number
and structure, enormously impacts the outcome of the cis-regulatory sequences they carry. In particular,
the new HERV integrant would introduce two copies of LTR in host genome [267]. Additionally,
HERVs frequently endure the recombination between their LTRs that removes the coding region and leave
the intact solitary LTRs. HERVs sequences make out 8% of the human genome whereas (Figure 1.3)
solitary LTRs comprise 90% of total HERVs [1]. "Exaptation”, "Co-option", "Function", "Activity" and
"Domestication” are the terms widely used in TrEs research, however TrEs or HERV's gain these terms
after undergoing evolutionary processes as illustrated in figure 1.7. Nonetheless, the term “Co-option”,
"Exaptation” [268] or "Domestication” [269] is refers to for HERVs when they are strongly selected
for a cellular function that contributes to the fitness of the host organism (Figure 1.7). HERVs sequences
undergoing co-option is classical example of evolution in the light of purifying selection. Evolutionary
conservation of thousands of non-coding sequences derived from HERVs shows the strong selective
pressure across the primates, while others remain evolutionary neutral [21]. The integration pattern of
such repeat families is often close to the genes falling in particular ontological terms [12]. It has been
shown for such elements that they are likely to acquire a stronger selection for controlling the transcription

of the neighbour gene and and inclined to gain cis-regulatory co-option [270].
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Figure 1.6: Major invasion and expansion of human endogenous retroviruses (HERVs) occurred after the platyrrhine
(New World Monkeys) lineage separated from the catarrhines (Old World Monkeys and apes). As the consequence

of repeatedly integration, amplification and expansion during evolutionary periodogram of humans, the increment in
genome size is directly proportional to waves of integration

Co-option of retroelements has never been shown immediately after their integration into the genome,
however, it was unexpectedly found in plants [271]. In addition to provide the cis-regulatory DNA
elements, TrEs have also been documented to contribute a wealth of non-coding regulatory transcripts,
such as microRNAs (miRNAs) and long non-coding RNAs (IncRNAs), which could re-wire the gene
expression in cis or as trans-regulatory sequences [211]. Its abstruse that how evolutionary selective
forces such as the genetic drift deals with the case that HERV integrants were preferred over original
regulatory sequences [272, 273]. Strangely, most of the retroelement-derived orthologous regions across
primates are of discrete age & type, unevenly distributed and plugged near TFs and developmental genes
[204, 12]. Few of the upstream ERVs, mainly their LTR sequences, are shown to drive their neighbour
genes, mainly stabilising the fitness of embryonic development, pluripotency, placentation and innate
immunity, as shown in table 1.3. Further examples can be found in the C-GATE (https://omictools.
com/catalogue-of-genes-affected-by-transposable-elements-tool) [17]. The

re-activation of few of these elements elements cause fatal human diseases such as cancer [274].

1.3.4 Trans-regulatory activities of HERVs

In addition to contributing to cis-regulatory DNA elements, bidirectional promoters and driving neighbour
genes [275], HERVs are also a rich source of non-coding regulatory RNA transcripts such as microRNAs
(miRNAs) [211] and long non-coding RNAs (IncRNAs) [209] that can regulate the gene expression either
in cis or trans [211, 209, 263, 276]. This supports the idea that HERVSs are creative sources of regulatory

networks in host cells referred as re-wiring the host’s network transcriptionally or post-transcriptionally.
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Species  gene product TrEs Cis-regulation Function Evidence Reference
Human AIM2 MER41 (Primate) Interferon-inducible enhancer ~ inflammatory response CRISPR knockout [12]
Human [-globin ERV9 (Primate) Erythroid enhancer developmental switch Cre-LoxP knockout [278]
Human Prolactin MER39 (Primate) Endometrial-specific promoter pregnancy 5" RACE [279]
Human CYP19 LTR7 (Human) Placenta-specific promoter placentation Reporter assay & 3C [280]
Human cAMP MER?20 (Eutherian)  Placenta-specific regulator placentation ChIP-seq & Reporter assay  [281]
Human CSFIR THEIB (Primate) Promoter Embryonic development  ChIP-seq & RNA-seq [274]
Human HPATS LTR8 (Human) Promoter Embryonic development  Reporter assay & RNAi [211]
Human LINC-ROR  LTR7 (Human) Promoter Pluripotency Reporter assay & RNAi [282]

Table 1.3: Chromatin conformation capture (3C); Rapid amplification of cDNA ends (RACE); Chromatin immuno-
precipitation followed by sequencing (ChIP-seq); High-throughput sequencing of complementary DNAs (RNA-seq);
(See Reporter assay)

Notably, transcriptome-wide analyses have revealed HERVs as an abundant source of tissue,specific
and/or non-coding RNAs [277, 209, 211].

Mainly, two methods were implemented to map the HERV's derived promoters and non-coding RNAs
at a genome-wide scale. First, RNA-seq revealed that chimeric transcripts that initiate within HERV
locus constitute a considerable fraction of human transcriptomes, notably during early development and
pluripotent states [276, 283, 208]. Second, approaches mapping sites of transcription initiation, such
as displays Pol II initiation within vast array of HERV locus [284]. Along-with chimeric transcripts
formation by providing TSS, HERVs sequences are also enriched in TES contributing to form UTR of
protein-coding genes. These events may explain the HERVs provide a convenient mechanism for host

genes to evolve new expression patterns and isoforms.

1.3.5 HERUVSs re-wire the host’s regulatory networks

The experimental evidences illustrating the role of HERVs in the host gene regulation convincingly
persuades that HERVs re-wired networks do exist in a cell-type manner [270]. The exaptation of HERVs
can be classified according to the mechanism through which they influence the transcriptome (Figure
1.8). Recently developed reviews focused on how the HERV sequences are transformed as exaptation into

enhancers, promoters or as a source of novel non-coding and protein-coding genes (Figure 1.8) [285].

Recent evidences are pointing out that HERVs provide a platform of other types of cis-regulatory
elements including enhancers, insulators and repressive elements as revealed by ChIP-seq experiments.
LTRs are among the substantial fractions of binding sites (5—40%; average 20%) for a given transcription
factor and cell type examined across the genomes [163]. Notably, the small number of specific LTRs
contribute the majority of binding sites for a given transcription factor compared with the density of these
TE families in the genome [103]. The cellular function of diverse HERV-derived IncRNA is described as
extremely specific to a particular cell-type. Among the IncRNAs that are initiated from HERV sequence
and were shown to be functional are: linc-RoR, is vital for pluripotency and modulates p53 levels as a
DNA damage response [286, 287]; HPATS is HUERS-P1 (p element like human endogenous retroviral
sequences) that modulates early development and reprogramming via let7 miRNA interaction [211];
and BANCR, SAMMSON and UCAL1 are the the IncRNAs that have potential to alter the phenotypes of
several cancer cells [288, 289, 290]. The diversity of functions is attributed to the mentioned IncRNAs
which are all promoted by HERV sequences (Figure 1.8).
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Figure 1.7: A journey of of TrEs from junk sequences to determine whether a TE has been co-opted for host
functions. Many TrEs have biochemical hallmarks of regulatory activity on the basis of genome-wide assays.
However, additional evidence is required to determine which of these TrEs alter the regulation of host genes and
affect the organismal phenotypes and fitness. Note: This figure is redrawn from [12]

1.3.6 HERV-H is the most abundant ERV in the human genome

The first HERV-H copy, a deleted version of the full-length elements, was identified from the human
genome in December, 1984 [241]. It was a 5.6 kb repetitive sequence that consisted of the 415bp LTRs,
flanking the internal sequence and a histidine tRNA primer binding site that was located directly after
the 5’LTR. The regulatory LTR sequences which flank the HERV-H internal sequence (HERV-H,int) are
characteristic to HERV-H elements and the HERV-H related LTR subtypes are LTR7, LTR7A, LTR7B,
LTR7C and LTR7Y [7], representing different evolutionary age. Other than their regulatory LTRs,
HERV-Hs, are further characterised based on their structure as complete, slimmed down, substituted
and solo LTR elements [291]. The human genome contains around 50,100 copies of the almost intact
forms of HERV-H with a full-length size of 8.7 kb [7, 228]. A few HERV-H copies have an env open
reading frame which, however, has not been found to produce a protein [292]. Although the almost intact
HERV-H copies have the full repertoire of retroviral genes, these carry several mutations or deletions
and are not replication competent [32, 7, 228]. The vast majority of the HERV-H integrations in the
human genome originate from a common 5.8 kb form with a structure of 5’LTR-gag-pol-3’LTR [292]
that carries large deletions in its pol coding region [218] and lacks the env coding region. The integrity
of an inactive ERV is typically not protected, and their sequences are exposed to various degradation
processes such as homologous recombination that generates solitary LTR copies, and various indels,
resulting in fragmentation and even in complete ‘stochastic loss’. During the degradation process, the
active full-length elements, operating as autonomous retrotransposition machineries, might mobilise the
more common and partially deleted non,autonomous forms of ERVs [293, 218]. What is noteworthy
about HERV-H compared to other ERV families is the unusually high number of full-length and partially
deleted insertions relative to solitary LTRs [285, 263], suggesting that the degradation of HERV-H copies
occur at a much slower rate compared to other ERVs [294]. With 1060 copies flanked by LTRs and
another 1270 copies of solitary LTR sequences per haploid genome, HERV-H is the HERV family with
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the highest copy number in the human genome.
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Figure 1.8: Firstly, retrotransposons can be co-opted as enhancers, influencing the expression of nearby genes
without activating the retrotransposon itself. Secondly, retrotransposons can act as promoters that initiate tran-
scription at the retroelement. Such elements can increase gene isoform diversity and introduce novel cell-type
specificity for existing protein-coding genes. In addition, they may act as their own promoter, driving the expression
of retrotransposon-derived RNAs.

A. ERVs can act as enhancers, regulating genes in their proximity.

B. ERVs can act as alternative promoters for protein-coding and noncoding genes.

C. ERVs can provide the only promoter for a gene; such ERV-derived genes are largely noncoding.

D. ERVs can be transcribed over their full length. Transcribed ERVs can generate proteins and peptides, but they
can also generate noncoding RNAs.

Note: This figure is adopted from [285] with the consent of Jonathan Goke.

1.4 Human early embryogenesis

Our understanding of developmental pathways underlying early embryogenesis owes to the previously
studied mammalian embryonic development, mainly the mouse ones. However, there are some major
and minor species-specific differences, mainly the gain and loss of genes in transcriptional networks,
timing of embryonic genome activation, aneuploidy and the patterns of epigenetic modifications (Figure
1.9) [295]. This level of disparity may restrict the prognostication of some conclusions about human
early embryogenesis. Till date, our knowledge about human early embryoenesis is limited to few In
vitro fertilization and single cell RNA-seq in order to understand the different aspects of the human
pre-implantation development [296, 297, 298]. Recently, the advancement of sequencing technologies
enabled us to understand the high resolution of cellular and molecular biology of distinct developmental

stages [296]. Currently our understanding about the progression of human embryogensis is described in
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figure 1.9, whereas the number of genes participating in major changes in 1.9 are employed from a current

study.

1.4.1 Distinct stages of pre-implantation embryonic development

Human embryonic development begins with the loss of the maternal control over the transcriptional
machinery during the oocyte to embryonic transition that lasts for approximately 3 days. The list of
events during the first 3 days circumscribe the fusion of the egg and the sperm, the migration and fusion
of the germ cell pronuclei, genetic and epigenetic reprogramming and a series of cleavage divisions
which conclude with the major wave of embryonic genome activation (EGA) at the transition of the 4
to 8-cell stages (Figure 1.9) [299, 300]. Some studies also found the paternal transcripts but only at
day 2 of embryogenesis [301]. The first transcriptomic study had shown that as much as 1800 mRNAs
were dynamic (mainly impeding from oocyte) in the first 3 days of human embryogenesis [302]. The
progression of human embryogenesis differs at a considerate level from those in rodents and hamsters,
where ZGA is switched-on during the zygote to 2-cell stage [303, 304, 305]. The human EGA corresponds
to the mouse ZGA as the first major wave of genome activation after the fertilisation of the egg by the
sperm; however, the mechanism of progression is obscure [306].

Following the EGA, the embryo undergoes a successive compaction to form a morula that flags the first
morphological deviation from radial symmetry (Figure 1.9). From here on, consecutive cell divisions
trigger the initiation of the blastocyst formation with the development of fluid-filled cavity, the inner cell
mass is encircled by trophectoderm (Figure 1.9). The initiation of the blastocyst formation at embryonic
day 5 (E5) is followed up by maturation of the blastocyst at embryonic day 6 (E6) and, finally, the
stabilisation of the blastocyst formation at embryonic day 7 (E7) is achieved just before the blastocyst
implants into an uterine wall. The development of the blastocyst is the step-wise process as ICM from E5
further branches out to form epiblast [307, 308, 309, 296], the only pluripotent cell population of the
human embryos and the primitive endoderm, an epithelial layer essential for tissue patterning [310, 309].
So, it takes 7 days of embryonic development before embryos attaches to uterine wall in humans, the
process being called implantation. This intra-uterine life of embryos which is endured before and after the

attachment, termed as pre and post-implantation respectively.

1.4.2 Human specific nature of embryogenesis

The global epigenomic reprogramming during early development is associated with massive transcriptional
reactivation of HERVs [165]. HERVs exhibit a developmental stage-specific pattern that might be taken
as hallmarks for certain stages of early development [263]. MERVL associated transcripts expressed at
2-cell stage are assumed to be crucial for totipotency in mice [311]. Reactivation of MERVL in mouse
induces many 2-cell-specific transcription products. Many of these transcripts are directly promoted by
LTRs of MERVL or related MaLR elements, or are chimeric transcripts derived from MERVL/MalL.R
LTRs. Similarly to mice, TE reactivation occurs in a well-defined waves during human embryogenesis,
still involving a distinct set of LTR and HERVs [276, 312, 263]. At morula and blastocyst stages most of
the TE-derived transcriptional reads derive from HERV-H [312]. Retroelement’s mediated biogenesis
of various non-coding transcripts which regulate the gene expression either transcriptionally or post-
transcriptionally via microRNAs (miRNAs) [211], long non-coding RNAs (IncRNAs) [209] and circular
RNAs (circRNAs) [69].
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Figure 1.9: Human embryonic development from day (d) O to day 7. Following the fertilisation, embryos undergo
a series of mitotic cell divisions. Arrowheads in dO and d1 indicate pro-nuclei. On or around day 4, the embryo
compacts, resulting in the formation of a morula or blastomeres that consists of cells in a compact cluster contained
within the zona pellucida (the glycoprotein layer that surrounds the embryo). The blastocyst, which forms on day
5, is a fluid-filled structure composed of an inner cell mass and trophectoderm. On day 6, the blastocyst ‘hatches’
from the zona pellucida and it is ready to implant into the uterine wall on day 7, where the stabilised blastocyst is
formed consisting of epiblast, primitive endoderm and mature trophectoderm

Potential application of predicted embryo developmental potential in assisted reproductive technology. Three
distinct lines are k-means clustering of single cell transcriptome that show the loss of Maternal control of gene
expression at day 3 (8-cell stage). There starts the embryonic genome activation (EGA) that is also lost after two
days where blastocyst formation starts at day 5 which proceeds to be stabilised at day 7

Early human development is thought to have unique or exceptional properties in at least two regards.

First on a gross level, the cell types and developmental trajectories of those cell types are thought to
be unusual. In mice, the preimplantation embryogenesis is in step-wise manner and achieved as a
consequence of three major waves: first in the zygotes where the maternal control of the gene expression is
lost (ZGA). Second in the morula, where TE and the ICM is diverged, and finally in the blastocyst, where
Epi and PrE has arisen from ICM [313]. While in human, first wave is embryonic genome activation
instead of the zygotic genome activation (discussed in previous section) [295], second wave is segregation
of morulae into TE, EPI, and PE simultaneously rather than a step-wise manner [314]. This suggest
that an ICM population does not exist as discrete group of the progenitor cells during the initiation of
the human blastocyst formation [314]. Similarly, it is in conjecture that multiple cell types develop
simultaneously in humans rather than through an ordered series as it has been illustrated in other species
(Figure 1.10). [313, 295, 314]. On a different level, there are multiple genes expressed in early human
embryos which are either human specific (e.g. ESRG) [312] or primate specific (HPATS) [211]. Some of
these lineages or clade-specific genes are the transcriptional products of transposed elements particularly
with one endogenous retrovirus, HERV-H, coming in for scrutiny. These two observations suggest a
series of questions which will be addressed in present dissertation. An overarching question concerns
the relationship between novel gene expression and novel developmental trajectories. However, before

addressing any such issue, we must first establish the extent to which development trajectories are in
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fact distinguished from that of other species. While it has been a consensus that human preimplantation
embryogenesis has unique features compared to the early development of murine or even non,human
primates, the fine-tuning of the blastocyst formation, and the definition or lack thereof of the ICM through
human early development has been never being fully resolved, even by using single cell data [296].
Previously, around one third of the cells could be unambiguously identified, leading to premature outcomes

and stagger speculations regarding the human preimplantation development.

Mouse Human Blastocyst (E7)

TE——TE TE =———> TE
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Figure 1.10: Both, mouse and human lineage specification starting from the morula till the formation of the
blastocyst. The mouse pre-implantation development is more rapid than that in human, resulting in different timing
of events (E represents embryonic day post-fertilization). In the early mouse development, the lineage segregation
is stepwise. First, the trophectoderm (TE) and the inner cell mass (ICM) segregate from the morula, later the
emergence of the epiblast (EPI) and the primitive endoderm (PE) from the ICM follow. However, humans display
a concurrent rather than step-wise lineage segregation where the TE, PE, and EPI emerge simultaneously. The
mouse time-course is adapted from recent review [313], human time course is adopted from recent research work
[296, 298, 314]

1.5 Human pluripotent states in petri dish

The resolution of the molecular mechanisms underlying the human development occurred when spare
human pre-implantation embryos have enabled the derivation of hESCs in the perri dish. This led to
the establishment of novel tools for human developmental biology and the emergence of hESC-based
regenerative medicine. Consequently, these cells in the petridish are maintained to be self-replicating (see.
self-renewal) and still have potential to form any of three germ layers (see. pluripotent) namely, ectoderm,
mesoderm and endoderm that would further form the human fetus. The central aspects of the human
pre-implantation development might provide not only insights into human developmental biology and
common birth defects, but also potential benefits for reproductive health and improvements in regenerative

medicine, and the pluripotent cells are the way to do so.

1.5.1 Derived and induced pluripotent states

Since the human embryonic development is progressive in nature, thus it is intricate to catch them in
vivo. This troubleshoot was duly resolved by deriving cells from different stages of the early embryonic
development and maintained indefinitely in an artificially induced self-renewal state in vitro [315, 316,

317]. Pluripotent stem cells are annotated based on their origin of the donor cells from which they are



1.5. Human pluripotent states in petri dish

isolated from. that can be isolated from. Embryonic stem cells (ES cells) are isolated from the inner cell
mass (ICM) of developing pre-implantation blastocysts of a given organism. [315, 316, 318]. Epiblast
stem cells (EpiSCs) are isolated from the mouse post-implantation epiblasts [319, 320]; however there are
no such known attempts to derive equivalent cells from human embryos due to ethical reasons. In the case
of rodents, even PGC can be converted in vitro into pluripotent like cells, known as embryonic germ cells
[321, 322]. However, there are no stable and validated embryonic germ cells that has been isolated from
primates with higher fidelity, so far, opening an another window to research on human pluripotent states.
[323, 324].

A. Derived Pluripotent State B. Induced Pluripotent State
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Figure 1.11: This schematic figure illustrates the artificial pluripotency in two dimensions. The left panel displays
the derived pluripotency where the cells from early blastocysts are isolated and grown in the petri-dish. Cells tend to
loose their native property as they are brought to the petri-dish. Right panel shows the reprogramming of somatic
cells to pluripotent state by induction of four transcription factors. Cells tend to undergo multiple stages prior to
resemble like pluripotent cells. Initiation of reprogramming costs the loss of somatic genes and activation of early
embryonic gene expression. Maturation stage corresponds to the loss of exogenous expression of OSKM (Oct4,
Sox2, KlIf4 and c-Myc) and activation of endogenous expression of OSKM. Finally, the stabilisation stage is achieved
when cells gain self-renewal property that is exclusive to epiblast cells in human embryos [313, 296, 298, 314]

Pluripotency can also be restored in cells of post-implantation embryonic stages, such as EGC
[322, 325], SCNT [326, 327] and somatic reprogramming with an induction of transcription factors
(iPSCs), which has earned Shinya Yamanaka a "Nobel Prize in Physiology and Medicine", since it
has turned out to be revolutionary tool in regenerative medicine [328]. The outstanding badge of iPSC
technology is its simplicity and reprehensibility as few transcription factors turn back the cellular clock.
While its efficacy keeps on improving every year, another stunning approach is to skip the iPSCs and
reprogramming directly from one somatic cell type to another desired somatic cell type (see. Transdif-
ferentiation) [329, 330]. Almost a decade after the discovery of Human iPSCs (hiPSCs), they are being
widely used for disease modelling, drug discovery and cell therapy [331]. Several reports indicate its
preponderance achievement in the discovery of new drugs from iPSC screens and consequently, several
clinical trials using human iPSC-derived products has been initiated [332, 333].
We owe our understanding of pluripotency to the studies mentioned in this section, especially the discovery
of iPSCs that has played the role of "game changer" in regenerative medicine, precision medicine and
stem cell biology [334]. These artificially reverted pluripotent cells have been expected to be of higher
similarity in the terms of characteristics and molecular functions with the embryonic epiblast. Never-
theless, recent studies have illustrated the crucial verdict that there are significant molecular differences

in the spatio-temporal domains between any two pluripotent stem cells analysed [335, 336, 337, 338].
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Table 1.4: Summary of cell culture methods for undifferentiated human naive cells. 2i, 3i, 5i and 6i corresponds to
the number of inhibitors for human biological pathways i.e. MEK, GSK33, BRAF, ROCK, SRC and JNK signalling

respectively. Fourth column name "Transcriptome R" means the transcriptome-wide resemblance of naive cells

Strategy Suppl t: Morphology | Transcriptome R | Methylation Clonogenicity Chimera Derivation Ref
KLF4/KLF2 OE LIF/2i Dome shaped | mouse naive ESCs NA Improved NA PSCs [317]
small molecules LIF/3i/4i/5i Dome shaped | mouse naive ESCs Hypo Improved Yes PSCs, blastocyst | [357]
small molecules LIF/3i/iBMP Compact raised | mouse naive ESCs NA Improved NA H1-ESCs [358]

NANOG, KLF2 OE LIF/2i/G66983 Dome shaped | human blastomere Hypo Improved Yes H9-ESCs [359]
small molecules LIF/2i/bFGF Compact small | mouse naive ESCs NA Improved NA PSCs [360]
Oct4 enhancer LIF/5i/bFGF/Activin Dome shaped | human blastomere NA NA No NA [361]
small molecules LIF/2i/bFGF Dome shaped | mouse naive ESCs NA Improved NA Blastocyst [362]
small molecules LIF/3i/bTGF Compact raised | mouse naive ESCs NA NA Yes PSCs [363]
small molecules LIF/2i/bFGF/FK Dome shaped | mouse naive ESCs NA NA NA PSCs [364]
small molecules LIF/5i/bFGF/Activin Dome shaped | mouse naive ESCs NA Improved NA Blastocyst [356]
Recombinant protein NME7AB Dome shaped | mouse naive ESCs NA Improved NA PSCs [365]
small molecules LIF/5i/6i/bFGF/Activin | Dome shaped | human blastomere Hypo NA NA PSCs [366]
NANOG, KLF2 OE LIF/2i/G66983 Dome shaped | human blastomere Hypo NA NA Blastocyst [367]

The morphological features of iPSCs and ESCs are similar [339, 340, 341], in spite of significant dif-
ferences between the transcriptomes and genome-wide methylation patterns among the both of them
[342, 343, 344]. Recent updates indicate that most of the variations between pluripotent states are due to
the genetic background of donors (i.e. , different donors for iPSCs and ESCs) which has allotted for most
of their regulatory differences [345]. A study went further on to show the differences between pluripotent
stem cells generated from from one laboratory to another [341]. Unlike epiblast cells (Natural pluripotent
cells), all these derived or induced pluripotent cells have the common property of exhibiting self-renewal
while being potential to be differentiating to further lineages [307, 295, 309, 308, 346, 296, 314].

The recent revelations of cellular and molecular mechanisms underlying the developmental programs
leading to a natural pluripotent state. The inability of artificial pluripotent states to reproduce them is
major hitch to the immortality of hiPSCs/hESCs. Repeatedly asked questions while comparing natural
and artificial pluripotent states are; does hiPSCs/hESCs have blueprint for setting up the entire body plan
as epiblast cells do? The blunt answer is 'no’, since the human pluripotent states in dish cannot give rise
to germ-line chimeras (see. xeno-pluripotency) [347]. It was even indicated that embryonic stem cell
therapy could encounter the same problems as organ transplants do [348]. When the first clinical trial
proceeded on two AMD patients, their skin cells were reprogrammed followed by differentiating to RPE
cells, the implanted RPE sheets generated genetic changes in both the patient’s iPS cells and the RPE cells
derived from skin cells. Afterwards, the trial was put on hold in order to avoid any complications due to
those mutations. Artificial pluripotency, as we see it today, is no longer a perfect system to treat human
diseases, as they lack xeno-pluripotency [349, 337, 350], the induction of coding-region mutations during
reprogramming [351, 352], the lack of immune response [353] and the loss of methylation memory from
developmental stages [354, 355, 356].

1.5.2 Naive and Native pluripotent cells

As shown in the previous section, artificial pluripotent states confer some limitations when it comes to
precision medicine, although there is always room for an improvement. The major pursuit of improvement
is to mimic the in vitro cells to the in vivo cells along-with preserving their potential to form the live
embryo. Intriguingly, which cells from preimplantation embryos should be kept as reference frame to
compare the in vitro cells, is still debatable [335, 357, 362, 366]. The progressing cells from oocyte to

the morula in human embryonic development are fotipotent, since they can give rise to an entire embryo
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but have some limitations to be treated as reference frame. The development is not affected even if one or
more cells being removed from the 8-cell or morula stage [368] questions the essential role of asymmetric
division of the originator cells from oocytes. The zygote is the cell formed post-fertilisation of an egg by
the sperm, that has been shown to be differentiation deficient, whereas if the blastomeres are dissociated
and cultured in petri dish, then less than two cells could form the trophoblast vesicles or microblastocysts
[369, 370]. Most importantly, as long as the blastocyst is not formed, the fate of an individual cells is
determined by their position within the embryo [371], so it would not be a smart choice to treat these
cells as a reference frame for in vitro cells. Firstly, the most potent cells were found to be ICM which
is flexible and have the capacity to generate the rest of the other cell types [372]. The ICM gives rise
to the hypoblast (primitive endoderm), an extraembryonic lineage and the rest of cells develop into the
pluripotent epiblast, which has noticeable disparity with the blastomeres and ICM [368, 373, 374]. One
of the breakthrough work that sets up the reference frame, has illustrated that mouse embryonic stem cells
(mESCs) were derived from ICM but was originated from epiblast [375]. After being contentious for 14
years, this finding was further confirmed and epiblast is established as gold standard for pluripotent states
[376].
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Figure 1.12: Derivation of Human Pluripotent Cells with Naive Properties: Human naive pluripotent cells can
be derived from individual ICM cells of pre-implantation embryos in the t2iLGOY condition, or from ICM or
primed PSCs in the SiLAF condition. The naive cells reverted from primed hESCs or derived from ICMs in 5iLAF,
characterized by the loss of SSEA4 expression, exhibit a methylation landscape with little similarities to that of the
blastocyst as well as loss of imprinting. Note: This figure is adopted from [356]

So, here we make an argument that the epiblast is a Native pluripotent state (Natural niche of
pluripotency) that should be kept as reference frame to compare it to any in vitro cell line that is being
claimed as Naive pluripotent cells. The generation of naive cells is an attempt to diminish the gap
between natural and artificial pluripotency and a contest to apprehend the missing ICM like human

pluripotency in petri dish; their advantages and disadvantages have already been heavily reviewed
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[336, 337, 377, 378, 379]. There has been several claims from various research groups that the human
naive state is successfully derived encompassing hESCs or hiPSCs in the last five years (Table 1.4)
[380, 317, 357, 367, 359, 361, 366]. Nevertheless, attempts to generate preimplantation chimeras using
claimed naive cells have shown either low efficacy or no chimeraes at all, on the top of this, the yield was

too low to perform pluripotency assays (Table 1.4) [357, 361, 359, 381].

1.5.3 Evolution of pluripotency in primates

The blastocysts comprise the pluripotent epiblast lineage which potentially gives rise to rest of the somatic
and the germ cell lineages [382, 383]. The duration of the preimplantation development i.e. the time
interval between fertilisation and implantation of the embryo into the uterus, is highly dynamic cellular and
molecular process. The progression of preimplantation embryogenesis lasts for 7 days in human, 9 days
in Cynomolgus and 4 days in mouse, indicating the higher level of inter-species evolutionary divergence
[384, 385, 313, 296]. The old-world monkeys share a high degree of similarity in physiology and genome
sequence (92.5% to 97.5%) with the human genome [386, 387]. It is crucial to understand the differences
between the human and non-human primate’s pluripotent states, since the latter is considered to be a
reliable clinical and physiological model for human biology and medical treatments [388, 389, 390, 391].
While the preimplantation development in all mammals is phenotypically similar, nevertheless, the series
of recent findings [385, 309] suggest the remarkable differences in the gene expression profiles. In
consistence with an hourglass model for gene expression conservation [392], the dynamics of early
embryos seem to have evolved in similar fashion. The recently materialised cases indicate that species-
specific genes have re-wired the transcriptional network leading to diverged evolutionary lineages [393].
The challenges in tractability of transposable elements from the transcriptome repertoire, masks the
ravelling of numerous biological networks at greater extent. Hence, there is an essence to detect the entire
stock of candidate genes using the availability of revolutionary high-throughput sequencing technologies.
This might allow us to dissect the genome and transcriptome data at bulk and at single cell resolution for
numerous organisms [394, 395, 396].

In particular, an advanced transcriptome sequencing coupled with machine learning methodologies
could hasten the discovery of the unforeseen origin of new genes and their contribution to evolutionary
alterations. Indeed, the primate-specific endogenous retrovirus, HERV-H, was shown to have high
functionally important expression levels, at least in some naive-like cells, positively mimicking the inner
cell mass/pre-implantation epiblast ICM/EPI) [282, 294, 212, 211]. As nearly half of total number of
full-length HERV-H loci is primate specific and rest half of it could even be human-specific [397, 209],
indicating the species-specific mode of action of HERV-H in terms of the evolution of new genes or as a
regulatory sequences within primates. Species-specific genes of various types have been illustrated to
have contributed to the evolution of cellular, physiological, morphological, behavioural, and reproductive
traits [398, 399, 400]. Previously, cross-species orthologous genes were analysed and developmental

co-ordinates of epiblast was found to be distant among human, Cynomolgus and mouse [385].

1.6 Aims and significance of the Thesis

To what extent the inescapable expansion of genomes by HERVs has stirred the evolution of the primate

gene regulation or early development is still an enigma. As Cedric Feschotte concludes as ""TEs have
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indeed provided a rich source of non-coding sequence material fuelling regulatory innovation during
vertebrate evolution''. These young transcriptional networks remodelled by intrinsic retroviruses throw
the series of basic biological questions e.g. Why was there a requirement of a network involved in an
essential biological system as pluripotency has to be re-wired, Is it a consequence of positive or negative
selection to hosts?. If the cell-type specificity of HERVs causes the deviation then How did the host deal
with unequal "hour-glass" mode of evolution?. The present dissertation work leverages the availability of
vast variety of genome-scale data sets. We perform the strategic analysis to immaculate the molecular
interactions of hosts with HERVs. In order to understand the involvement of HERVs, we carefully
chose biological process where HERVs could be best studied, such as 1. human early embryogenesis 2.
primate pluripotency 3. human diseases. The impact of the diffusing cis-regulatory elements of HERVs
on the genome regulation and affecting cellular function is the central theme of the present dissertation.
An overarching question concerns the relationship between novel gene expression and novel developmen-
tal trajectories. However, before addressing any such issue, we must first establish the extent to which
development trajectories are in fact distinguished from that of other species. While it has been a consensus
that human preimplantation embryogenesis has unique features compared to the early development of
murine or even non-human primates, the fine-tuning of the blastocyst formation, and the definition or lack
thereof of the ICM through human early development has been never being fully resolved, even by using
single cell data [296]. Previously, around one third of the cells could be unambiguously identified, leading
to premature outcomes and stagger speculations regarding the human preimplantation development. I
sought to solve the mechanisms underlying the progression of early human development. Early human
development is unusual in that an inner cell mass (ICM) is not evidenced and the key cell types develop
simultaneously, not in sequence.

The recent developments revealed a primate-specific element that orchestrates the transcriptome-wide
regulation of biological functions. Selection can therefore act on selfish genetic elements to generate
novel gene networks. We ask whether the re-wiring of transcription networks is driving the phenotypical
evolution and biology between and within given species. Although the cis and trans activity of HERVs
might not alone infer that it is exaptated to perform proper function in genome [401, 277]. To date, the
majority of blastocyst cells, however, resist classification. We aim to strategically survey the single cell
transcriptomics of early embryogenesis that might provide us the blue-print of human body formation.
Moreover, the strategical analysis could reveals that whether the human development is or is not that
unusual as previously thought. Moreover, the similarity and disparity of human development with murine
and other primates might fix the heterogeneity between natural and artificial pluripotent states. Never-
theless, high resolution of the distinctive features would set up the reliable foundation for regenerative
medicine. Importantly, our recently reported articles regarding HERV-H-driven regulatory network, we
intend to provide the degree of pluripotency that is primate specific and even specific to us humans. My
study with stringent design would aid to understand the significance of intrinsic retroviruses in embryonic
development and diseases. Comparison of HERV-H-marked populations with all the available native,
formative and artificial pluripotent cells would be optimal to resolve the fidelity of generated pluripotent
states and self-renewing populations. Lastly, we would dissect the transcriptomes and epigenomes of many
forced naive cultures to calculate their degree of heterogeneity and resemblance with conventional stages
of human early development. Finally, to compare the cross-talk of transcriptome with transposcriptome

would set up the resource for future studies.
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Chapter 2

Methods

The advent of the high-throughput sequencing (HTS) technology has greatly accelerated the research in
life sciences. Due to its low cost and high throughput, HTS is being commonly used by laboratories to
carry out research at broader scale. Moreover, it is now possible to sequence the entire human genome,
transcriptome, regulatome and proteome in a day. Besides whole genome sequencing, HTS has other
applications like the identification of genome-wide protein-DNA interactions and quantification of the
gene expression. In general, HTS is used to determine the sequence of millions of DNA fragments in
parallel, and these fragments can be generated using various methods. cDNA sequencing (RNA-seq)
is now being used widely for uncovering multiple facets of transcriptome to facilitate the biological
applications. However, the large-scale data analyses associated with RNA-seq harbours challenges
especially in the case of repetitive elements. In this study, we performed our analysis in a strategic way
to achieve the inferences with higher fidelity, including data preprocessing, differential gene expression
analysis, alternative splicing analysis, variants detection and allele-specific expression, pathway analysis,
co-expression network analysis, and applications combining various experimental procedures beyond
the achievements that have been made. We also leveraged the availability of Single cell sequencing
(SCS), that has emerged as a powerful new set of technologies for studying rare cells and delineating
complex populations. Over the past 5 years, SCS methods for DNA and RNA have had a broad impact on
many diverse fields of biology, including microbiology, neurobiology, development, tissue mosaicism,
immunology and cancer research. We, hereby employed it for cross-platform, cross-species analysis of

primate embryogenesis datasets.

2.1 Microarray data analysis

Expression data was processed from bead-level expression intensity values preprocessed from Illumina’s
software in the form of ".txt" or ".bab" files carrying 47,324 probesets targeted by HumanHT-12 v4 Ex-
pression BeadChips. Green intensities were extracted after adjusting non-positive values by BeadArray’s
(http://bioconductor.org/Rpackage) built-in functions. Further, to the BeadArray output
data, we fetched significance level of normalized expression values corresponding to probe ID using lumi
R’s (http://bioconductor.org/Rpackage) variance-stabilising transformation (VST) to deal
with sample replicates and robust spline normalization (RSN), for normalization, of which (p-value <
0.05) were further transformed onto log2 scale of and IDs were annotated from illuminaHumanv4.db

of Bioconductor annotation data package. The expression values of multiple probes for one gene were
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2.1. Microarray data analysis

assigned by their median, resulting in 20394 unique genes for GFP samples. Microarray data for Human
naive and primed, Human ES and blastocyst, Mouse naive and primed were fetched that are available at
the National Center for Biotechnology Information Gene Expression Omnibus database under the series
accession number GSE46872, GSE29397 and GSE15603 respectively. In present study, fold change
of differential expression between samples on log2 scale, were analyzed by using linear and Bayesian
model algorithms from limma http://bioconductor.org/Rpackage and pairwise differential
expression between samples from various datasets were performed by the correction of batch effect
arising from two different platforms was by normalizing (quantile) each data set to a sample of the same
genotype and merging data sets for downstream analysis. Heatmaps shown for differential expression
among GFP and Knock-Down samples were drawn for genes, showing significantly highest standard
deviations, on their Z-score (relative enrichment). Priory, matrix was hierarchically clustered (Spearman
correlation and distances between observations were calculated using euclidian distances and average
linkage). We explored the online tool Gorilla http://cbl-gorilla.cs.technion.ac.il/,to
check for biological processes functional enrichment of differentially expressed genes where entire gene

list was used as background. A false discovery rate,corrected P,value threshold was set at 0.05.

2.1.1 Retrieving significant variable genes

In the next step, genes showing significant variation (we applied Poisson’s distribution model on the data,
genes lying out of curve were considered as genes showing higher variance in the matrix of samples) were
retrieved (which always resulted in total of > 2000 genes). Furthermore, we removed genes, which were
showing more variation within the group than between the groups. Finally, the heatmap and clusters were
constructed as defined using R packages built for them. To find a significant correlation gene networks we
applied Weighted Gene Co-expression Network Analysis (WGCNA), which is used to identify clusters
(modules) of highly correlated genes. We employed this algorithm to find the set of genes co-expressed
in our total merged sample’s transcriptome. Total microarray datasets provide higher level of variability
thus giving stronger power to this study to generate a significantly enriched co-expression networks and
moreover, to check whether a candidate gene is part of them. WGCNA gave us significant co-expression
networks as various modules with numerous genes into it. We then used candidate gene as a probe to
find out the networks associated with it from WGCNA output. The metamodel derived from Spearman’s
correlation threshold of positive (60%) and negative (55%) gave the probable significant networks (Note:
threhold values are defined by us). We kept this threshold to extract all genes, which were correlated at
provided correlation thresholds with candidate gene from extracted networks. Finally, pairwise ranked

correlation matrix of identified genes was generated.

2.1.2 Cross-platform analysis

Quantile normalized datasets from the two microarrays described above were used in the analysis. In
order to generate a matrix of expression level for unique genes in each sample, two datasets from different
platforms were merged by their unique gene names in total samples. The batch effect arising from two
different platforms was corrected by normalizing surrogate variances from “Combat” package from
R Bioconductor. The corrected batch effect was confirmed by Principal Component Analysis (PCA).
The resulting expression matrix was subjected to hierarchical clustering (Spearman rank correlation,

average linkage). P-value threshold for the correlation test of matrix was kept up to 0.01 where the
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hierarchically clustered dendrogram displays gene expression patterns relative to the mean of all the
replicated samples included in this analysis. In order to examine statistical reliability of clustering we
performed bootstrapping (1000 replicates) on unbiased hierarchically clustered dendrogram of distance

matrix using Ward method.

2.1.3 Cross-species analysis

Cross-species gene expression analysis was performed on Human, viz. I[llumina HumanHT,12 v4 (expres-
sion beadchip containing 47,324 probes, present study) and Affymetrix HuGene 1.0 ST microarrays (con-
taining 33,252 probes, GSE46872) and on Mouse i.e. Agilent 4x44K array platform (containing 45,018
probes, GSE15603) microarray expression sets. Human—mouse orthologous genes were downloaded
by online tool (biomart) from Ensemble (http://www.ensembl.org/biomart/martview/)
containing 18,657 pairs of orthologous genes, out of these 9,583 genes were mapped by probes of both
Human and mouse array platforms explored in present study which were implemented for further analysis.
Expression value of each gene was determined by median of all probes targeting to it. As mentioned above,
the batch effect was corrected; correction was further confirmed by Principal Component Analysis. Next,
these independent datasets were merged in one for further analysis. Each gene value was further assigned
as their relative abundance value which is the expression value of gene in each sample divided by mean of
expression values of corresponding gene across the samples within same species. The resulting expression
matrix was subjected to hierarchical clustering (Spearman correlation, average linkage), p-value threshold
for cor. test for matrix was kept upto 0.01 and so outliers are not shown in colored matrix but hierarchically
clustered dendrogram displays all the samples included in this particular analysis. Comparison of global
expression profile of Blastocyst (ICM), hESC (GSE29397) and GFP samples (present study) represented
gene wise (19,103 genes possessing common probes between two platforms) which were subjected to
hierarchical clustering (Pearson correlation, centroid linkage, k=3) whereas, samples are represented in the
order of euclidean distance were clustered using Spearman correlation and centroid linkage. Differentially
expressed gene,list between GFP (High), GFP(+) and GFP (-) samples (FDR < 0.05) were intersected to
cross,platform, pair wise comparison of rescaled expression values of genes assigned as their row wise
Z,score (expression value subtracted by mean of its row values and divided by its standard deviation).
heatmap showing comparison with Blastocyst and ES. neighbour genes were fetched using bedtools
falling in the window of 50 kb from HERV-H genomic co,ordinates, fold changes between naive and
Primed were calculated independently, keeping thresholds for Human and mouse samples in the same
way as mentioned above, datasets were intersected by gene names and heatmaps were drawn on their

calculated Z-scores.

2.1.4 Pathway analysis of dysregulated genes

Pathway analysis of deregulated genes Canonical pathways and biological function of the differentially
expressed genes identified in microarray data sets were investigated using QIAGEN’s Ingenuity(®) Pathway
Analysis (IPA®R), QTAGEN Redwood City, www . giagen.com/ingenuity). The Ingenuity Knowl-
edge Base (www.ingenuity.com) was used as reference gene sets (pathways). Overrepresentation
of biological pathways was assessed by Fisher’s exact Test and corrected for multiple testing by the
Benjamini-Hochberg procedure. The ratio (overlap) is calculated as a number of genes from the dataset

that map to the pathway divided by the number of total genes included into the pathway.
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2.2. Alignment of high-throughput sequencing data to a Reference Sequence

2.2 Alignment of high-throughput sequencing data to a
Reference Sequence

High-throughput sequencing(HTS) technology is rapidly evolving and revolutionising the research in the
life sciences. HTS generates millions of short sequences (reads) that is followed up by computational
analysis to fetch out the information from the data. Usually, the first step in high-throughput sequencing
data analysis is the alignment (mapping) of the generated reads to a reference sequence [402]. The map-
ping process is complicated by several factors, including sequencing errors, genetic variations, short-read
length, multi-mapped reads, and the huge amount of reads to be mapped [402]. Therefore, during the past
decade, numerous software tools have been developed to accomplish this task (e.g. for DNA mappers:
SOAP [403], MAQ [404], Bowtie [405], BWA [406], SHRiIMP [407], RazerS [408], mrFAST [409];
and for RNA mappers: TopHat [410], SpliceMap [411], MapSplice [412], SOAPsplice [413], STAR
[414]). The most widely used DNA mappers are Bowtie (10,517 citations) and BWA (12,2609 citations),
and the most popular RNA mapper is TopHat (6,844 citations) and STAR (4,692 citations). Due to
sequencing errors and genetic variations, we may not find exact matches for all the reads. Therefore,
BWA and Bowtie uses the modified matching algorithms i.e. backtracking algorithm for BWA and
quality-aware backtracking algorithm for Bowtie. BWA searches for matches between the read and the
corresponding genomic position within a certain defined distance whereas Bowtie uses a quality threshold.
It is important to note that these software tools are being updated regularly and new versions could have
modified algorithms. For example, Burrows-Wheeler Aligner’s Smith-Waterman Alignment (BWA-SW)
can align long reads up to 1 Mb against a reference genome and Bowtie 2 was mainly designed to map
reads longer than 50 bps and supports gapped alignments. TopHat (or the latest version TopHat2) is a fast
splice junction mapper for RNA-seq reads. In general, TopHat is a pipeline to map RNA-seq reads to
transcriptome and/or genome using Bowtie (or Bowtie 2) and then analyzes the mapping results to identify

splice junctions between exons. The steps involved in the TopHat2 pipeline are depicted in Figure 2.1.

2.2.1 Quantification of transcripts

A major application of RNA-seq technology is the quantification of transcripts and differential expression
of given transcripts in a group of samples. We employed simplest but highly reliable mode of quantifying
the transcripts from transcriptome repertoire. We quantify the expression using featureCounts that
aggregates the raw count over the length of transcript. I provided gene transfer format (GTF) file
containing the genome coordinates of exons and genes, and often discarded reads mapping over multi-
positions. Raw read counts alone are not sufficient to compare expression levels among samples, as these
values are affected by factors such as transcript length, total number of reads, and sequencing biases. The
measure RPKM (reads per kilobase of exon model per million reads) is a within-sample normalization
method that will remove the feature-length and library-size effects. This measure and its subsequent
derivatives FPKM (fragments per kilobase of exon model per million mapped reads), a within-sample
normalized transcript expression measure analogous to RPKs, and TPM (transcripts per million) are the
most frequently reported RNA-seq gene expression values. We used TPM each time when compared
the change of expression between the samples instead of FPKM, whereas FPKM was utilized to obtain

expression level within the sample. Correcting for gene length is not necessary when comparing changes
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in gene expression within the same gene across samples, but it is necessary for correctly ranking gene
expression levels within the sample to account for the fact that longer genes accumulate more reads.
Furthermore, programs such as Cufflinks that estimate gene length from the data can find significant

differences in gene length between samples that cannot be ignored.
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Figure 2.1: Illustration of steps involved in mapping RNA-seq reads using TopHat2. TopHat2 pipeline uses Bowtie
(or Bowtie 2) to align the reads to reference transcriptome and unmapped reads are then aligned to the reference
genome. Figure is taken from the dissertation [415] of my colleague Vikas bansal with his consent

2.3 ChIP-seqencing data analysis

Chromatin immuno-precipitation (ChIP) followed by high-throughput DNA sequenc- ing allows genome-
wide identification of protein-DNA interactions such as transcription factor bindings, transcriptional
co-factors binding, RNA polymerases binding and chemical modifications of histone proteins. In general,
the first step in the ChIP-seq analysis is read mapping as described in previous section, followed by
the peak calling step, which aims to identify the genome-wide binding sites of a protein. In this study,

ChIP-seq data of histone marks and transcription factor has been used.

2.3.1 Identification of genome-wide binding events

After mapping, the most common step is the peak calling to identify the genome-wide binding sites of
a protein. In the past, various tools have been developed to find peaks from the ChIP-seq data [416].
In general, binding sites or peaks are the regions of a genome where sequence reads are significantly
enriched as compared to the control. Before defining a region as a peak, distinct steps are carried out such
as read shifting and background estimation. During the mapping step, ChIP-seq reads can align to either
the sense or anti-sense strand and therefore, location of mapped reads form two peaks. Next, the reads are

shifted towards the centre to determine the most likely location involved in protein binding. The shift
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parameter is determined by the fragment size generated in the ChIP-seq library preparation. Interestingly,
Model-based analysis of ChIP-seq (MACS) can empirically model the shift size of ChIP-seq reads without
any prior knowledge [417].

Promoter
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[ \ ) 3prime  Downstream

Promoter
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TSS exon intron exon intron exon

Promoter : +/- 500bp from the transcription start site (TSS)
Promoter proximal: +/-2kb from the TSS
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Upstream: -2kb to —10kb upstream of the TSS

Downstream: +500bp to +10kb from the end of the transcript
Intergenic: >10kb from annotated gene

Figure 2.2: Illustration of gene model, its Transcription start site and transcription end site of genes and repetitive
elements, moreover, the genomic rage around it that was considered to be annotated. Figure is taken from the
dissertation [415] of my colleague Vikas bansal with his consent

2.3.2 Annotation of ChIP-seq Peaks

One of the important step after peak calling is to summarize the location of the peaks in the genome. This

step can be used as a validation criterion for certain chromatin- associated modifications and proteins.

For example, using prior knowledge, we can confirm if a particular sequence-specific transcription factor
preferentially binds near transcription start site (TSS). If a peak overlaps two regions, it was annotated
for both of them. More often, researchers are interested in associating peaks with the genes. Peaks were
assigned to the genes or repetitive elements only if they are located within 10 kb upstream of the TSS or

in the transcribed region (Figure).

2.3.3 Discovery of Sequence Binding Motifs

Sequence-specific transcription factors preferentially binds to a short DNA sequence, which is expected to
be enriched in ChIP-seq peaks. Therefore, when a motif of the protein is already known, this step can be
used as a proof of principle of a successful experiment. Moreover, if the motif is not known, discovery
of a centrally located motif can lead to the identification of DNA-binding motifs of other proteins that
bind in complex, which highlights the mechanism of transcriptional regulation. A commercially available
database "TRANSFAC” provides the experimentally- proven binding sites of eukaryotic transcription
factors or the freely available database is "JASPAR". These motifs are stored as position weight matrices
(PWMs), also called as position-specific weight matrix (PSWM) or position-specific scoring matrix
(PSSM), and is the most common way to represent the motifs. In the past, various tools have been
introduced to identify over-represented motifs in the ChIP-seq peaks. For example, MATCH tool uses the

matrix library collected in TRANSFAC database and calculates two score values: the matrix similarity
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score (MSS) and the core similarity score (CSS). These two scores measure the quality of a match between

the sequence and the matrix, which ranges from 0.0 to 1.0, where 1.0 denotes an exact match.

2.4 RNA-sequencing data generation

Total RNA was isolated from Callithrix jacchus [418] and Gorilla PSCs [419] using Trizol lysis reagent
and Direct-zolTM RNA MiniPrep kit including DNase I on-column digestion (Zymo Research) according
to the manufacturer‘s protocol. Concentration of RNA was quantified on NanoDrop Spectrophotometer
ND-1000 and the quality of RNA was analysed using Aglient RNA 6000 Nano Kit on Aglient 2100
Bioanalyzer machine. Library for RNA sequencing was prepared from 550 ng of RNA using [llumina
TruSeq Stranded mRNA LT Set A kit (cat. no. RS-122-2101), according to TruSeq Stranded mRNA
Sample Prep LS Protocol. Samples were indexed with sample-specific indices which allow for the pooling
and sequencing of all libraries in two pools of five samples. Expression profiling of transcriptomes by
high throughput sequencing were performed on BIMSB Genomics Platform of Max-Delbrueck Center for
Molecular Medicine (Berlin, Germany) on Illumina HiSeq2000 sequencing platform. The clustering of the
index-coded samples was performed on a cBot Cluster Generation System using PE TruSeq Cluster Kit
v3-cBot-HS (Illumina) according to the manufacturer’s instructions. After cluster generation, sequencing

was performed on an Illumina HiSeq 2000 platform as 100 bp first strand specific paired-end reads.

2.5 RNA-sequencing data analysis

Sample-specific barcoded sequencing reads were de-multiplexed from multiplexed flow cells. The
resulting BCL files were converted to FASTQ format files using CASAVA 1.8.2. The quality of the raw
sequence reads was determined with the FastQC. Reads with quality score < 30 were removed. We also
truncated 2nt from the end of sequencing reads, since their average quality score was not same as the
rest of nucleotides. This resulted in at least 70 million reads per sample. Next, reads were mapped over
the reference genome (Human hg19/GRCh37) and transcriptome model (hg19.refseq. gtf), downloaded
from USCS tables (http://hgdownload.cse.ucsc.edu/goldenPath/hgl9/bigZips/)
using TopHat v2.0.8, samtools 0.1.17.0 and Bowite 2.0.5.0 applying parameters as: “tophat2 -p 8 —r
150-mate-std-dev 140 —library-type fr-firststrand”. On average 75% of total reads were uniquely mapped
on the annotated gene models, approximately 10% of total reads are uniquely mapped on repeated
fraction of genome (data not shown). Transcript assembly for each individual sample was conducted
using Cufflinks v2.08 measured as FPKM. For calculation of differentially expressed genes (DEGs)
we calculated Counts Per Million (CPM) using featureCounts and algorithms from “DESeq2” which
performed quantization and statistical inference of systematic changes between conditions, as compared to
within-condition variability. The package “DESeq2” provides methods to test for differential expression
by use of negative binomial generalized linear models; the estimates of dispersion and logarithmic fold
changes incorporate data-driven prior distributions. In addition, for the outlier’s samples, DEGs were
calculated using a single-replicate model. The read counts were calculated with featureCounts from
subread package (http://subread.sourceforge.net/), FPKM was calculated using bamutils
(http://ngsutils.org/modules/bamutils/count/). Next, Random Variablel (Varl) = n.
1. x formula was used, where x (Random Variable 2) is the expression level of this gene, n is reflecting the

sequencing depth and 1 is the gene length. The two random variables were used in the published model of
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2.6. Single cell RNAseq data processing

GFOLD algorithm, which calculate the normalization constant and variance to extract fold changes from

unreplicated RNA-seq data.

2.5.1 RNA-seq from Non-human primates

Reads were mapped to their respective reference genomes i.e. human (hgl9), Chimpanzee(PanTro4),
Gorilla (gorGor4), Callithrix (calJac3) and mouse (mm10) using STAR [414] with our defined settings
—alignintronMin 20 —alignlntronMax 1000000 —chimSegmentMin 15 —chimJunctionOverhangMin 15
—outFilterMultimapNmax 20

followed by constructing STAR genome/transcriptome indices providing their respective RefSeq gtf
annotations. As per STAR default we permitted at most two mismatches. We obtained uniquely mapped
read counts using featureCounts [420] at gene level with refSeq annotations. Gene expression levels were
calculated at Transcript per million (TPM) from counts over the entire gene (defined as any transcript

locating between TSS and TrEs). This we did using our in-house R script (available on request).

2.5.2 Visualization of reads

Single cell mapped reads merged for each stage in bam format were obtained using samtools [406] for
human embryonic development. It was converted into bedGraph format using bedtools [421] to visualize
through IGV over refseq genes (hg19). Conservation track was visualized through UCSC genome browser
under net/chain alignment of given Non-Human Primates (NHPs) and, later on, merged beneath IGV

tracks.

2.6 Single cell RNAseq data processing

We reanalyzed single cell sequencing data from previously published studies of human [297, 298, 296]
and Cynomolgus [385] embryogenesis. For cross-platform single-cell RNAseq data, counts were merged
on gene names. Variation due to batch effects was adjusted using COMBAT [422, 423] from R package
"sva" [422, 423]. The resulting dataframe was converted into log2 TPM scale (as mentioned before).
We chose samples expressing more than 5000 genes. We subsequently selected for further analysis
those genes that express (Log2 TPM > 2) in at least in 5 of these samples. This resulted in 1285 single
cells carrying expression levels of 15,501 genes for human samples. For mouse we recovered 259 single
cells carrying expression levels of 15181 genes. We separated cells by applying to the most variable genes
dimension reduction methods, notably principal component analysis (PCA) and t-stochastic neighbour
embedding (-SNE). To define the set of discriminating genes for PCA for any given species, we calculated
the z-score for each gene in each sample in the dataframe of all genes across all the samples (i.e. for human
15501 genes in 1285 samples). Each gene was then represented by an across sample vector of z-scores.
The resulting z vectors for all the genes were clustered by Pearson’s correlation method. We took any
cluster for further analysis that carried more than 20 genes. For each resulting cluster, we considered the
vector for each gene in turn and calculated log(Variance/mean) of the vector. We then determined the mean
of this value across all the genes within the cluster. Those clusters showing a mean(log(Variance/mean)) >
1 were considered as most variable clusters. All the genes (for humans n=1681) in these clusters were
considered as most variable genes (MVG). Our murine analysis confirms previously identified clusters,

so is not presented here. The above PCA analysis clearly resolves human E3 and E4. However, ES
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onwards appears as an unresolved cloud. In order to resolve this cloud, we first ran t-SNE on single
cell data for stages E4 and ES5 together and then ES5 independently. As this resolved the stages we were
interested in, we then applied t-SNE to the full dataset, enabling full resolution of discrete stages in early
human development. We used “Seurat” http://satijalab.org/seurat/ [395] and “SCDE”
http://hms-dbmi.github.io/scde/ [424] packages from R. Seurat was used to obtain most
variable genes, markers for given clusters, most significant principle components, t-SNE analysis and
visualizations. DEGs between single cell clusters were calculated using SCDE algorithms [424]. A
gene qualified as a marker of a given cluster if it fulfilled two criteria: the gene must be over-expressed
in that particular cluster (average fold difference >2 compared to the rest of clusters) and must also be
expressed (Log2TPM > 2) in at least 70% of cells in that particular cluster. To estimate the expression
level for repetitive elements per locus, only the data from [297] was employed this sample uniquely
having long reads. The above analyses were applied to single cell data. To compare such data with bulk
RNAseq datasets from naive and primed stem cells we adopted a different approach. Rather than merging
entire transcriptome datasets, instead we identified the most discriminating genes from single cell analysis
and extracted their expression values from the bulk data. The set of most discriminating genes was
defined as previously described (see PCA section above). PCA was performed on these genes’ expression
values (n=1681). I show that single-cell ESC samples were clustered with bulk RNAseq samples from
comparable cells, suggesting an absence of distortion of signal owing to sequencing protocol. Prior to any
analysis, bulk data was normalized using COMBAT [423].

2.6.1 ESRG analysis and self-renewal regulatory network

We created a dataframe of single-cell data for stages E5, E6 and E7, carrying expression values (TPM)
of all Human MVGs. We then computed pairwise Pearson’s correlation for all MVG. We then selected
only those genes that show strong correlation or anti-correlation with ESRG (threshold rho > 10.70l), as
shown in heatmaps (Figure 5.7. A network was constructed on genes showing the highest level of ranked
correlation among each other, with rho > 0.70, using “igraph” http://igraph.org/r/ package
from R. Arrows show the linking (links based on a preset level of preferential attachment (Barabasi-Albert
model)) between genes. Their direction is manually set under the criterion that “from” genes appear first
in human pre-Epi, “to” genes appearing next. The size of a circle represents the number of instances
a gene is upstream (nodes) of its paired partners (edges). Genes in the network are markers of human
EPI and colors are assigned as to their expression, or lack thereof, in mouse or non-human primate’s

embryogenesis.

2.6.2 Cross-species analyses

Genes that are differentially expressed (DEGs) between species were obtained by cross-species mapping
of RNAseq reads. Reads mappable on both genomes to be compared were further mapped on human
genome (hg19) using STAR. Cross-species read counts, FPKM and effective fold change was calculated
using GFOLD [425] on obtained replicated and unreplicated datasets. We mapped human and non-human
iPSC RNAseq reads against the human reference genome and gene models to determine the expression

level of human genes and repeat elements in NHPs.
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2.7. Detection of chimeric transcripts from RNAseq data

2.7 Detection of chimeric transcripts from RNAseq data

In order to determine chimeric transcripts, we first aligned the reads using universal aligner “STAR” using
the parameters written above that can discover canonical and non-canonical splice and chimeric (fusion)
sites. We kept only the junctions that were identified with a minimum of 6 uniquely mapped reads. Any
novel genes with resemblance to mitochondrial genes were excluded from all analysis. Either donor site
or acceptor site mapping to the mitochondrial genome was considered grounds for exclusion. To exclude
chimeras derived from repeat elements, we identified those novel transcripts that had at least 6 consecutive

bps from known repeat elements (repeats specified in hg19 rmsk. gtf).

2.8 Reduced Represented BiSulphite sequencing (RRBS)
analysis

We sought to indentify DNA methylation marks in the vicinity of repetitive elements and genes including
imprinted ones. We employed RRBS and WGBS methylation data from single cell analysis of early
human development [426] and Naive/primed cells [361, 356]. We considered only those methylated
regions that were supported by 10 reads or more. To analyze methylation around the promoter of any
given co-ordinate, we converted methylation sites into bed format and intersected with 5 KB extension
upstream and downstream from TSS genomic coordinates. We also employed catalogue of imprinted
genes http://igc.otago.ac.nz/home.html in the case of the analysis of imprinted genes.
Methylation level was defined as the ratio of methylated sequencing reads versus all of the reads on
the given locus. We calculated the average across-promoter ratio for all imprinted genes during human
embryonic development. Lines in the methylation plot show a polynomial regression at 6™ degree fitted
between distance from TSS and average methylation fraction. All of the statistics were performed on R

https://www.r-project.org/.
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Chapter 3

Single-cell transcriptomic blueprint of
human early embryos

While it has been a consensus that human preimplantation embryogenesis has, unique features compared to
the early development of murine or even other primates [385], the fine-tuning of the blastocyst formation,
and the definition (or lack thereof) of the ICM through human early development has been never being
fully resolved. Indeed, even using single cell data [297, 298, 296], only around one third of the cells
could be unambiguously classified. Owing to the fast progression of the developmental process, suddenly
generating a large number of cells with high heterogeneity, the most challenging task is to catch the
distinct lineages during blastocyst formation. To address this, and to enable characterization of all stages
of early human development, we use a strategy of clustering cells instead of genes. We employ a recently
developed dimension-reduction clustering methodology on single cell transcriptomics [395]. Importantly,
this technique focuses on defining local resemblances and is ideally suited both to single cell data and
to resolving transitory stages and otherwise unresolvable clusters. . By resolving the distinct groups we

aimed at re-defining the lineages and establishing markers of respective lineages.

3.1 Updating the transcriptomic atlas of human early embryos

To identify markers of distinct stages of human preimplantation embryogenesis, we used available single
cell transcriptome data [297, 296]. In contrast to previous analyses that identified differentially expressed
genes, we developed a strategy of clustering whole cell trancriptomes. First, we identified 1597 genes
exhibiting high variability across single cells and thus potentially useful for defining cell types. Next, we
performed principle component analysis (PCA) to reduce the dimensionality of the data, and identified
nine significant PCs using a previously described jackstraw method [395]. We used these PC loadings as
inputs to t-distributed stochastic neighbour embedding (t-SNE) [395] for visualisation. This approach
allowed us to distinguish 10 clusters that we annotate on the basis of previously reported markers (Figure
3.1B and C). In E3-E4, it is relatively straightforward to identify the clusters such as oocytes, zygote, 2, 4,
8 cells stage (E3) and even the more heterogeneous morula (E4) (Figure 3.1A). Though the homogenous
8-cell stage shows maximum level of cell to cell variation (heterogeneity) (Figure 3.1A) is marked by
known factor LEUTX (Figure 3.1G).
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Figure 3.1:

A. Tracing of human embryonic development progression from zygote to blastocyst. Principal component analysis
(PCA) of cross-platform 1385 single-cell preimplantation transcriptome using 1583 most variable genes (MVGs).
Developmental stages defined as in [297, 296].

B. Two-dimensional t-SNE analysis from single-cell preimplantation transcriptomes using 1651 MVGs re-defines
cell populations from distinct lineages as 8-cell at E3, Morulae at E4, Non-committed cells (NCC) and transitory
cells at ES, pluripotent epiblast (EPI) at E6-E7, primitive endoderm (PE) at E6-E7, Mural and Polar trophoectoderm
(TE) at E7. At ES, cells presenting none of the known lineage markers were assigned as non-committed (darkred)
and cluster forming rest of cells express multiple markers so we annotated as transitory cells. Up to 6 most
discriminatory genes are listed in box next to each cluster; numbers in bracket refers to AUC value. Colors indicate
unbiased classification via graph based clustering where each dot is single cell.

C. Re-ordered phylogenetic tree of clusters shown in previous figure. The tree is constructed using “BuildClustertree”
built-in function of the R package ‘Seurat’. Nodes are shown in grey boxes and numbers are in the order of their
position on tree. Colour code as in previous figure. Numbers in colored boxes denote the number of cells in each
representative cluster. Note: From the 1285 single cells, the independently clustering 16 single cells were added to
the transitory category from E6 and E7 (originally 410 cells).

D. Heatmap displaying the scaled expression (log TPM values) of discriminative gene sets (AUC cutoff > 0.90)
defining cell populations of morula (n=171), EPI (n=52), PE (n=45) and Polar TE (n=99) reported in previous
figures. Heatmap color scheme is based on z- score distributio n from -2 (light blue) to 2 (purple). See Table
5 for detailed list of discriminative markers of this study and their ranking comparison with published ones
[297, 298, 296]. Note: In the previous study, EPI, PE and TE markers were not defined. Instead, the authors reported
upregulated genes of previously defined developmental stages at defined embryonic days (ES, E6 and E7). Genes
identified by our analysis (see Method) are marked with asterisks (x).

E. t-SNE clustering analysis results of E3 and E4 cells (n = 245) generated using the R software package ‘Seurat’
using first 2 PCs (previous figures) as input loadings. Single cells were color-labeled in 3 group wise manner as we
obtained 3 distinct clusters viz. one homogenous cluster from E3 whereas two clusters from E4. Since E3 represents
8-cell stage and E4 as Morulae, so we kept their names as it is. Each dot represents an individual cell.

F. Violin plot visualize the density and distribution of gene expression (log TPM value) of LEUTX that was
upregulated in 8-cells compared with Morulae cells. Each dot represents an individual cell

G. Violin plot visualize the density and distribution of gene expression (log TPM value) of a preimplantation
transcription factor GATA3 that was upregulated in a group of Morulae cells compared with another group of
Morulae cells and 8-cells. Each dot represents an individual cell

Contrastingly, Morulae population being homogenous group, could be clustered into two subgroups;
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one marked by GATA3 that would probably form the lineages (Figure 3.1E and 3.1F). Human blastocyst
formation initiates at ES, progresses at E6 and stabilises at E7 prior to implantation. Our analysis reveals
previously unidentified clusters after morula (Figure 3.1A and 3.1B).

Our strategy distinctly identifies EPI and PE, as well as TE (polar and mural) clusters in E5, E6 and in E7
stages, respectively [area under curve (AUC) > 0.90]. These clusters homogenously express a specific
set of marker genes (Figure 3.1B and C). A remaining cluster from E6 and one from E6-E7 is yet to be
defined since they express markers heterogeneously(Figure 3.1B and 3.1C). These clusters homogenously
express their specific, previously reported markers [area under curve (AUC) > 0.90] and some newly

discovered markers by present study (Figure 3.1D and table)

3.2 Identification of novel non-committed cells in E5 blastocysts

Not all the clusters are so easy to classify as EPI, PE and the early cell types. Given the heterogeneity
between cells of the same type, might some also be transitory types? At ES5, we observed two types of
cells, either expressing (even multiple) lineage markers or those that fail to express any markers of known
blastocyst lineages (EPI-PE-TE). Cells expressing multiple markers at ES do not segregate on the t-SNE
plot using unbiased approaches of clustering E3-E7 cells, and we defined them as transitory cells. By
contrast, cells expressing none of the known markers form a clearly segregated cell population on the
t-SNE plot that we name non-committed cells (NCCs) (Figure 3.1B and 3.1C). This clearly definable, but

novel cell type we analyse in more detail below.

3.3 Resolving the identity of cells segregating from morula
unmasks the human inner cell mass (ICM)

The presence or absence of the ICM is possibly the most contentious of issues in early human development
[346, 296]. If it exists, we would expect it to be resolved as a type segregating from morula. In order to
further resolve the broad spectrum of transcriptomes of cells segregating from morula, we restricted our
analysis to E5 only, and removed cells with low quality transcriptomes (expressing (log2 TPM > 1) less
than 5000 genes). The transcriptomes of the remaining 300 cells were subjected to a similar strategy that
we used for dissecting E3-E7. This approach resulted in six significant PCs, and we enlisted the top 30
genes contributing to their respective eigen vectors (Figure 3.2A). Loading the above PCs as input, we
observe three distinct transcriptome clusters on t-SNE (Figure 3.1B) (that could also be distinguished
on the first two principal components) using the expression dynamics of Most Variable Genes (MVGs)
(Figure 3.3A). Altogether, we identified 235 genes (AUC > 0.80) (Fig. 1C) that we used to characterize
the obtained clusters at ES.

Expression of DLX3, a known marker of a precursor population of TE defines the first cluster (n=86) as
pre-TE, while the second cluster (n=97) homogeneously expresses BIK, a key inducer of the apoptotic
process. The third cluster (n=71) co-expresses known EPI (e.g. NANOG) and PE (e.g. BMP2) markers
(Figure 3.3C, all genes star marked would also mark EPI in E6-7 whereas hash marked genes would mark
PE at E6-E7, other would lose their specificity with ICM), defining the ICM (Figure 3.3A). Thus, our
strategy enabled us to resolve distinct cell populations segregating from morula, and unmask the human

ICM. Based on their ranking in the corresponding clusters, we propose the top markers of human ICM,



3.4. Human preimplantation embryogenesis is a sequential process segregating from morula

pre-TE and NCC populations as IL6R, TMPRSS2 and BIK, respectively at ES (Figure 3.3A and (Figure
3.2C-H)).
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Figure 3.2:

A. Heat maps showing scaled expression (log TPM values) of discriminative gene sets per PC (Principle Component)
in 300 E5 cells visualized on the first 6 most significant components. These 6 PCs were used as input loading for
further t-SNE analysis of E5 cells. This figure explores the correlated and anti-correlated gene sets among ES5 cells.
B. t-SNE clustering of ES5 cells (n = 300) using the first 6 PCs (Figure S1A) as input loadings reveals 3 distinct
clusters. Each dot represents an individual cell.

C-H. The 3 clusters were also distinguished by their strong expression of known markers ICM (IL6R), EPI
(NANOG), PE (BMP2), Pre-TE (DLX3 and TMPRSS2). The unattended cluster is flagged by BIK (BCL2-
Interacting Killer/Apoptosis-Inducing NBK) as illustrated in the feature plot where each dot represents an individual
cell and color indicating the expression of mentioned marker genes.

I. Scatterplot displays the comparison of averaged gene expression of NCC and ICM cells pooled together in
pairwise manner. Red and blue dots are genes whose expression is enriched in either ICM or NCCs. Annotated
genes are: unchanged housekeeping genes (GAPDH and ACTB), genes enriched in either NCCs (blue) or in ICM
(red).

3.4 Human preimplantation embryogenesis is a sequential
process segregating from morula

Based on the most extensive study done so far of single-cell transcriptomics from human preimplantation
embryos, it was suggested that the human morula segregates to EPI, PE and TE simultaneously around E5
[296]. This dynamic would be a surprising deviation from the step-wise lineage specification dynamics
of mouse or macaque [313, 385]. To evaluate the ‘simultaneous’ vs ‘sequential’ models, we employed
scaled expression of our cluster-specific markers, DLX3 (Pre-TE), BMP2 (PE), NANOG (EPI), IL6R
(ICM) and BIK (NCC), and determined co-expression patterns at single cell resolution (Figure 3.3D and
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Figure 3.3: A. PCA of E5 cells (n=300) by most discriminating genes (n=526) among three obtained clusters
represented on PC1 and PC2.

B. Venn diagram shows the top 3 KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways enriched either in
ICM (red) or in NCC (blue) and shared between them (merged, grey). Numbers in bracket indicate the number of
genes involved in the respective pathways. Black brackets show ICM numbers slashed by NCC ones.

C. Heatmap visualization of scaled expression [log TPM (transcripts per million)] values of discriminative set of
genes for each cluster defined in figure A (AUC cut-off >0.90). Color scheme is based on z-score distribution
from -2.5 (light blue) to 2.5 (purple). Left margin color bars highlight gene sets specific to the respective clusters in
figure A and top margin color bars define the same for cells. ICM specific genes are marked by (x) or (#) are also
expressed at E6-E7 in EPI or PE, respectively.

D. Heatmap of the row-wise scaled expression (log TPM) levels of selected marker genes for Pre-TE (DLX3), EPI
(NANOG), PE (BMP2), ICM (IL6R) and NCC (BIK). Colour bars under the dendrogram were set manually showing
the clusters of distinct cells expressing differential combination of markers. Transitory cells (T) are co-expressing
multiple lineage markers.

E. Schematic of stepwise initiation of blastocyst formation based on the heatmap in previous figure. Bracketed
numbers indicate the number of cells showing the characteristics of the various cells types.

F. Dendrogram via bootstrapping (1000 replicates) based hierarchical clustering using ranked correlation and
complete linkage method on averaged expression from the distinct cell populations of human preimplantation
embryogenesis (the transcriptomes of all the distinct populations are pooled together). Height of dendrograms
represents the euclidian distance of dissimilarity matrix, numbers in red and blue indicate "au" and "bp" values from
the bootstrapping.

Out of 300 we detected 3 cells expressing all the four markers, indicating that these cells could be
the precursors of early blastocysts. Another subset of cells expressed the markers of the three layers
of the blastocyst (n=25), featuring a transitory/precursor state (T1) prior the segregation to ICM (n=71)
and pre-TE (n=86). ICM and either PE or EPI markers were enriched exclusively in the transitory cell
population of T2 (n=8) and T3 (n=10), respectively. We hypothesized that these ICM-derived cells are
the Pre-EPI and Pre-PE cells that would commit to PE and EPI at E6-7 stages (Figure 3.3D and 3.3E).



3.5. The non-committed cells of the human blastocyst are exposed to programmed cell death

Our analysis supports the model that the human early embryogenesis is a sequential process, proceeding
through well-defined steps. As we have shown in previous figures, we not only define the distinct stages
during the formation of human blastocyst but also their progenitors along-with transcriptional flags

marking their respective stages (Figure 3.3D and 3.3E).

3.5 The non-committed cells of the human blastocyst are
exposed to programmed cell death

With the trajectories and cell types clarified it is instructive to ask what markers define each cell type.

Of particular interest in this context are the newly defined NCCs. The top marker of NCCs, BIK is an
apoptosis-inducing factor, suggesting that this cell population that we have defined as non-committed
might be cells that are being selectively purged (Figure 3.2B, 3.2H, 3.3D-F). To address whether this
might be the case, we averaged the expression for individual genes across the groups and performed
pairwise analysis, enabling identification of the genes that are differentially regulated in committed (ICM,
EPI and PE) vs non-committed cells (NCCs).

Our KEGG pathway mapping for differentially regulated genes revealed that ICM genes were enriched in
Pluripotency regulating signalling, whereas NCC genes are mapped to the Apoptosis pathway (Figure
3.3B), consistent with the involvement of BIK. Besides NANOG and BMP2, the ICM expresses a unique
combination of genes that have the potential to affect the cytokine or chemokine signalling (e.g. , IL6R,
CCR and ETV1/4)(Figure 3.3B and 3.3C). Curiously, in ICM we also detected genes implicated in host
defence against retroviruses and retrotransposons e.g. APOBECs, IFITM1 (Figure 3.3B and 3.3C). In
NCCs, in addition to BIK, we observed the differential upregulation of several other genes associated with
programmed cell death (e.g. BAK1, various caspases or MAPK3, etc. ) (Figure 3.2I and 3.3C), indicating
that these cells are likely subjected to apoptosis. Our assumption is further supported by the observation
that NCCs are not detectable after ES, thus excluded from the developmental process (Figure 3.3F, 3.1C
and 3.1B).

To identify the origin of NCCs, we performed a transcriptome-wide clustering with 1,000 bootstraps.

Since, the cells are in continuous progression exhibiting a dynamic transcriptome in the otherwise clearly
definable clusters, we averaged their expression for the clustering (Figure 3.3F. The analysis detects NCCs
as an alternative population of cells commit either to ICM or Pre-TE originating from morula (Figure
3.3F). We also compared the expression of apoptotic marker genes in EPI or PE populations compared
with NCC ones, expectedly they were significantly upregulated in NCCs, supports that these populations
do not commit to any further lineages (Figure 4.1E). Thus, cells that fail to express any lineage markers
are filtered out following cell fate decision at E5 by apoptosis, a mechanism that possibly serves as a

quality control measure to eradicate certain (e.g. damaged) cells from development.
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Chapter 4

Retro-element’s guide to human early
embryos

By resolving the distinct groups we aimed at re-defining the lineages and establishing markers of respective
lineages. To characterize the cells, we ought to add an extra layer of analysis based on presence in the
transcriptome of transposable element (TE) fractions. Embryonic gene activation (EGA) is accompanied
with a transition of DNA methylation [426], and also affects the expression of TrEs. Indeed, TE
families of different phylogenetic age (both transpositionally active and inactive) are de-repressed, and get
transcriptionally activated in characteristic patterns [134, 263, 285, 276, 312]. We ought to determine
their expression profiling in the freshly resolved clusters. The regulation of TrEs is highly precise and
specific to the given cell-type. We expect a contrasting pattern whereby young and old TrEs are expressed
in different cell types: possibly mutagenic young TrEs are expressed in NCCs while older TrEs, most
notably HERV-H and HERV-H-associated transcripts, could define many cell types with a developmental
future. These cells include, but are not restricted to pluripotent stem cells, where their high expression

level was previously shown to be functionally relevant [209, 211].

4.1 Cells upregulating potentially mutagenic transposable
elements are exposed to apoptosis

Why might the NCC be expressing apoptopic factors? One possibility is that they might be damaged
by the activity of mutagenic transposable elements (TEs). To further characterize the freshly resolved
clusters, we examined the expression of their TrEs. In human, the mutagenic, young (< 7MY) elements
include certain transpositionally active TrEs, such as Linel, SVA and Alu. The majority of the Young
elements in the human genome are activated following EGA and peaking in morula [263, 427]. To
monitor the dynamics of TrEs following morula, in the blastocyst, we averaged the expression (Log2
CPM+1) of each particular TE family and compared their expression in NCCs against the other blastocyst
cells at ES. We detected transcriptional upregulation of TrEs in both NCCs and ICM. However, while
the activated families in the ICM are phylogenetically Old (> 7MY) and transpositionally inactive, the
upregulated TrEs in NCCs are Young, and potentially mutagenic. The old TrEs upregulated in the ICM are
ancient human endogenous retroviruses (HERVs), dominantly represented by their full-length transcripts:
LTR2B-HERVL1S, LTR41B-HERVE-a, LTR17-HERV 17, LTR10-HERVI, MER48-HERV-H48, and
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4.2. HERV-H is repeatedly co-opted during early embryogenesis

LTR7-HERV-H in ascending order of average expression (Figure 4.1A). The list of activated young
TrEs in NCCs includes LTR5-Hs, HERV-K13-int and the reportedly mutagenic SVA, Alu and Linel
[77] (Figure 4.1A). The upregulation of the old LTR7/HERV-H stays high and strikingly antagonistic to
young (e.g. SVA) transcription in either EPI or PE, where the expression of SVA is low (Figure 4.1B).
Importantly, Linel open reading frame 1 (ORF1) is clearly detectable, and marks a subpopulation of the
blastocyst in situ, indicating the presence of translated Line ORF1 in these cells. It is not a great leap to
suppose that expression of mutagenic elements could result in genome instability that could induce the
apoptotic process in NCCs (Figure 4.1C).

The relatively large number of transitory cells, and a built-in potential quality control appear as features of
human preimplantation embryogenesis in ES. In addition, domesticated retroviral sequences (HERV-H-
derived) have been implicated in human/primate preimplantation embryogenesis [212, 211]. Specifically,
in human pluripotent stem cells (PSCs), the LTR7/HERV-H promoter/enhancer drives transcription of
numerous regulatory transcripts that modulate pluripotency [312, 209, 211, 212]. Indeed, in ICM we
detect the upregulation of neighbour genes (at least 10KB downstream of HERV-H locus) in the proximity
of expressed HERV-H loci (Wilcoxon test, p-value < 0.0001), including HERV-H derived gene products
(e.g. ESRG, ABHD12B) (Figure 4.1D). While many such effects may reflect innocent bystander effects,
the function of a number of HERV-H-derived transcripts (e.g. LincROR, ESRG) has been confirmed to
affect pluripotency [286, 428].

4.1.1 Knocking down of HERV-H in pluripotent stem cells results in
upregulation of Young TrEs

The mutual exclusion of Young and Old TrEs could be owing to some third part switches. Alternatively,
might it be that activity of one suppresses the activity of the other? If so then the activity of TrEs may
be involved not just in pluripotency and self-renewal, but also in the maintenance of genome stability.
HERV-H-derived products promote, maintain pluripotency and inhibit differentiation. Knocking down
(KD) HERV-H in PSCs can model certain aspects of this developmental stage, when cells discontinue to
self-renew and commit to differentiate [212, 209]. Does this transitory stage associate with turmoil of TE
activities? Our analysis focusing on TE expression in the transcriptome of KD-HERV-H-h1 cells [209]
reveals that a repression of HERV-H expression leads to robust upregulation of Young TrEs (Figure 4.2A).
This would suggest that the future viability of cells with a potential developmental fate is dependent on

HERV-H somehow suppressing the activity of potentially mutagenic Young TrEs.

4.2 HERV-H is repeatedly co-opted during early embryogenesis

While HERV-H has been previously identified as having a key role in pluripotency in humans to date,
HERV-H has been treated as one entity. Are then all HERV-H loci expressed at the same time or are
there discrete classes of HERV-H expressed in given cell types? LTR7 drives only a fraction of HERV-H
genomic loci (~350/1285) in pluripotent stem cells [263, 285], however HERV-H is transcribed from
variants of LTR7 in earlier stages of embryogenesis [263, 312]. Are the time-separated variants different?
Our inability to define discrete HERV-H subtypes has in no small part been because we are not able
to map the short sequence reads to a particular genomic loci. Using the dataset of [297] enables us

to calculate individual locus expression for HERV-H and SVA elements at certain level. This strategy
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uncovers that HERV-H expression is not restricted to the blastocyst, but also detectable in earlier stages
of embryogenesis. Similarly to the blastocyst,, both HERV-H and SVA expression appears to follow

characteristic, but contrasting pattern during the entire pre-implantation development (Figure 4.2B).
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Figure 4.1:

A. Scatterplot shows the comparison of normalized mean expression in CPM (Counts Per Million) of various TE
families between averaged pool of ICM (x-axis) and NCC (y-axis) cells. Read counts are normalized to total
mapable reads per TE family. Note: Uniquely mapped reads were considered as one alignment per read. We
considered one alignment to multimapping reads only if they were mapped to multiple loci, but exclusively in a TE
family. Every point corresponds to a TE family. TE families enriched in ICM (red) vs NCC (blue).

B. Violin plots visualize the density and expressional dynamics of the retroelements, SVA, LTR5-HS (Young) vs
LTR7/HERV-H (Old) the in non-committed (NCC) vs committed cell populations (PE and EPI) of the human
blastocyst. Young retroelements enriched in NCCs vs committed cells (p-value < 0.000072), LTR7 and HERV-H-int
enriched in EPI vs PE and NCCs (p-value < 0.00037).

C. Co-staining graph shows the immuno-florescence of ORF1 (is a trimer peptide which is required for L1
retrotransposition) from LINE1 elements (red dots) that is required for retrotransposition of L1, Alu and SVA
elements in human genome, POUSF1 (Oct4, enriched in ICM as green dots) and DAPI (stains nucleus chromatin in
blue color).

Right panel shows the enrichment of host defensive genes against retrotransposons in ICM cells.

D. Boxplots show the distribution of expression (log2 TPM relative to mean) of genes in multiple windows with
respect to distances (0-25KB) from the left boundaries of HERV-H loci on the same strand. Genes used for the
analysis are expressed (Log TPM > 1) in at least 1% of cell populations at E5 (pre-TE, ICM and NCC). Boxplots
show relative gene expression where HERV-H is part of introns (N=122) or exons (N=11) lower left and top right,
respectively. The 11 genes are the following: C6orf99, ESRG, IL34, LINC00263, LINC-ROR, HHLA1, MOK,
TLR8-AS1, TPTEP1, UCAI and ZNF177).

E. Violin plots visualize the density and distribution of gene expression (log TPM values) of selected genes that are
upregulated in NCC vs EPI or PE. ICM and Pret-TE (Figure 1C and 1D) and this figure shows the comparison vs
E6-E7 (EPI and PE) cells, and are involved in regulating apoptotic pathways (KEGG: hsa04210, Gene Ontology
GO0:008219, GO:0012501 and GO:0006915) (Wilcox test, p-value < 0.00000071).

In order to decipher the pattern of HERV-H expression during development, we determine the clusters.
We redefine ICM, EPI, PE and TE cells according to our previously established criteria, and include

cells exposed to in vitro culturing (ESCs) in our analysis. We calculate FPKM for the individual loci,



4.3. HERV-H expression also has a characteristic pattern during the somatic reprogramming process

keeping the threshold of log2 FPKM > 1 to catalogue robust expression only. We observe overlapping, but
distinguishable subsets of active HERV-Hs in the oocyte (n=39) and in the early embryo until 4-cell stage
(n=87), respectively (Figure 4.2C). Furthermore, a different group of HERV-Hs gets activated during the
embryonic gene activation (EGA) phase (n=43) and in EPI/ICM (n=31). We can also identify a specific
group of genomic loci getting activated when cells of the blastocyst are exposed to in vitro culturing (e.g.
ESCs) (Figure 4.2C).

Do the HERV-H loci, similarly to the blastocyst, drive their own expression, and affect neighbouring
gene expression in other stages? Indeed, we find a number of examples when HERV-H is taking over
transcriptional regulation of host genes in earlier stages of preimplantation development (Figure 4.2D).
For example, FUT3, a top marker of morula is being remodelled by HERV-H, driven by a younger variant
LTR7B. Similarly, OR1N1, TFPI and NLRP12 marking different stage of early embryogenesis are also
remodelled by HERV-H (Figure 3B), suggesting that HERV-H might have been repeatedly co-opted
during early embryogenesis. Notably, these remodelling events are relatively recent during the evolution

of primates and appear to be specific to humans (Figure 4.2E).

4.3 HERV-H expression also has a characteristic pattern during
the somatic reprogramming process

While in the above analysis we can identify time-stratified HERV-H expression, is there any reason to sup-
pose that this is in any manner controlled and deterministic? One way to address this is to ask whether the
forward series seen in embryonic development is recapitulated in reverse during somatic reprogramming,
as somatic reprogramming mimics certain aspects a developmental process in a ‘reverse’ mode [429].
We use K-means clustering of human RNAseq data collected during somatic reprogramming [208]. The
analysis identifies a list of genes that define distinct stages of the progression of reprogramming from ‘ini-
tiation” via ‘maturation’, ‘stabilisation’ and finally ‘maintenance’ of pluripotent stem cells (Figure 4.3A).
We observe a HERV-H expression cluster (C1) being generally active during the reprogramming process
(Figure 4.3B). C1 (n=28) includes HERV-H-derived transcripts reported to promote the reprogramming
process e.g. ESRG, ABHD12B, LINC-ROR, HPAT?2/3 (Figure 4.3B).

In addition to C1, we identify two additional clusters of expressed HERV-H loci, C2 (n=159) and C3
(n=145) exhibiting a sharp change of expression at the border of ‘maturation/stabilisation’. Thus, besides
promoting reprogramming, we also identify subsets of HERV-H loci whose expression overlaps with the
condition when pluripotency and self-renewal get stabilised (Figure 4.3B). Genes neighbouring C2 and
C3 loci with phase specific expression display similar dynamics of expression to their respective HERV-H
loci, and are potentially controlled by HERV-H (Figure 4.3C and 4.3D).

To identify a potential overlap between embryogenesis and somatic reprogramming regarding HERV-H
expression, we intersect the clusters of HERV-H from embryonic development [297] and somatic repro-
gramming. Importantly, we find a high overlap (82%) of expressed HERV-H loci between in vitro cultured
PSCs derived from either the blastocyst [297] or reprogrammed from somatic cells [208].

The self-renewal network, shared between EPI and iPSCs, is getting activated from the stabilisation stage
of somatic reprogramming (Figure 4.3A and 4.3B). We still observe a partially similar set of expressed
HERV-Hs (and their corresponding neighbours) between EGA and maturation stages (65%) (Figure 4.3E),

however there is almost no shared expression of HERV-H loci between early embryonic development and

63



4. RETRO-ELEMENT’S GUIDE TO HUMAN EARLY EMBRYOS

64

the stages of somatic reprogramming. These results confirm that the expression of certain HERV-Hs is

likely deterministic and that these variants thus can be efficient markers of discrete stages.
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Figure 4.2:

A. MA plot displaying the comparison of average difference of normalized expression (CPM) of TE families
between HERV-H-KD (n=2) vs GFP-KD (n=2) in H1-hESCs [209] at y-axis and average expression of TE families
in HERV-H-KD and GFP-KD (n=4) in H1-hESCs combined at x-axis. Dots represent TE families downregulated
(red) or upregulated (blue) (Log2 Average CPM > 5 and average difference > 2) in HERV-H-KD H1ESCs. .

B. Heatmap visualization of expression of significantly expressed (CPM > 1 in any of the single cells) genomic
loci of HERV-H-int and SVA(A-F) during preimplantation embryogenesis (early, oocyte/4-cell; mid, 8-cell/morula,
late blastocyst stages and ESCs (passages 0 and 10 [297]) Note complementary expression pattern. The row side
colours are indicating pearson’s correlation clusters.

C. Heatmap shows the five distinct clusters of highly expressed (log2 FPKM > 2) full-length HERV-H loci (n=250)
in 124 single cells of human early embryos and hESCs [297] averaged into eleven cell populations (shown on top
of the heatmap). Dendrogram shows the clustering of scaled FPKM values by euclidian distance and spearman’s
correlation (above cell type labels).

D. Boxplot represents the distribution of early embryo (oocyte, zygote, 2-cell and 4-cell) specific active HERV-H
(n=126) from previous neighbour (upto 10 KB downstream) genes expression (log TPM > 1). Note: Relative
Expression (log2 TPM — mean(log2 row-wise TPM) dynamics of genes neighbour (< 10 KB) to HERV-H (cluster 2
and cluster 5 shown in previous) during distinct stages of human preimplantation embryonic development. These
genes are upregulated in early embryos compared with mid and late preimplantation embryos.

E. HERV-H-enforced gene expression marks distinct stages of early development. Integrative Genome Visualization
(IGV) of uniquely mapped reads over a specific gene and the proximal full-length HERV-H locus. Arrows show the
annotated (black) and HERV-H-enforced (red) transcription start sites (T'SSs). Transcription skipped at annotated
(empty box) and HERV-H-enforced TSSs (shaded box) are shown. Lowest panels show phylogenetic conservation
status, the presence (thick line) and the absence (narrow line) of the human sequence compared to the Chimpanzee,
Gorilla, Rhesus, Callithrix and Mouse assemblies. In humans, ORINI is expressed until Embryonic Genome
Activation (EGA), controlled by an upstream full-length HERV-H copy. The HERV-H-enforced FUT3 transcript is
expressed in 8-cell/morula stages. LTR7B/HERV-H provides TSS and contributes to the chimeric FUT3 transcript
in humans only. An upstream HERV-H locus trans-activates NLRP12 in epiblasts.
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Figure 4.3:

A. Line plot represents connecting relative gene expression (log2 TPM) to the mean value of data frame during
the reprogramming process of human fibroblast to pluripotency. ‘Initiation’, day 3, grey; ‘Maturation’, days 7,
11, 15, green; ‘stabilisation’, days 20, 28, blue; ‘Maintenance’, days 35, 42, 49, orange. Lines on the plot are
connecting medians of relative expression levels of the four-major k-means clustered genes from each sample during
the reprogramming process. Examples of stage specific genes during somatic reprogramming are shown next to the
plot.

B. Heatmap shows the three distinct clusters of highly expressed (same criteria as in Figure 3C) full-length
HERV-H loci (n=340) during the reprogramming process from fibroblast to hiPSCs. Cluster 1 (n=159) gain its
expression during the maturation (day7-day15) stage. Cluster2 (n=145) is expressed during the stabilisation stage of
reprogramming (day20-day28) and during passaging (day35-day49). HERV-H loci (n=36) of Cluster3 are expressed
throughout the reprogramming process.

C. Notched boxplots show the expression (log2 FPKM) dynamic of 159 HERV-H loci (left panel) and their neighbour
genes (up to 10 KB downstream) (right panel) specific to ‘maturation’ phase of reprogramming.

D. As on D, but 145 loci specific to ‘stabilisation’ phase of reprogramming.

E. Pie chart illustrates the overlapping HERV-H loci between reprogramming and early development. Clusters 1-5,
as shown on Figure 4.2C

4.4 Both ICM and EPI are pluripotent, but only EPI has
self-renewal potential

While the above analyses define the anatomy of early human embryogenesis and reveal markers for the
different cell types, we can in addition ask more applied questions. We can ask both whether there is
a cell type that would be a good candidate for a self-renewing pluripotent cell population that could
be stably maintained in the lab? We can ask also about the relationship between lab maintained cell
types and the new classification of true embryonic cell types. To answer the first question, we further
dissected the transcriptional differences between EPI and the newly identified ICM. Using the top 1217
MVGs, we observed distinct clusters of ICM (n=75) and EPI (n=53) on PCA (Figure 4.4A). Curiously,
pluripotency-specific markers (e.g. NANOG, KLF4, OCT4, etc. ) do not exhibit differential gene
expression between EPI and ICM (p-value insignificant) (Figure 4.4C), arguing against EPI being the
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only pluripotent cell population in the preimplantation embryos. [298, 296]. By contrast, we find 22
and 9 genes, whose expression distinguishes ICM from EPI (AUC > 0.90), including BMP2, FOXR1,
CLDN19 and NODAL LEFTY?2 etc. , respectively (Figure 4.4B). Consistently with the association of
HERV-H with pluripotency, we observe several HERV-H-derived gene products expressed in both ICM
and EPI. However, while SCGB3A2 shows equal expression in both cell types, LINC-ROR, HHLA1,
LINC00263, ABHD12B or ESRG are expressed more abundantly in EPI (Figure 4.4E), suggesting a
possible functional diversification of HERV-H-enforced transcripts in pluripotency. Furthermore, while
TFPI2 is exclusively expressed in ICM, the expression of its HERV-H-remodelled paralogue, TFPI has
been shifted to both pluripotent cell types (Figure 4.4G). In addition to HERV-H-mediated remodelling
events, gene duplication, and functional modification of the duplicated copy can be also observed in EPI
vs ICM (e.g. NANOG vs NANOGNB) (Figure 4.4H). The EPI cluster can be also characterised by its
low cell-to-cell variation. Indeed, EPI cells from both E6 and E7 cluster together, suggesting that these
cells stably maintain their transcriptome in the blastocyst (Figure 3.1B). Notably, the low cell-to-cell
variation is thought to be a property of cultured cells referred as self-renewal potential. This assumption is
supported by NODAL, GDF3 and LEFTY 1, implicated in triggering the self-renewal cascade in human
[295, 309] being top-markers of EPI (Rankl, 2 and 10) in our analysis (Figure 3.1A, 3.1D and table).
Expression profiling of a set of self-renewing genes suggests that the self-renewal potential might be a

property of EPI, but ICM (Figure 4.4D), defining EPI as a strong candidate for in vitro work.

4.5 Transcription profiles of transposable elements
characteristically mark early stages, and peak in morula

Next we ask whether DNA methylation based control might help to further define features of the human
morula-blastocyst boundary, featured with a special set of embryonic genes activated (EGA). The global
DNA methylation drops at zygotic state and reaches its minimum at the blastocyst stage [426], and the
process is not yet completed in morula (shown around ERVs, Figure 4.5A), orchestrated by enzymes
controlling DNA methylation. In contrast to mice, where expression of their dynamic robustly alters
during the 2 cell-stage, human cells exhibit a sharp change at the 4 to 8 cell boundary [299](Figure
4.5A-B). In 8 cell/morula stage, levels of DNMT1/UHRF1, performing hemi-methylation are declining,
TET1/TET2, playing a role in active DNA demethylation are rising, while DNMT3A and 3B, implicated
in de-novo methylation and marking repetitive/transposable elements have a characteristic drop (Figure
4.5D). This renders morula an epigenetically transitory stage.

A further peculiarity of early embryogenesis (morula and before) is the generation of chimeric transcripts
in which a transcript derives from two physically independent genomic loci. This species-specific process
is highly active during early embryogenesis, gradually decaying to an approximately steady state number
after morula (Figure 4.5C). The transition of DNA methylation that runs through early development
also affects the expression of TrEs. TE families of different phylogenetic age are de-repressed, and get
transcriptionally activated in characteristic waves during early embryogenesis [134, 184, 312]. While
the phenomenon is observed in both mouse and human, the waves are species-specific, due to the unique
repertoire of TrEs in each species [311]. Intriguingly, PC analysis of 968 most variably expressed
distinct TE loci, mostly attributed to LTR12B, SVA, L1-PA and HERV-H (Figure 4.6A-B), reveals three

major waves of activation during early, mid and late preimplantation embryogenesis (Figure 4.6A-B). We
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also subjected a dataset of TE expression in cells derived from both developmental stages and in vitro
culturing to PCA, an unsupervised clustering and pairwise correlation analysis. Ranked correlation matrix
visualized the three waves of TE expression during development, but placed cultured cells separately
(Figure 4.6C).
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Figure 4.4:

A. PCA biplot showing the analysis of ICM (n = 75) and EPI (n = 52) cells using the R software package, Seurat.
PC1 versus PC2 demonstrates the splitting process of ICM to EPI based on transcriptional proximity between the
mentioned lineages; each dot represents an individual cell; colored legend for each subset is shown on the top of the
plot.

B. Heatmap showing scaled expression (log TPM values) of discriminative gene sets defining EPI and ICM (AUC
cutoff > 0.90). Color scheme is based on z-score distribution, from —2.5 (blue) to 2.5 (purple).

C-E, G-H. Violin plots illustrate expression distribution of candidate genes (left) associated with pluripotency,
(p-value > 0.23); (middle) self-renewal (p-value < 0.00005); (right) HERV-H-remodelled genes (p-values on plots).
(grey for EPI; green for ICM); TFPI and TFPI2 dynamics is in figure "G" whereas, NANOG and NANOGNB is in
figure H showng dynamics of paralogous genes between plutripotent states of blastocyst.

F.IGV of uniquely mapped reads over the chosen genes (that has been shown to forming chimeric transcripts in our
previous published work ref) and closest full-length HERV-H loci indicates the usage of multiple TSS arising from
HERV-H at distinct stages. Both genes lose their annotated TSS and proximal exons to form HERV-H chimera. The
chimeric ABHD12B transcript is expressed from zygote to EPI, but expression pauses in 8-cell/morula, Exons of
ABHDI12B upstream of HERV-H/LTR?7 are skipped. While ABHD12B HERV-H appears to be intact in Chimpanzee,
it has several deletions compared to the human version (not shown). SCGB3A2, implicated in pluripotency, exhibit
partially overlapping expression patterns, usage of distinct human-specific HERV-H TSS and loss of annotated TSS
and proximal exons.

4.6 HERV-H is exceptional in breaking the old-early/young-late
rule

TE invasion of a genome is typically considered to be deleterious to the host. If so we expected to see a

difference in the profile of young TrEs, yet to be fully suppressed, and older ones. To address this, we

evaluated transcription patterns of Young (< 7 MYA) and Old (> 7 MYA) TE families during human

early development.
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Figure 4.5:

A. DNA methylation pattern around TSSs of human placental imprinted genes from RRBS analysis during human
early embryogenesis. Arrows indicate changes between oocyte to 8 cell stage and morula to ICM/Trophoectoderm.
Lines in the plot are 6th degree polynomial regression values of average methylation with distance to left boundary
(TSS) of Young TrEs. Lines are smoothed by spline function (spar=0.45).

B. Expressional dynamics of Old (>7MY) and Young (<7MY) retroelements http://www.girinst.org/
repbase/ during human pre-implantation-stages. Young TE expression peaks in 8-cell/morula. LTR7Y is
older (> 7 MYA) but its younger with respect to LTR7 (< 30 MYA). TrEs marked with * were demonstrated to
retrotranspose in the human genome [77].

C. Generation of chimeric transcripts is tuned down after morula (excluding any chimera arising from Transposed
Elements). Bar plot showing the number of chimeric transcripts detected from single cells of human preimplantation
stages. Only data from [297] was considered since other studies had shorter reads in order to determine chimeric
transcripts.

D. Dynamic of selected enzymes affecting genomic DNA methylation. Lines on the plot are connecting medians
of single cell expression levels (log2 TPM) from the depicted stages of development. Early includes oocytes,
zygote, 2-cell, 4-cell stages in human, while zygote, early 2-cell, late 2-cell, 4-cell in mouse. Mid represents
8-cell, 16-cell/morula stages, and Late denotes blastocysts in both human and mouse. Lines are smoothed by spline
function (spar=0.45).

E. Expressional dynamics of Old (> 7MY) and Young (<7MY) retroelements during human pre-implantation-stages
(elaborated version if Figure B).
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Figure 4.6:

A. Number of independent TE loci. Most variable 968 TrEs expressed during human early embryogenesis. Bars are
showing the number of independent loci from each TE families containing the 968 most variable TE loci.

B. Transposable elements mark distinct human developmental stages of embryogenesis. PCA of the most variable
968 TrEs shows that human early embryogenesis can be clustered distinctly on the two most significant eigen
vectors.

C. Unsupervised clustering and ranked correlation analysis. Ranked correlation matrix visualization of single cells
from human preimplantation human development and cultured PSCs shows the dynamic expression of the most
variable TrEs (n=968). D. Expressional dynamics of Old (> 7MY) and Young (<7MY) retroelements during human
pre-implantation-stages (See also Figure 4.5B).

E. Expression dynamic of enzymes affecting DNA methylation during somatic reprogramming. Relative expression
to the row means. (Color codes as on Figure 4.3A).

F-G. Expressional dynamics relative to mean of the Young retroelements, LTR5-HS, L1PA2 and SVA vs expression
dynamics of Old LTR7/HERV-H during the reprogramming process of human fibroblast to pluripotent stem cells.

69



4. RETRO-ELEMENT’S GUIDE TO HUMAN EARLY EMBRYOS

70

Old elements are transpositionally inactivated, while some of the Young TrEs are still actively trans-

posing or have been inactivated recently [74]. DNA transposon-derived transcripts are relatively abundant
in zygotes and 2-cells stage, but their levels, together with other Old TrEs, gradually decline as devel-
opment proceeds (Figure 4.5B and 4.6D). This we presume reflects decay of remnant RNAs expressed
in oocytes as in humans gene expression isn’t reactivated until the 4 to 8-cell stage [299]. Curiously,
the transcriptional activation of the Young elements, including L1 (L1-Hs) and SVA (SVA-D, E and F),
capable of retrotransposition [74, 77], is substantial from 8-cell stage, peaking at morula with a contrasting
dynamic to DNMT3A and 3B, but declining in blastocyst (Figure 4.5E). The high expression of these
Young potentially mutagenic transposing elements appears to be a signature also for non-committed vs
committed (PE and EPI) cell populations (Figure 4.5E). “Old” LTR7-HERV-H, expressed in committed
cells and peaking at EPI is the one exception to the Old/Young difference, and curiously opposing the
expression pattern of Young TrEs (e.g. SVA) (Figure 4.5E and 4.6D). SVA elements were found to be
activated in HERV-H-KD ESCs supports the exclusive expression pattern of these two distinct families of
TrEs (Figure 4.2A-B).
TE expression supports the view that somatic cell reprogramming mimics certain aspects of development
in ‘reverse’ and the exceptionalism of HERV-H Does the old-early/young-late rule transfer to the repro-
gramming process where development is done “in reverse”. If it does, is HERV-H still an exception?
Comparable to normal development, the somatic reprogramming process includes genomic demethylation
and fluctuations in the expression of DNA methylation genes (Figure 4.6E), resulting in reactivation of
TrEs. By the end of the process, the cells acquire many features of pluripotency that also includes silencing
of TrEs [426]. We detect massive activation of Young TrEs in the ‘maturation’ stage (Figure 4.6F). Again,
LTR7/HERV-Hs have a dynamic opposite, the expression values and the number of expressed HERV-H
loci plateau in the ‘stabilisation’ stage of induced pluripotency, when the expression from Young elements
declines (Figure 4.6G). Maturation phase is non-committed for iPSCs, and here too we see the signature of
Early embryo’s TE dynamics. Activation of LTR5-HS, L1PAs, SVAs in human embryos, Pluripotency is
achieved in EPI that is marked by higher expression of HERV-H loci, during reprogramming pluripotency
is achieved at day 28, where we notice similar dynamics of HERV-H (Figure 4.6G-H).



Chapter 5

Human-specific nature of early
embryos

The blastocyst comprises the pluripotent epiblast lineage that programs the blueprint of body plan and
potentially gives rise to the rest of somatic and germ cell lineages [382, 383]. The most potent cells
were claimed to be ICM that could be flexible enough to generate the rest of other cell types [372].
The ICM gives rise to hypoblast (primitive endoderm), an extraembryonic lineage and the rest of cells
develop into pluripotent epiblast, that has noticeable disparity with blastomeres and ICM [368, 373, 374].
Embryonic stem cells (ESCs) were derived from ICM, but they were originated from epiblast [375, 376].
So, the epiblast is source of pluripotent stem cells (PSCs) in vitro, and in vivo, that has played the role of
"game changer" in regenerative medicine, precision medicine and stem cell biology along-with induced
pluripotent cells (iPSCs) [334]. Epiblast is the "Native pluripotent state" that should be kept as reference
frame to compare any in vitro cell line that is being claimed as "Naive pluripotent cell". Generation of naive
cells is an attempt to diminish the gap between natural and artificial pluripotency and a contest to apprehend
the missing ICM like human pluripotency in petri dish. In last five years, there has been numerous claims
of derivating human naive state encompassing hESCs or hiPSCs [380, 317, 357, 367, 359, 361, 366].
The pros and cons of forced Naive cells has recently been frequenctly reviewed as a cellular habitat for
developmental panacea [336, 337, 377, 378, 379]. Among 12 functional frameworks to evaluate human
naive pluripotency, five of them are primate-specific [430]. The prerequisite for the determination of
efficacy of naive cells would be on the basis of similarity and disparity between human and non-human
primate’s epiblast. For example, the modulation of pluripotency marker, NANOG is dependent on
NODAL/TGFS in human PSCs [431, 298] but not in new-world monkeys [432]. These observations
indicate that validation of human naive cells, where rodent models are insufficient, the species-specific
mechanisms underlying human epiblast formation might be the beckon of light.

Is early embryogenesis in humans in any manner distinct from that of primates? Prior analysis suggested
that on the broadest scale it was exceptional. First, it was suggested that the trajectories of cell types
in early human development are different from those seen in other mammals, including primates. This
model suggested that in human the cell type, known as inner cell mass (ICM) might not even exist. An
alternative second model poses that in broad scale cell types and trajectories are not evolving but the
underlying genetic architecture is. Here we examine the two models.

Our comparative single cell high-resolution analysis of human vs Cynomolgus blastocyst reveals that
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human development is not that unusual as previously thought. In fact, human development is basically
classical, preserving all the major cell types. Instead, we find that much divergence is owing to rewired
regulation of genes, remodelled genes and even novel, human specific genes. I show that primate specific,
domesticated endogenous retrovirus HERV-H has played a significant role during primate evolution as
HERV-H remodelled, chimeric and de-novo genes are central to restructuring the blastocyst, primarily the
pluripotent epiblast development. Our analysis using primate iPSCs as models of the pluripotent epiblast
suggest rapid lineage specification occurred following HERV-H invasion in new world monkeys. I show
that the major gene expression gain (19) and loss (29) events in regulating pluripotency between human
and new world monkeys (Callithrix) are due to the HERV-H-governed gene expression. This involvement
of HERV-H underpins the great majority of the gene-level differences in genetic architecture between

otherwise similar cell types across species.
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Figure 5.1:

A. PCA of the distinct lineages of human blastocysts by most variable genes among the shown groups (228 cells,
1055 genes). Note: We considered ICM, EPI, PE and TE cells and only those genes were taken into account
that were annotated in refseq gene track of both human and Cynomolgus species. Every dot represents single
cell. Colors are flag for distinct cell types in human blastocyst. B. PCA of the distinct lineages of Cynomolgus
blastocysts by most variable genes among the shown groups (170 cells, 1237 genes). Note: We considered ICM,
EPI, PE and TE cells and only those genes were taken into account that were annotated in refseq gene track of
both human and Cynomolgus species. Every dot represents single cell. Colors are flag for distinct cell types in
human blastocyst. C. Multiple violin plots visualize the density and distribution of selected gene expression that
are conserved markers of distinct lineages across the vertebrates blastocysts [433]. Plot shows the similar pattern
of detected key markers for analyzed stages e. g NANOG, POUSF1 marking pluripotent states (ICM and EPI),
SPIC marking ICM (primate-specific), EPI is marked by NODAL, GDF3 and PRDM 14, PE is APOA1, GATA4 and
COLA4A1 enriched and finally DLX3, STS and PGF marking TE in both species.

5.1 The pluripotent epiblast displays the most diverged
transcriptome in the blastocysts of Cynomolgus and human

To unravel divergence in preimplantation embryogenesis in primates, we started with reanalysing single

cell transcriptomes of the blastocysts from human and Cynomolgus [385, 296].
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Figure 5.2:

A. PCA visualization (PC1 and PC2) on the cross-species normalized scaled genes (commonly annotated in human
and Cynomolgus refseq gene track format aka gtf) expression (Log2 TPM) estimates in human and Cynomolgus
blastocyst single cells aka. ICM, EPI, PE and TE. The 1055 genes that showed the most variation (methods) across
the merged cross-species data-sets were selected for input loading. Every dot represents a single cell and color code
for respective cells are penned next to dots with same color.

B. Dendrogram via bootstrapping (1000 replicates) based hierarchical clustering using ranked correlation and
complete linkage method on averaged expression from the cell populations (mentioned in Figure 1A) transcriptome
pooled together. Height of dendrograms represent the euclidian distance of dissimilarity matrix, numbers in red and
blue indicate au and bp values from bootstrapping

C. Heatmap showing scaled expression (Log2 TPM values) discriminating gene or gene sets defining each lineages
and unique to their respective species with AUC cut-toff > 0.90. Note: ABHD12B and SCGB3A2 is commonly
annotated but expression is human specific genes but not shown on this heatmap because their expression is shared
but unique to human ICM and EPI both, whereas heatmap displays only unique cell type markers.

D. Barplot showing the distribution of differentially regulated genes between human and Cynomolgus blastocyst as
a whole from 11, 053 orthologous genes detected to be expressed in any 5 cells. There are 181 down-regulated, 141
up-regulated genes in human blastocysts, 2, 226 genes were not significant (p-value < 0.05 and log2 Fold change >
1) and rest of genes did not show any differential expression

E. Table displays the gene ontology enriched in differentially expressed genes keeping entire orthologous gene-sets
in background. Analysis was performed using Gorilla tool.
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In contrast to the human study [296], the lineage specific cells were extracted prior to sequencing in
Cynomolgus [385], thus we take comparable cell populations of ICM, EPI, PE and TE. We classified their
transcriptomes on PCA that revealed the similar pattern of distinct cell types in both Cynomolgus and
human (Figure 5.1A-B). For comparison, we only use the genes that are annotated in both species. Using
the top transcription markers that are expressed in both species, we could identify EPI (e.g. NODAL,
GDF3, PRDM14) PE/hypoblast (e.g. APOA1, GATA4 and COL4A1) and TE (e.g. DLX3, STS and PGF).
This strategy also identified the ICM unambiguously marked by NANOG, POUSF1 and SPIC (primate-
specific) in both species (Figure 5.1C). These conserved markers exhibit similar transcriptional dynamics
in blastocyst lineages (Figure 5.1C). Interestingly hypoblast aka PE exhibited a scattered distribution on
first two principal components suggesting the higher level of heterogeneity compared with rest of three
lineages in both species (Figure 5.1A-B). To compose the comparable data for cross-species analysis,
we calculate the scaled expression of Homo- Cynomolgus common 16,222 genes and merge the data in
a single pool. Applying quality control thresholds, we end up with 11,043 genes for further analysis.
PCA plotting these merged cross-species data kept the PE and TE lineages together, regardless of their
phylogenetic divergence (Figure 5.2A-B and 5.4 A).
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Figure 5.3:

Violin plots visualize the density and distribution of gene expression (log TPM values) of selected orthologous genes
that were expressed exclusively in blastocyst cells of human but not in Cynomolgus as shown in comparative human
and Cynomolgus cell type independently. Left panel shows the genes that are remodeled by HERV-H sequence
marking specifically the pluripotent populations in human-specific way.

Right panel shows the violin plot visualization of density and distribution of gene expression (log TPM values) of
selected orthologous genes that were expressed exclusively in blastocyst cells of human but not in Cynomolgus as
shown in comparative human and Cynomolgus cell type independently. Left panel shows the envelope genes from
endogenous retroviral family HERVV-1, HERV V-2 and HERV-FRD.

PCA has plotted the cross-species lineages close to each other instead of intra-species lineages,

displaying the fidelity of our merged cross-species data analysis. Upon loading the top four most
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significant principal components (PCs) to segregate the cells on two t-SNE dimensions, we found the
compact clusters of cross-species lineages, also evolutionary divergent behaviour of EPI followed by
ICM lineages between human and Cynomolgus (Figure 5.2A and 5.5A). Indeed, 1K unbiased hierarchical
clustering using correlation method shows the significant level of similarity between cross-species TE
and PE cells (Figure 5.2B). In contrast, the Homo ICM displays transcriptome-wide similarity rather to
Cynomolgus EPI than ICM (Figure 5.2A-B and 5.4 A), perhaps following a similar trend of directionality
also observed between Callithrix ICM and Cynomolgus EP1 [385]. Upon loading the first four most
significant PCs to segregate the cells on two t-SNE dimensions, we see again the compact clusters of
PE and TE, and the divergent behaviour of ICMs, but mostly in the EPI populations between Homo and
Cynomolgus (Figure 5.4A).
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Figure 5.4:

A. t-SNE plot of human- Cynomolgus merged datasets (398 cells, 12605 genes) mentioned in Fig S1A and S1B
using 948 most variable genes contributing to first 4 PCs. Every single dot is single cell and text next to clusters are
the cross-species clustered lineages resolved on t-SNE plot. Note: Here we see 6 single human PE cells clustered
with the rest of human TE cells, that were not resolved in our analysis. Similarly, 3 of Cyno PE cells clustered with
rest of Cyno EPI cells, but that doesn’t affect the inferences we draw in this study.

B. Violin plots showing expression distribution of ATP12A gene that is highly expressed in EPI lineage of human
blastocysts but in TE lineage of Cynomolgus blastocyst.

C. Violin plots showing expression distribution of CYP11A1 gene that is highly expressed in TE lineage of human
blastocysts but in the case of Cynomolgus blastocyst, it is enriched in EPI/ICM at higher level followed by TE.

D. Violin plots showing expression distribution of MAP4K1 gene that is annotated in both species but expressed in
exclusively in EPI lineage of human blastocysts

E. UCSC snapshot of coding region from MAP4K1 gene illustrating the exonization of human-specific AluSx
element as it forms the last exon of mentioned gene.

F. Violin plots showing expression distribution of GAGE13 gene that is annotated in both species but expressed in
exclusively in Cynomolgus blastocysts at higher level in ICM lineage

G. Violin plots showing expression distribution of GSTMS gene that is annotated in both species but expressed in
exclusively in Cynomolgus blastocysts at higher level in EPI lineage

H. Violin plots showing expression distribution of KLLK4 gene that is annotated in both species but expressed in
exclusively in Cynomolgus blastocysts at higher level in PE lineage.

I. Violin plots showing expression distribution of PRR9 gene that is annotated in both species but expressed in
exclusively in human blastocysts at higher level in TE lineage
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5.2 Cross-species shifts of gene expression between blastocyst
lineages

We also find several examples of cross-species shifts of gene expression between the distinct cell types
of the blastocyst. For example, ATP12A gene that marks Cynomolgus TE is expressed in human EPI
(Figure 5.4B), whereas CYP11A1 expressed in ICM and EPI in Cynomolgus, marks human TE (Figure
5.4C). We also identify several orthologous genes that mark a certain blastocyst lineage in one, but not
even expressed in the blastocyst of the other species, suggesting that their expression has been evolved in
a species-specific manner to a particular developmental stage. We observe GAGE13, GSTMS5, KLK4
expression in the distinct lineages of Cynomolgus whereas PRR9, MAP4K1 are detectable exclusively in
the human blastocyst (Figure 5.4D-I). While, there is no obvious explanation to the shift in expression of
each cases, we find an evidence of recent exonization event of an AluSx insertion specifically in human
the MAP4K1, suggesting this remodelled gene has been recruited to the human EPI transcriptome quite
recently (not present in chimp) (Figure 5.5E).
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Figure 5.5:

A. Heatmap displaying z-score of cross-species expression level across the different stages of human and Cynomolgus
blastocysts viz. ICM, EPI, PE and TE. heatmap enlists all upregulated genes obtained while comparing any given
lineage against the rest of all 7 lineages. This plot highlights the species-specific expression of genes marking
distinct lineages of blastocysts as illustrated in Fig S1. Note: Human ICM and PE had none of expressed genes that
could be used as their marker (AUC > 0.75).

B. Scatterplots show the pairwise comparison of cross-species normalized transcriptomes of contemporary blastocyst
layers between human and Cynomolgus EPI.

C. Scatterplots show the pairwise comparison of cross-species normalized transcriptomes of contemporary blastocyst
layers between human and Cynomolgus PE.

D. Scatterplots show the pairwise comparison of cross-species normalized transcriptomes of contemporary blastocyst
layers between human and Cynomolgus TE.

To see which cellular mechanisms are primarily diverged between Cynomolgus and Homo, we

signature approximately 300 gene expression changes upon comparing entire cross-species blastocyst’s
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single cells in a pairwise manner (Figure 5.2D). The observed differentially regulated genes (DEGs) are
categorized under anatomical structure, inflammation response, defence response and immune related
ontologies (Figure 5.2E). In order to identify the genes that have been positively selected to mark a
particular blastocyst lineage, we fetch the genes with higher level of expression [area under curve (AUC)
> 0.90] in any given cluster of cross-species cells against the rest of the 7 clusters (Figure 5.2C). These 37

genes can be considered as species-specific lineage markers of the blastocyst (Figure 5.2C).
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Figure 5.6:

A. PCA visualization (PC1 and PC2) of the normalized scaled genes (exclusively annotated in human refseq gtf)
expression (Log2 TPM) estimates in human blastocyst single cells of ICM, EPI, PE and TE. The 526 genes that
showed the most variation (methods) across the merged cross-species datasets were selected for input loading. Every
dot represents a single cell and color code for respective cells are penned next to dots with same color.

B. Heatmap showing scaled expression (Log2 TPM values) discriminating human-specific gene sets (annotated in
human but not in Cynomolgus refseq gene track format) defining each lineages of human blastocysts with AUC
cuttoff > 0.90. Note: ABHD12B and SCGB3A2 is commonly annotated but expression is human specific genes but
not shown on this heatmap because their expression is shared but unique to human ICM and EPL

C. Heatmaps of correlation matrix visualizing the pair-wise correlation of most variable genes in single cells of
human blastocysts lineages (1076 genes out of total genes in human refseq) whose dynamic expression is enough to
segregate distinct blastocyst lineages on first two principal components (Fig S1A). K-means clustering provided
three major clusters carrying genes marking EPI, ICM and TE (from right to left). Red box next to heatmap contains
a cluster of EPI markers that are tightly correlated where ESRG is pinned in whereas, blue box contains a cluster of
trophectoderm markers where UCA1 is pinned in.

D. Differential transcriptional network regulating self-renewal between monkey and human by analysing single cell
transcriptomes. Only pairs having a strong correlation with ESRG are considered. For each pair, nodes and edges
are decided on their expressional dynamics in EPI. Size of the nodes is proportional to the number of components
the gene is paired with in the network. Colors denote species specificity: expressed in human EPI only but annotated
in both human and monkey (red), in both human and monkey EPI (light pink), human-speciifc genes in network
(gold). Note: genes whose expression is shifted from monkey ICM to human EPI could not be found in this network.
E. Notched boxplot represent the distribution of average difference (at log2 scale) of LTR7-HERV-H neighbour
(upto 10 KB downstream) genes expression (cell populations pooled together, scaled and averaged). Note: Only
cross-species genes (commonly annotated in human and monkey refseq gtf) were taken for this action where ICM
and EPI showed considerable level of upregulation of HERV-H neighbour genes expression suggests the recent
co-option.
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Finally, to compare cross-species expression divergence in any given lineage, we combine the distinct
cell types from each species and calculate their pairwise differential expression. As expected, this
analysis identified the highest numbers of DEGs in ICM and EPI (Figure 5.5B) between the two species.
Curiously, among the top species-specific lineage markers, we notice several genes that were remodelled
by HERV-H (e.g. ABHDI12B, HHLAT and SCGB3A2, expressed in human ICM and EPI). Furthermore,
HERV-H-enforced genes could be involved in rewiring the transcriptome of the blastocyst, as we observe
the HERV-H neighbour genes to be up- and downregulated in EPI/ICM and TE respectively, while PE
neighbours were not affected in our cross-species analysis (Figure 5.6E). In human, envelop derived genes
of another HERVs, HERV-V (e.g. HERV-V1, HERV-V2) and HERV-FRD1) are expressed specifically in
TE (Figure 5.3 right panel). Curiously, while these HERV remodelled genes are conserved in both human
and Cynomolgus genome, their expression pattern is not, and they mark species-specific lineages, and

might be even the potential drivers of the cross-species lineages segregation.

5.3 HERV-H-derived transcripts might define human-specific
features of the blastocyst

Do we also identify genes that are not annotated in Cynomolgus, and might be even human specific? To
answer, we used 3,023 human Refseq genes that were not annotated in Cynomolgus Refseq gene track
format, but expressed in the human blastocyst. To see if the transcriptions of these genes are stage specific,
we performed a PCA on their expression estimates. We find that the expression dynamics of these genes
clearly segregate the distinct blastocyst lineages on the first two principal components (Figure 5.6A). This
enabled us to discover those genes whose expression could be putative marker of human-specific ICM,
EPI and TE (Figure 5.6B). Intriguingly, among these genes, we find UCA1 (TE), LOC100505817 (ICM)
and ESRG (EPI) REF that are almost completely comprised by a full-length HERV-H sequence, flanked
by different LTR7 variants (e.g. LTR7C, LTR7Y and LTR7, respectively) (Figure 5.7A-B). We then took
ESRG and UCA1 marking EPI and TE, respectively and asked how was it incorporated in the human

trancriptome.

5.3.1 The HERV-H derived ESRG is integrated into the regulatory circuitry of
self-renewal in human pluripotency

Next, we examine a case to decipher how a HERV-H remodeled gene incorporate into the human
transcriptome. Of the above, we choose a human specific de-novo gene ESRG that is expressed in EPI
[312] Due to the low cell-to-cell variation in EPI, it was possible to investigate the gene co-expression
dynamics by calculating pairwise weight correlation network analysis (WGCNA) (Figure 5.6D and 5.7C),
and to observe significant pairwise ranked correlations on scaled data. This approach allowed us to identify
genes whose expression is either strongly anti- or co-paired with ESRG within human blastocyst (Figure
5.6C-D and 5.7D-E). Our analysis reveals that genes whose expression is most significantly correlated
and anti-correlated with ESRG mark EPI and PE respectively, suggesting that the presence or the lack
of ESRG expression contributes to determine lineage identity in the human blastocyst (Figure 5.6D and
5.7D-E). Consistent with a role of ESRG in self-renewal and pluripotency, as indicated by knockdown data
48, 67, some of the genes tightly co-regulated with ESRG include NODAL, GDF3, TDGF1 and PRDM 14
(Figure 5.6D-E and 5.7E), associated with regulating self-renewal in human [434, 435]. Thus, in addition
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to its function in promoting pluripotency [312, 212], ESRG appears to be incorporated into, and predicted
to modulate, the regulatory circuitry of self-renewal in human pluripotency (Figure 5.6D). Importantly,
ESRG expression can be used as a marker of naive-like cells in a heterogenous cell population of human
embryos [212, 312].
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Figure 5.7:

A. Integrative Genome Visualization (IGV) of uniquely mapped reads over the specific genes harbouring full-length
non LTR7 HERV-H (HERV-H driven by LTR7C and LTR7Y) inside shows the HERV-H dependent expression of
various human-specific genes marking distinct stages of blastocyst. Black arrows show the annotated transcription
start sites (TSSs) for shown genes viz. UCA1 and LOC100505817. Shaded areas on the plot shows exonization
of HERV-H. Lowest panels show conservation status, the presence (thick line) and the absence (narrow line) of
the human sequence compared to the Chimpanzee, Gorilla, Rhesus, Callithrix and Mouse assemblies. UCA1
gene expression marks TE cells driven by LTR7C. UCA1 gene model is also present in Chimpanzee and Gorilla
assemblies.

B. The HERV-H-enforced LOC100505817 transcript is expressed in 8-cell/morula stages using unique TSS
compared with rest of human embryonic lineages. LTR7B-HERV-H provides TSS and is part of the matured
LOC100505817 transcript in humans only.

C. Integrative Genome Visualization (IGV) of uniquely mapped reads over the specific genes harbouring full-length
human-specific LTR7 HERV-H shows the HERV-H dependent expression of CYP11A1 marking TE stage of
blastocyst. Black arrows show the annotated transcription start sites (TSSs). Shaded areas on the plot shows
exonization of HERV-H. Lowest panels show conservation status, the presence (thick line) and the absence (gap) of
the human sequence compared to the Chimpanzee, Gorilla, Rhesus, Callithrix and Mouse assemblies. CYP11A1
gene expression marks TE driven by LTR7. CYP11A1 gene model is conserved across vertebrates.

D. Expression status of ESRG defines cell fate of primitive endoderm and pluripotent epiblast. Expression heat
map of top hits of gene pairs harbouring strong (> 0.70) ranked correlation (purple) or ( < -0.70) anti-correlation
(green) with ESRG during human embryonic preimplantation development (ES-E7). The expression matrix shows
the genes that are upregulated at the given stages.
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5.3.2 UCAT1 expression correlates with genes involved in preparing the embryo
for implantation

Correlation network studies reveal that UCA1 belongs to an expression network of TE specific genes. This
group of genes include STS, PGL, CGA, DLXS, the ERV-FRD envelope-derived ERVFRD-1 (also known
as syncitin 2), and ERVV-1/2 (ERV V-type envelope), but also the HERV-H-rewired CYP11A1 (Figure
5.6C). While UCAL expression has been observed in various cancers [436, 290, 437] or preeclampsia
[438], when expressed in TE, its role, similarly to ERVFRD-1 might be involved with preparing the
embryo for implantation. Curiously, quite a few members of this group are either de-novo human specific
genes or their regulation and have been shifted from postimplantation stages to TE during evolution.
Besides UCA1, deregulation of several genes of this group has been associated with various human
diseases e. g DLXS5, CYP11A1, CYP19A1 are upregulated in Preeclampsia [439].

5.4 Robust divergence of pluripotency following the split of old
and new world monkeys

To further decipher the potential role of ERVs during the evolution of preimplantation embryogenesis, we
concentrate on pluripotent stem cells (PSCs). As models of the pluripotent epiblast (EPI), we use induced
pluripotent stem cells (iPSCs), established from human and various non-human primates (NHPs). To
determine the differentially expressed genomic loci between the human and NHPs transcriptomes, we
include male iPSCs from human, Chimpanzee, Bonobo [93] and our own Gorilla data [419]. To address
the role of HERV-H-driven transcription affecting pluripotency during primate evolution, we additionally
generate RNASeq data from comparable Callithrix [418], where HERV-H is not present [312] as a
control (Figure 5.8 A-D). We also extract HERV-H-governed genes defined as those differentially regulated
in the knockdown cells (HERV-H-KD) compared to control human ESC-h1 [209].

Our cross-species mapping demonstrates how dramatically the expression of human EPI markers (e.g.
including LEFTY1/2, NODAL) changes between human and Callithrix PSCs (Figure 5.10A), supporting
the dramatic restructuring of the pluripotency network after the split of New World Monkeys (NWM)
and Old World Monkeys (OWM). The divergence of PSCs transcriptomes is also high among OWMs
(Figure 5.8B). Compared to human PSCs, we observe 2340, 375, 172 and 81 differentially expressed
genes (DEGSs) in Callithrix, Gorilla, Chimpanzee and Bonobo PSCs, respectively, whereas only 82 genes
were shared between them (Figure 5.8B). The number of unique DEGs is also proportional to the total
number of DEGs, and the degree of transcriptome diversity agrees with the predicted evolutionary path as
inferred from clustering fold change values of all observed DEGs (Figure 5.8C-D). The most contrasting
transcriptional pattern is observed between the pluripotent cells of NWM and OWMs, nevertheless, the

higher transcriptomic divergence of PSCs among OWM is also observed (Figure 5.8B-C).

5.5 The transcriptome divergences of primate pluripotent stem
cells are mainly due to HERV-H expression

As HERV-H has been implicated in modulating the regulation network of pluripotency in human [209],

we determine the expression of human HERV-H loci by mapping reads from the comparative species
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against the human genome, and calculating the level of relative transcription at each locus.
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Figure 5.8:

A. Boxplots show the normalized global expression estimates of cross-species mapped RNA-seq data-sets from
primate’s pluripotent stem cells analysed in this study.

B. Venn diagram displays diverged transcriptomes of pluripotent stem cells during primate evolution. The numbers
in the Venn diagram denote significantly differentially regulated genes (FDR < 0.05 and fold-change > 2 or FDR
< 0.05 and fold-change < -2). NHPs ( Bonobo, Chimpanzee, Gorilla and Callithrix) PSCs. RNAseq data was
compared with that of human iPSCs considering cross-species reads mapped onto both genomes with the expression
of gene was calculated on human genome. Final expression is calculate using the human model.

C. Barplot showing number of differentially expressed genes as in inferred from reads mappable to both genomes
under comparison.

D. Heat map showing level of differential expression of cross mapped genes between human and non-human primate
iPSCs. Any gene that was detected as differentially expressed in any of the given comparisons was included in the
analysis.

E. Diverged transcriptomes of pluripotent stem cells during primate evolution due to HERV-H-mediated regulation.
As in Figure S5B, but with addition of genes differentially expressed in HERV-H-KD in H1-ESCs compared with
GFP-KD in H1-ESCs.

F. Barplot showing number of differentially expressed genes under the control of HERV-H regulation. Barplot as in
Figure S4C showing differentially expressed genes in the annotated comparison.

G. Scatter plot displays the dynamics expression (Log2 TPM) of genes physically downstream to HERV-H genomic
sites in Callithrix (New world Monkey; doesn’t have HERV-H) and human PSCs.

Differences between the NWM and OWM are also reflected in gene loss/gain events. Remarkably,
the major gain (19) and loss (29) events in regulating pluripotency between human and Callithrix are
due to the HERV-H-governed gene expression (Figure 5.10D and 5.8G), underpinning the centrality of
HERV-H to early human development. Among those genes whose expression has been toned down,
we identified NR2F2, whose repression was reported to enhance iPSC reprogramming in human [440]
(Figure 5.10D). Curiously, PRODH is also among the HERV-H-controlled gained genes, suggesting that
PRODH is under a dual HERV-governed regulation e.g. LTRS/HERV-K and LTR7B in brain [441]
(Figure 5.10D), respectively.

To root back when the co-option of HERV-H initiated, we employ the gene expression profile of the

HERV-H knockdown as a surrogate of the ancestral — before HERV-H — expression profile. Calculating
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all observed DEGs in any comparison including the ones by HERV-H-KD results in around 2,000 genes
(FDR < 0.05) (Figure 5.10B). Hierarchical clustering applying ranked-correlation on their fold-change
values reflects the evolution of primate transcriptome, and pushes human HERV-H-KD (ESC-h1) between
Gorilla and Callithrix (Figure 5.10B), suggesting the domestication of HERV-H predates the human-
Gorilla common ancestor. The analysis of DEGs across nonhuman primate PSCs uncovers an association
between HERV-H-regulation and the gradual evolution of pluripotency (Figure 5.8E-F and 5.9).

In order to decipher the transcriptional gain and loss of existing HERV-H loci between human and
NHPs, we scale the expression of orthologous loci between human-gorilla and human-chimp. The
orthologous HERV-H loci [397] exhibit a species-specific pattern (Figure 5.9), indicating that HERV-
H expression has dynamically changed during primate evolution. Notably, the number of expressed
HERV-H loci appears to be dramatically different even between PSCs of human and apes (Figure 5.9),
suggesting that the HERV-H-driven regulatory network of pluripotency has reached its human shape
quite recently. We observe heavy loss of HERV-H expression in human PSCs (hPSCs) compared with
non-hPSCs, whereas, few orthologous loci gained expression in hPSCs (Figure 5.9A-B). Nevertheless,
the overall expression of HERV-H neighbour genes in hPSCs is significantly higher compared to their
nonhuman primate counterparts (Figure 5.10E and 5.9G). Furthermore, HERV-H affected neighbour
genes are expressed at higher level or exclusively in hPSCs compared with non-hPSCs (Figure 5.10E),
suggesting that robust HERV-H control over neighbour genes occurred quite recently, in conjunction
with the evolution of human pluripotency. Curiously, upon comparing the orthologous transposable
element (TrE) loci between primate species, we notice, by contrast to HERV-H, a heavy loss of overall

TrE expression in human pluripotent state (Figure 5.10G and 5.9C-D).

5.5.1 Fine-tuning the pluripotent stem cell function between Chimpanzee and
human

A number of HERV-K loci are also expressed differentially in primates (Figure 5.10C right panel). Unlike
HERV-H, several orthologous HERV-K loci are also polymorphic in the human population [442], raising
the possibility that HERV-K might still function as an active retrovirus, and its domestication process is

not complete.
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Figure 5.9:

A. Heatmap displays the loss and gain of orthologous HERV-H loci between human and Gorilla PSCs (see method)
B. Heatmap displays the loss and gain of orthologous HERV-H loci between Bonobo, Chimpanzee and human
PSCs. C. Differential behaviour of TrEs shown upon plotting Variance against their expression. Plots display loss
of orthologous TE expression in human PSCs compared with non-human PSCs ( Chimpanzee and Gorilla in this
case) D. Differential behaviour of TrEs shown upon plotting Variance against their expression. Plots display loss of
orthologous TE expression in human PSCs compared with non-human PSCs ( Chimpanzee and Gorilla in this case)
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Figure 5.10:

A. Scatterplot shows the differential expression of human pluripotent EPI genes (n=308, AUC cut off > 80%) in
human and Callithrix PSCs obtained as RPKM on human genome from reads mapped on both genomes. Blue dots
represent the cross-species genes that has lost its expression in human PSCs and darkred ones are those that gained
its expression in human PSCs. Note: Since we were analyzing lesser set of genes so we also considered those that
contained zero mappable reads in either of analyzed species e. g ESRG

B. Barplots combined with dendrograms display the comparison of genes in NHPs PSCs, hPSCs and human ESCs
controlled by HERV-H transcription. Barplots show the number of significant DEGs (FDR<0.01 and fold change>2
or < -2) of gene lists obtained from Callithrix PSCs (n=1) vs human iPSCs (HPSCs) (n=4) (CaPSC), Gorilla
PSCs (n=2) vs HPSCs (n=4) (GPSC), Chimpanzee iPSCs (n=4) vs HPSCs (n=4) (CPSC), Bonobo iPSCs (n=4) vs
HPSCs (n=4) (BPSCs), HERV-H-KD vs GFP-KD (n=2) in H1-hESCs (HERV-H-KD). In case of two replicates, we
had selected only those genes which were differentially regulated in both replicates in a similar fashion. Sorted
according to HERV-H-KD. Dendrogram is calculated by “ranked correlation” and Euclidian distance method.

C. Heat map of HERV-H and HERV-K dynamic expression (Log FPKM) in primates. Z-scores are calculated by
using reads mapped on the human genome from Human, Bonobo, Chimpanzee and Gorilla iPSCs. The numbers
represent expressed genomic loci. Note that more genomic copies of HERV-K is active in Gorilla compared with
the rest of Primate PSCs.

D. Notched boxplot represent the distribution of gene expression (at log2 scale) of LTR7-HERV-H neighbour (upto
10 KB downstream) from cross-species mappable reads in analyzed primate PSCs. Hash (#) bars show the pairwise
calculation of p-value between human and NHP PSCs.

E. Boxplots show the pairwise distribution of entire TrEs expression (log2 FPKM) from reads mappable to both
species genome calculated against hg19 version of human genome. We only considered those TE locus for this
analysis that was expressed (Log2 FPKM > 1). P-value was calculated by wilcoxon test.

F. Combined barplots show the gain and loss of genes expression between human and Callithrix (no HERV-H is
present) PSCs due to HERV-H regulation. Upper and lower panels show cross-species expression values (RPKM)
and fold-change values in KD-HERV-H vs KD-GFP in H1-ESCs (control), respectively. Green bars in upper panel
are genes expressed significantly in human (see methods), but not in Callithrix PSCs (reads are mapped on human
genome), lower panel shows that same set of genes are heavily down-regulated when HERV-H is depleted using
by RNAi (HERV-H-KD vs GFP-KD in HI1-ESCs). The opposite scenario is shown in purple. (FPKM < 1 was
considered as loss).

G. Heatmap displaying the expression (Log2 FPKM) of all Refseq ZNF genes (FPKM > 1) from cross-species
uniquely mapped reads on human hg19. Note: ZNFs are fast evolving and sequence variable genes within family so
its challenging to be mapped even within species, differential expression on heatmap could also mean the alteration
of sequence of ZNFs during evolution of genomes.
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Nevertheless, the certain HERV-K-driven transcripts might have been co-opted in human and regulates
pluripotency. For example, rec, implicated to play a domesticated role in a viral restriction pathway is
capable of upregulating the interferon-induced viral restriction factor IFITM1 [276] (Figure 5.11), the
top-ranked EPI marker [298]. Similarly to the innate immune response, fine-tuning of the oxidative
phosphorylation in PSCs has occurred between Chimpanzee-human (Figure 5.11).
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Figure 5.11:

Schematic shows the ingenuity pathway analysis of differentially expressed genes between human and Chimpanzee
iPSCs.

A. innate immune response and interferon pathway. Red circles upregulated, while green circles show down-
regulated genes in human.

B. Oxidative phosphorylation.



Chapter 6

Transcriptional regulation of HERV-H

HERVs are silenced during early embryogenesis by a combination of various repressing pathways,
including the DNA methylation, however some HERVs are demethylated and expressed. We sought
to understand both the underlying regulatory mechanisms of ERV expression and the downstream
consequences, what might be called ‘cross-talk’. To decipher the ‘cross-talk’, we performed high
throughput data analyses to survey direct and indirect associations of various HERV families with known
host encoded regulators. We also applied in silico approaches to perform cross-species data analysis
in order to resolve the evolution of cross-talk. The analysis revealed specific transcripts of different
classes of HERVs expression does not associate with the level of methylation, suggests the existence of
alternate mechanism of HERVs regulation by host factors. Interestingly, we see the positive selection
of a subset of HERV expression, since the genes which are physically close to HERVs, are regulated
by HERVs and mark the specific stages of development [263]. Particularly, we investigated the cross
talk between primate specific ERVs transcripts and host-factors, involved in maintaining the identity of
primate embryonic stem cells. Our analyses reveal differential cross regulation between subsets of HERV's
and host factors in the inner cell mass (ICM) and human embryonic stem cells. We propose that certain
host encoded factors, including those that carry Krueppel boxes, have interplay with ERVs during primate
stem-cell evolution and re-wired the human specific transcriptional network.

While many genes are involved in the maintenance of pluripotency in iPSCs and ESCs, evidence from
mouse and human suggests that expression owing to binding of transcription factors to TrEs plays a role
[210]. Indeed, TrEs have re-wired a different set of genes into the regulatory network of ESCs in humans
and mice [210]. While in mice the ERV family (M)ERVL is implicated in regulating the transitional state
between toti and pluripotency [311], less is known about the role of human ERVs (HERVs). Reasoning
that primate-specific retrotransposons might be involved in the specification of pluripotency and the naive
state in particular, we surveyed RNAseq data of human pluripotent stem cells (hPSCs) to identify highly

transcribed families of mobile elements.

6.1 HERV-H is the most enriched TE in hPSCs

Compared to fibroblasts, HERV-Hs were the most upregulated HERV in the hPSC transcriptomes (Figure
6.1A), consistent with previous reports that HERV-H is a hESC marker [294]. A higher level of

transcription was associated with elements containing consensus LTR7 rather than the diverged variants
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LTR7C or 7Y. HERV-K, W and L (Figure 6.1A) were the next most abundantly expressed, respectively,
confirmed via qRT-PCR using primer-set specific for conserved HERV-H loci [212]. Analysis of uniquely
aligned reads reveals that around 300 out of the 1225 full-length HERV-H genomic copies are transcribed
in hPSCs (Figure 6.1D).
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Figure 6.1:

A. Expression of various transposable elements in hiPSCs, hESC-H1 and human fibroblast HFF-1. Colours indicate
different classes of transposable elements (red, LTR; green, long interspersed nuclear elements (LINE); blue, short
interspersed nuclear elements (SINE); grey, other repeat elements)

B. Expression patterns of the HERV-H family during reprogramming. Data are shown as HERV-H reads per kilobase
of exon per million mapped reads (RPKM) in during reprogramming on day O (Fibroblast), dat 3 (Initiation of
reprogramming), day 7-15 (maturation of reprograming), day 20-28 (stabilisation of reprogrammed cells) and day
28-49 (passaging or maintenance of reprogrammed cells)

C. Violin plot show the distribution of normalised expression (FPKM) of activated HERV-H loci in three distinct
layers of human blastocyst viz. Epiblast, primitive endoderm (PE) and trophectoderm (TE). Every dot represents a
single cell

D. Expression profile of HERV-H in 43 normal somatic tissues, 8 cancer cell lines and 55 hESC (H1, H6 and H9)
and 26 hiPSC samples, including our hiPSC [443] line. The rows represent the transcription from 1,225 full-length
HERV-H loci.

E. Conserved binding sites of OCT4, NANOG, LBP9 and KLF4 are shown in active LTR7s versus moderately
active versions of LTR7C/Y. The Jaspar consensus sequence of the LBP9 motif is shown.

F. EMSA confirms the binding of LBP9 to LTR7 sequence in vitro.

This last observation prompted us to examine the transcriptome-wide HERV-H activity during re-
programming. RNA-seq analysis showed that HERV-H expression picks up the after 3 days of OSKM-
mediated reprogramming and displays stabilised expression throughout the process (Figure 6.1B). How-
ever, once the somatic cells are reprogrammed to iPSCs, they are subjected to multiple passaging in

order to maintain them in petri-dish that slightly looses HERV-H expression (Figure 6.1B). To confirm if



6.2. Co-evolution of hESC-specific TFs and HERV-H

HERV-H is marker of global human pluripotency, we checked it’s expression in blastocyst cells ( niche of
natural pluripotent state) using single-cell transcriptomics [297]. HERV-H displayed highest expression
in pluripotent epiblast cells compared with TE and PE cells which for extra-embryonic lineages (Figure
6.1C). To address how specific HERV-H transcription is to pluripotent cell types we compared RNAseq
datasets of human hPSCs and several differentiated cells and multiple tissues for high levels of HERV-H
expression. RNASeq data for 43 normal somatic, 8 cancer cell lines and tissues as well 55 hESCs (H1,
H6 and H9), 26 hiPSC samples, including our hiPCS line were analysed (Figure 6.1D). In agreement with
our hiPSC data, HERV-H transcription was the highest in hESCs. The vast majority of the transcribed
loci is identical between hiPSCs and hESCs (Figure 6.1D). In contrast to hPSCs, transcription levels
HERV-Hs are significantly lower in differentiated and cancer cell lines (Figure 6.1D). Our results suggest
that HERV-H expression marks pluripotent cell populations of all kind (natural, artificial and formative)

in the midst of heterogeneous cells.

6.2 Co-evolution of hESC-specific TFs and HERV-H

In addition to being a marker for pluripotency, might HERV-H also affect pluripotency, and if so how?
HERVs may promote transcription by providing transcription factor (TF) binding sites [444]. We
interrogated hESCs ChIP-Seq data [445] for DNA binding proteins commonly reported in pluripotency.
This identified the core pluripotent factors NANOG and OCT4 (Figure 6.1E). A candidate KLF4 binding
site was also identified within the LTR of HERV-H (Figure 6.1E).

We additionally asked which TF motifs are significantly enriched across four in silico independent tests.
Only one, LTR-binding protein 9 (LBP9), also known as TFCP2L1 in mice, was significant across all
analyses (Figure 6.1E). To confirm specific DNA binding of LBP9 to LTR7, we performed EMSA and
ChIP-gqPCR (not shown). Binding of LBP9 to LTR7 was significantly enriched relative to controls in
both assays (Figure 6.1F). LBP9 specific binding was detected upstream of NANOG (Figure 6.1E). These
data-sets reveal that embryonic stem cell specific transcription factors such as OCT4, NANOG KLF4 and
LBP9Y drive the expression of HERV-H elements in hPSCs. Thus, in contrast to mice, the key pluripotent
TFs, such as OCT4, NANOG, KLF4, LBP9 are clustered in humans with the primate-specific HERV-H
(Figure 6.1E).

As we already have shown (on the basis of theoretical and experimental evidences) that the genomic
expansion of HERV-H over time was likely facilitated by the presence of core key pluripotent TF binding
sites in the LTR7. The pluripotency factors NANOG, OCT4, KLF4 and LBP9/TFCP2L1 bind to LTR7
of HERV-H and drive transcription of HERV-H-derived transcripts (Figure 6.1E) [263, 211]. Curiously,
upon the depletion of either the level of LBP9 or HERV-H in H9-ESCs by RNAi mechanisms, their
transcriptomes display similar pattern (Figure 6.2D) in sharp contrast with that of H9-ESCs. This suggests
the functional co-evolution of a transcription factor LBP9 and HERV-H to re-wire the primate-specific
transcriptional networks.

In addition to LBP9, we have investigated the binding characteristics of the transcription factor, KLF4
found to be driving HERV-H expression (Figure 6.2A). Data mining of ChIP-seq and RNA-seq data-sets
in hiPSCs lines [208] reveal the significant pattern of KLLF4 occupancy over the subsets of HERV-H
loci. Firstly, HERV-H loci was partitioned into two subsets, (i) active HERV-H loci which has FPKM > 2
(n=245) and (ii) inactive HERV-H loci which did not show any expression (n=782).
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Figure 6.2:

A. Lineplot shows the ChIP-seq data analysis of KLF4 in HIESC from [208]. Lines represent the average counts
of KLF4 ChIP-seq signal around full-length HERV-H left boundary (5 KB on both sides from left boundary of
HERV-H). ChIP-seq signal was plotted as mean of tags counted in 100 bins of 100 bps around each locus of Active
(FPKM > 2) and inactive (FPKM =0) HERV-H in the HIESCs. Red line displays the signal over active loci whereas
blue line is on inactive ones. Most of the KLLF4 peaks overlap with H3K4Me3 peaks (Histone modification that
marks promoter activity) Note: KLF4 specifically occupies the TSS of active HERV-H loci.

B. Similar to previous figure, only the signals are visualized as heatmap over individual HERV-H locus. Note: Every
active locus harbours KLF4 ChIP-seq signal whereas inactive ones do not.

C. Motif discovery from KLF4 ChIP-seq peaks in mouse and human embryonic stem cells. Pie chart shows the
fraction of ChIP-seq peaks (shaded in red) represent human sequence motif adjacent to it. Note: KLLF4 binds one
motif in mouse whereas, two in human and human-specific motif is around two-third of total motifs.

D. Heat map showing genome-wide gene expression in hESC-H9 after knockdown of GFP (shGFP), LBP9 (shLBP9)
and HERV-H (shHERV-H). h9ESC’s transcriptome is highly similar as the knockdown effect of LBP9 and HERV-H
are highly similar in sharp contrast with conventional H9-ESCs (p ~ 0.70 from Spearman’s correlation).

KLF4 peaks exclusively over transcriptional start sites of active HERV-H sequences. Strikingly, we
did not observe any KLF4 binding event on inactive HERV-H loci (Figure 6.2B). Curiously, we have
noticed that KLF4 binding sites (~2/3 of total peaks) have a human-specific binding motif in hiPSCs. This
motif is different from the one (~1/3 of total peaks) annotated in the JASPAR database, and corresponds
to the mouse motif, identified by the mouse ChIP-seq data analysis (Figure 6.2C).

6.3 KLF4 binding on HERV-H, an escape from repression

Curiously, the host can also activate HERV-H expression, suggesting that the regulation of HERV-H is
more complex than simple repressing transposable element activity. Indeed, KLF4 was implicated in
activating HERV-H in pluripotent stem cells by replacing KAP1 binding [208]. To test the substitution
model, we analyse KLLF4 ChIPseq and RNAseq data in human pluripotent stem cells hiPSCs [208]. We
generate the subsets of HERV-H as active (log2 FPKM > 1) and inactive (FPKM =0) from the RNAseq
datasets. We then count the average ChIPseq signal in a 5Kb window divided into 100 bins on the left
boundary of each subset of HERV-H loci. We observe that KLLF4 is exclusively enriched on active vs
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inactive HERV-H, whereas, KAP1 was enriched on both active and inactive HERV-H loci (Figure 6.2A
and 6.4A). The KLF4 peaks are detected around 500-600 bps upstream of KAP1 occupied site (Figure
6.2B and 6.4A), suggesting that an active HERV-H locus might be simultaneously occupied by both KLF4
and KAP1. We speculate that in absence of KLLF4 occupancy, KAP1 represses HERV-H transcription in
hPSCs. Since each active locus is simultaneously occupied by KLF4 and KAP1, so former one does not
seem to be removing KAP1 but might be providing alternate transcription to HERV-H.

To test this hypothesis, we fetched CAGE peaks from FANTOMS phase 2 consortium and mapped
them on full-length HERV-H loci. We observe three discrete peaks over full-length HERV-H loci,
indicating multiple promoter sites (Figure 6.4E-F). By mapping raw read counts to the left boundary (10
Kb window) of full-length HERV-H we confirm the existence of alternative HERV-H transcripts (Figure
6.4G). TSS-1 corresponds to the position of KLF4 binding on HERV-H, while the transcription factors
driving messages from TSS-2/3 are yet to be identified. The alternative transcripts follow a specific
developmental pattern (e.g. early, EGA and blastocyst) (Figure 6.4G). We find that from two HERV-H
remodelled genes (e.g. ABHD12B and SCGB3A2), distinct chimeric transcripts are produced during early
embryogenesis, suggesting that the stage-specific transcripts might modulate their function (Figure 6.4H).
We conclude the interplay of host encoded transcription factors (including KLLF4) over HERV-H loci
regulates the expression of alternative transcripts, from different transcription start sites (T'SSs). Did the
gain of a KLF4 site on HERV-H occurred by chance? To address this question, we mapped the two types
(e.g. murine and human) of KLF4 sites on HERV-H TSS-1. Our analysis reveals that HERV-H selectively
recruited the human-specific KLF4 sites, suggesting that the evolution of HERV-H and KLF4 functions
might be linked (Figure 6.2C).
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Figure 6.3:

Heatmap shows ZFPs exhibiting loss and gain of gene expression at each split in comparison with human iPSCs.
A. human vs Gorilla. B. human vs Chimpanzee C. Heatmap showing the loss of ZFP gene expression in pairwise
comparison between NHPs and hiPSCs. Blue color codes for downregulated ZFPs (False Discovery Rate < 0.05)
and grey colors indicate the non-significant regulation (False Discovery Rate > 0.05). Star marked KZFPs (one
in each heatmap) are shown in further sections to be binding on HERV-H loci and dynamically expressed during
human embryogenesis and reprogramming.
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6.4 KAP1 does not confer absolute repression of HERV-H

The KAP1/TRIM28 repressor complex, involved in regulating a plethora of transposable elements,
including ERVs, is tethered to specific genomic loci by various KRAB-ZNF transcription factors (KZFPs)
[183, 184, 102, 366]. Activation or inactivation of HERV-H is vaguely understood as TFCP2L1 [212]
and KLF4 [208] are known host factors to drive its expression in pluripotent states, whereas KAP1 is
involved in conditional repression of HERV-H [208, 366]. Nevertheless, KRAB-ZNF (KZFPs) were
demonstrated to be targeting a vast variety of TrEs in the human genome via recruiting the transcriptional
regulator KAP1 and hetero-chromatin forming subunits [103, 186, 446, 183, 447, 448, 102, 166, 449].
Consequently, the depletion in the level of KAP1 in human pluripotent cells leads to pervasive spectrum
of TE activation [184, 183, 133]. Intriguingly, being the master regulator of pluripotency, the regulation
of HERV-H was never studied in the previous context.

Our cross-species PSC transcriptome study supports the view that each primate has a specific set of
expressed (K)ZFPs [103] (Figures 6.3 and 5.10C) that has been evolved to perform a role in controlling
transposable elements. As HERV-H has been inactivated around 10 MYA as an ERV, we wondered if
its expression is still regulated by KZFP/KAP1 repression. To enlist the KZFPs targeting HERV-H, we
examined a vast array of ChIPexo datasets [103] and intersected their unique peaks with individual
HERV-H loci. Out of 210 we found 6 KZFPs (e.g. ZNF534, ZNF90, ZNF75D, ZNF257, ZFP57 and
ZFP69B) that recognized at least 50 HERV-H loci (Figure 6.4B). Upon comparing 1,200 full-length
HERV-H loci versus 4,500 truncated ones, we observed that KZFPs were mostly recruited on the most
probably active full-length loci (Figure 6.5B). The six KZFPs bind HERV-H simultaneously or the various
combinations of HERV-H-specific KZFPs recognize different subsets of HERV-Hs. Except ZNF75D, the
remaining five KFZPs have two footprints on HERV-H (Figure 6.5C). The ZNF534, ZNF90 and ZFP69B
footprints are in close proximity of each other, and this trio targets either gag or pol region of HERV-H
(Figure 6.4E). Our data mining on human preimplantation transcriptome data [297] indicates that the
six KFZPs are expressed at different stages of development (Figure 6.4C). Specifically, the expression
of ZNF90 rises with EGA, while and ZNF534 at morula stage along-with ZNF257 and ZFP57, albeit
at the lower level (Figure 6.4C). Accordingly, KZFPs also have a specific expression pattern during the
reprogramming process (Figure 6.4D).

The ICM/EPI-specific ZNF75D is expressed all the way through the reprogramming process (Figure 6.4C).
ZNF90, ZNF534 and ZFP57 mark freshly stabilised cells, but the expression of the later two go down
with passaging (Figure 6.4C). Finally, we find that the six KFZPs bind preferentially to full-length than
truncated HERV-H loci (Figure 6.5B). Three of these six KZNFs viz. ZNF90, ZFP57 and ZNF257 showed
species-specific higher expression (Figure 6.3). Additionally, ZNF534 and ZNF90 showed numerous
common binding sites that also overlaps with the KAP1 suggesting its recruitment as co-factor (Figure 6.5).
As KFZPs are implicated in targeting the KAP1 repression complex [102, 184, 183, 103], we determine
the potential overlap between KFZP and KAP1 occupancy over HERV-H loci. Quite surprisingly, KAP1
binding was enriched on both active and inactive HERV-H loci (Figure 6.4A), suggesting that binding
of KAP1 might not confer absolute repression of HERV-H. Indeed, we notice the sharp peak of KAP1
over HERV-H but still the expression of HERV-H is not significantly affected in KAP1 depleted hESC-hl
(Figure 6.4B). Furthermore, the substantial fraction of KZFPs peaks does not overlap with KAP1 peaks
over HERV-H loci (Figure 6.5A), indicating that these KZFPs do not recruit the repression complex of
KAP1 (Figure 6.5A), and might be involving the other processes
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Figure 6.4:

A. Lineplot shows the ChIP-seq data analysis of KAP1 and KLF4 in HIESC ref and HiPSCs ref respectively around
full-length HERV-H left boundary (5 KB on both sides from left boundary of HERV-H). ChIP-seq signal was plotted
as mean of tags counted in 100 bins of 100 bps around each locus of Active (FPKM > 2) and inactive (FPKM =0)
HERV-H in their respective cell lines.

B. Boxplot shows the distribution of HERV-H expression in HIESCs in three different conditions, HIESCs
transfected with empty vector, non-specific construct and KAP1-KD construct. Note that HERV-H expression
doesn’t change significantly upon depleting KAP1 in HIESCs. RNA-seq data used for this analysis was published
[184]

C. Barplot displaying number of significant ChIP-exo peaks (FDR < 0.05) of 220 KRAB-ZNFs ref over all HERV-H
loci annotated in hg19 version of human genome. Yellow bars represent ZNFs that at least occupies 1% of total
HERV-H loci (e.g. 50 out of total 5000 loci). black bars have fewer peaks ( < 30 peaks over total HERV-H loci) so
ignored for further analysis.

D-E. Heatmap showing the raw expression (log2 TPM) dynamics of Six ZNFs observed in Fig 3b-c during early
embryogenesis and reprogramming. blue denotes no expression(0-2), gold as optimum (3-5) expression and darkred
is denoted as higher expression(>6).

F. Schematic illustrates the 11 binding sites of observed six ZNFs on full-length HERV-H locus. For detailed
analysis of density of individual peaks over HERV-H loci (see. Supple. figure S8).

G. Density plot of Cap analysis gene expression (CAGE) peaks phasel and 2 combined (FANTOM 5 project) over
HERV-H loci displaying multiple TSS within full-length HERV-H. HERV-H schematic and TSS (black arrows)
is shown beneath the density plot. H. Line plots displaying the comparison of absolute RNA-seq read coverage
dynamics over HERV-H loci between distinct stages of early embryogenesis. Plot represent the average profiling of
raw reads that were counted in 100 bins of 100 bps around each locus of full-length HERV-H. Plot was generated
using smooth. spline function in R using spar=45. Dotted lines on plot shows the site over HERV-H that is enriched
for RNA-seq reads at different stages of development.

I. IGV of uniquely mapped reads over the chosen genes (that has been shown to forming crimeric transcripts in our
previous published work ref) and closest full-length HERV-H loci indicates the usage of multiple TSS arising from
HERV-H at distinct stages. Both genes loose their annotated TSS and proximal exons to form HERV-H chimera.
The chimeric ABHD12B transcript is expressed from zygote to EPI, but expression pauses in 8-cell/morula, exons of
ABHDI12B upstream of HERV-H/LTR?7 are skipped. While ABHD12B HERV-H appears to be intact in Chimpanzee,
it has several deletions compared to the human version (not shown). SCGB3A2, implicated in pluripotency, exhibit
partially overlapping expression patterns, usage of distinct human-specific HERV-H TSS and loss of annotated TSS
and proximate exons.
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A. Stacked barplot demonstrates the percentage of full-length HERV-H locus bound by shown six KRAB-ZNFs and
KAP1 in HIESCs (black). Note: this figure is an extension to Fig 3B.
B. Stacked barplot display the fraction of ZNF peaks overlapping with KAP1 peaks over HERV-H loci. Note: KAP1

ChIP-exo was performed in HIESCs.

C. Density plots illustrating the genome-wide relative densities of above mentioned six KRAB-ZNFs binding around
the full-length HERV-H left boundary. Centre of the peaks are drawn on full-length HERV-H (LTR?7 in black and
HERV-H-int in grey beneath the plots) schematically to show the binding sites of mentioned KRAB-ZNFs.

D. Table contains the pairwise comparison/number of shared peaks of mentioned KRAB-ZNFs over HERV-H loci.
White color of boxes show no overlapping peaks, green, yellow and orange denotes least, medium and maximum
number of shared peaks respectively between any given pair of KRAB-ZNFs.



Chapter /

HERV-H transcription defines
nhaive-like stem cells

As opposed to primed or epiblast embryonic stem cells, naive embryonic stem cells (ESCs) are the true
unprimed ESCs. While derivable in mice, they have proven difficult to isolate from human blastocysts and
their existence is questioned [450]. To maintain the pluripotency, naive mESCs require leukaemia inhibitor
factor (LIF), while the differentiation stimuli are suppressed by inhibiting the ERK and GSK30 signaling
pathways [451, 335]. In contrast, human primed hESCs are dependent on bFGF and activin/TGFf
signalling [316]. The ability to derive and stably maintain ground-state human pluripotent stem cells
(hPSCs) that resemble the cells seen in-vivo in the inner cell mass has the potential to be an invaluable tool
for researchers developing stem cell-based therapies. To date, derivation of human naive-like pluripotent
stem cell lines has been limited to a small number of lineages, and their long-term culturing remains
problematic. We tag hPSCs by GFP, expressed by the long terminal repeat (LTR7) of HERV-H endogenous
retrovirus. While the involvement of HERV-H explains many human-mouse differences in ESCs and
naive cells, it is striking that ERVs have been recruited as pluripotency regulators in at least one other
lineage. The mouse endogenous retrovirus mERVL expression of which is restricted to the zygote/2C
stage, also regulates pluripotency [311]. The involvement of retroviruses in pluripotency supports the
view that transposable elements (TEs) can govern numerous developmental processes [276, 211], often
in a clade specific manner. The HERV-H-expressing cells have a similar, but nonidentical, expression

pattern to other naive-like cells, suggesting that alternative pluripotent states might exist.

7.1 HERV-H genetically marks ground state naive human cells

ESC cultures are established from the inner cell mass (ICM) of preimplantation blastocyst embryos.
Although, human and mouse ESCs share some features hESCs resemble mouse epiblast stem cells
(mEpiSCs). In mouse, mESCs are rapidly proliferating cells that form dome-shaped colonies (3D), and
maintain molecular/epigenetic features of ICM. Despite numerous attempts to isolate naive human
pluripotent stem cells, a marker for ground state pluripotency in hESCs culturesl remains elusive
[380, 317, 357, 367, 359, 361, 366]. In fact, LBP9, NANOG and KLF4, clustered together on HERV-H,
are highly expressed in the ICM during human embryonic development32, raising the possibility that

HERV-H-driven expression marks naive-like stage in hPSC cultures.
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To explore this possibility the reporter construct, pT2-HERV-H-GFP was transfected into either mouse
or human ESCs (Figure 7.1A). Only about 4% of cells in each hESCs colony expressed GFP, indicating

cellular heterogeneity (not shown).
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Figure 7.1:

A. Experimental scheme for isolating naive-like hPSCs. pT2-LTR7-GFP-rep-2-marked hESC-H9 were enriched by
FACS sorting in multiple rounds and cultured in conventional hRESC medium and in 2i/LIF medium, respectively;
scale bar, 200 pum.

B. Heatmap showing the global expression comparison between GFPhigh, GFP+ and GFPlow cells. Hierarchical
clustering of the mean expression values of global gene expression using Spearman’s correlation (biological repli-
cates are shown).

C. The expression of genes influenced by HERV-H expression in different human cell types, including GFPhigh,
HERV-H-depleted hPSCs, published ICM and hESCs. The heat map shows the comparison of row-normalized
relative expression levels at log2 scale. Genes shown are those differentially expressed within every pairwise
comparison (differential expression defined by log2 modular change > 1, with FDR cutoff at 0.01). Isoform
expression merged to single gene. Samples are represented in the order of euclidean distance and were clustered
using Spearman’s correlation and centroid linkage.

D. Global expression cluster dendrogram between GFPhigh, GFP+ and GFPlow hESC-H9, human inner cell mass
(ICM) and previously established human naive and primed cell lines. Approximately unbiased (au) probability,
bootstrap probability (bp) values and edge numbers at P value less than 0.01 are shown. ICM clusters closest with
GFPhigh.

E. Correlation matrix displaying the unbiased and pairwise comparison of mouse—human orthologous gene ex-
pression between GFP-marked hESC-H9 (this study, green) and mouse and human naive as well as primed PSCs.
Colour bar indicates Spearman’s correlation strength.

F. Cluster analysis using the average distance method on the same data set as in E. GFPhigh, GFP+ and GFPlow
cells in D-F were collected from hESC-HO cells cultured in conventional human ESC medium by FACS sorting.



7.2. HERV-H re-wired the primate-specific pluripotency network

RNAseq data of hESCs from single cells [297] and hPSC lines confirm that pluripotent cultures
exhibit variability in HERV-H expression (Figure 4.2C). To characterize GFP-positive (+) and negative
(-) subpopulations, hESCs were FACS-sorted in two rounds, and separately re-plated on feeders (Figure
7.1A) [212]. GFP-positive cells were further divided into GFP(high) and GFP(+) categories. Strikingly,
GFP(high) cells are capable of forming tight, uniformly expressing 3D colonies which is the characteristic
of murine naive cells. In contrast, GFP(-) cells form flat colonies, resembling mouse mEpiSCs [212].
GFP(high) colonies cultured in hESC medium gradually loose both the reporter signal and their 3D
morphology, except some GFP expressing groups of cells [212]. Their variable morphology is also
reflected in the transcriptome pattern as GFP(high) cells display an unique pattern in sharp contrast with
GFP(-) cells.

Next, we compared genome-wide expression profiles of GFP(high), GFP(+) vs GFP(-) cells. Unbiased
hierarchical clustering of the expression profiles revealed that GFP(high) and GFP(+) cells have a similar,
but not identical expression pattern, one that sharply contrasts with GFP(-) could be used to fetch distinct
cell types within hESC cultures (Figure 7.1B). This analysis add an extra layer to the heterogeneity where
an instrinsic retrovirus could be used to fetch distinct cell types within hESC cultures (Figure 7.1B).
However, when cultured in LIF condition GFP(high) cells have improved single-cell cloning capacity,
keep their pluripotency and differentiation potential, and could maintain their naive morphology for a
longer period of time (Figure 7.1A) [212]. Thus, the GFP(high) subpopulation in human pluripotent stem
cells appear thus to be enriched for cells resembling the ground state, i.e. naive hESCs. A hallmark of
a naive cell population is also its resemblance to ICM of blastocyst. Thus, we compared the z-scores
of quantile normalized intersected data of our genetically marked and cells derived either from cultured
hESC:s or directly from blastocysts (Figure 7.1B-C). GFP(high) and GFP(+) samples were distinguishable
and clustered with the ICM and the hESCs samples respectively (Figure 7.1C). Despite the significant
correlation, the human naive cultures [357], including our GFP(high), display some differences from
ICM (Figure 7.1C).

To evaluate how the GFP sorted populations relate to previously characterised naive and primed cell
populations from both human and mouse, we performed an unbiased cross-species hierarchical clustering
of the Spearman’s correlation of global gene expression (Figure 7.1D-F). Our cross-species and cross-
platform pipeline included GFP(high), GFP(+) and GFP(-) samples as well as re-analysed gene expression
data of 9,583 mouse—human orthologous genes for mouse and human naive as well as primed hPSCs. We
found global transcriptional similarity between GFP(-) and all primed stage cells (Figure 7.1E). GFP(+)
correlated better with mouse naive PSCs, than human naive PSCs (Figure 7.1F). Further dissection of the
matrix reveals that GFP(high) cells show relatively high similarity to both mouse naive and human naive
PSCs [357], supporting the significance of HERV-H-driven transcription defining naivety. Subjecting the
same dataset to a cluster analysis using the average distance method revealed two major clusters of either
primed or naive lineation (Figure 7.1F). The primed cluster included GFP(-) and transcriptomes of primed
cells of either mouse or human origin (Figure 7.1F). The ‘naive cluster’ was further subdivided into two
sub-clusters, represented by either GFP(+) or GFP(high).

7.2 HERV-H re-wired the primate-specific pluripotency network

While LBP9 (TFCP2L1) is key to the naive state in mice, HERV-H is primate specific. Experimentally,
the depletion of either LBP9 or HERV-H results in loss of pluripotency as the transcriptional levels of
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OCT4 and NANOG were reduced [212].
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Figure 7.2:

A. The schematic shows the selection of genes for downstream analysis. Genes that commonly expressed in
GFP(high) and naive cells; upregulated or downregulated genes compared with primed or GFP(-) cells. These genes
were further mapped around HERV-H locus. Genes falling on downstream locus upto 50 KB was taken for further
analysis as neighbour genes.

B. The expression of neighbouring genes to HERV-H in different human cell types, including GFPhigh, HERV-
H-depleted hPSCs, published naive hPSCs (naive(WIBR3)) and primed hESCs (reprimed (WIBR3)) [357, 361].
The heat map shows the comparison of row-normalized differential expression levels at log2 scale of fold changes
of GFPhigh versus GFPlow, shHERV-H versus shGFP, naive WIBR3 hESC versus primed and re-primed WIBR3
(GSE46872). Genes shown are those differentially expressed within every pairwise comparison (differential
expression defined by log2 modular change > 1, with FDR cutoff at 0.01). In right panel the heat map showing
the comparison with mESC versus mouse epiblast stem cells (mEpiSCs) of HERV-H neighbour genes. Log?2 fold
change values of orthologous genes were subjected to hierarchical clustering (Pearson correlation, centroid linkage,
k = 3). Genes selected and clustered as in 7.2D.

C. Stacked barplot shows the number of genes involved in distinct stages of reprogramming (Figure 4.3) and blue
shaded are those which are controlled by HERV-H expression in HOESCs (Figure 7.2D). D. Scatter plot showing
the differentially expressed genes between GFPhigh and GFPlow are negatively correlated with the ones between
HERV-H-depleted hESCs and wild-type hESCs. The enlisted genes are enriched in GFPhigh versus GFPlow and are
specific to naive state (upper right), while genes downregulated by HERV-H depletion are specific to primed hESCs
or lineage commitment (lower). Red dots indicate differentially expressed genes. Representative clusters are shown.
E. gqRT-PCR analyses to determine the relative expression level of pluripotency and differentiation markers after
knockdown of LBP9 or HERV-H in hESC-H9. Data shown are representative of three independent experiments
with biological triplicates per experiment. Error bars indicate s. d. , astericks represent the significant p-value (<
0.05) obtained by t-test.

F. Gene ontology (GO) categories for up-regulated and downregulated genes in GFPhigh compared to GFPlow.



7.3. Re-activation of XIST RNA is unusual in forced naive cells

Interestingly, the depletion of either of them pushes cells to differentiate into trophectoderm suggesting
that LBP9/HERV-H netwrok might be serving as check-point at ICM-TE transition. Thus, the role of
LBP9, comparable to HERV-H, is to support self-renewal, while transcriptional down-regulation of either
LBP9 or HERV-H potentiates differentiation [212].

The above evidence is consistent with the possibility that HERV-H, which does not exist in rodents,
has been integrated as a regulatory element into the transcriptional circuitry of pluripotency in humans,
acting in turn as a marker of the naive state. To address how HERV-H-driven gene expression modulates
pluripotency, we surveyed differentially regulated genes in GFP(high) vs GFP(+), intersected by HERV-H
cis-regulation (Figure 7.2A). The differentially regulated genes located in the neighbourhood (+/-30
kb) of HERV-H display a similar expression pattern to those differentially expressed in GFP(high) vs
GFP(-) and in human naive vs primed stages, derived under specific culture conditions [357] (Figure
7.2B, left panel). In contrast, a distinct pattern when compared to mouse naive vs epiblast (Figure
7.2B, right panel). Consistent with the observation that depletion of HERV-H expression compromises
reprogramming process [212, 209], there are numerous dysregulated genes which contribute to distinct
phases of reprogramming are controlled by HERV-H expression in hESCs (Figure 7.2 C and 4.2B).

As there is an antagonistic pattern of expression between genes defining naive stage [up in GFP(high/+)
vs GFP(-)] and those that are down-regulated in HERV-H knockdowns and similar pattern was observed
on the other way around (Figure 7.2D-E). The majority of differentially regulated genes upon depleting
HERV-H expression in HIESC was rescued by the activity of HERV-H regulatory region, provides the
subtle regulatory network of HERV-H in hESCs (Figure 7.2D). The observed list of genes upregulated by
HERV-H expression are putative markers of human pluripotency in naive state such as NANOG, POU5SF1
etc. However the downregulated genes by HERV-H expression belonged to primed or artificial pluripotent
states (Figure 7.2D-E). To examine this possibility, GFP(high) vs GFP(low) cells were subjected to
further analyses. qRT-PCR confirmed significantly up-regulated transcripts in GFP(high) vs GFP(low),
including TBX3, NANOG, OCT4, LBP9, FGF4, previously associated with naive pluripotency (Figure
7.2D-E). In contrast, up-regulated transcripts in GFP(low) relative to GFP(high) populations are associated
with lineage-commitment, and include genes expressed in primed ESCs (e.g. ZIC1, SOX61, XIST,
GATAG6) (Figure 7.2E). The enlisted observations confirm an underlying the significance of HERV-H in
regulating the native pluripotency in primates. Differentially expressed genes between GFP(high) vs GFP(-
) populations were enriched for Gene Ontology (GO) terms of developmental processes, morphogenesis

and organismal processes (Figure 7.2F).

7.3 Re-activation of XIST RNA is unusual in forced naive cells

An additional hallmark of naive pluripotent cells in female mice is two active X chromosomes (XaXa),
while primed cells show X inactivation (XaXi), whereas, human naive cells orchestrate the X-chromosome
inactivation [317, 361, 357]. X-chromosome inactivation (XCI) depends on XIST, a long noncoding
transcript that guides PRC2 complex to catalyse the H3K27 methylation and silences the X-chromosome.
X-chromosomal dynamics is unique in human preimplantation embryos in a way that both X-chromosomes
are active in females and males express X and Y chromosomes. This unusual mode of dosage compensation
eradicates the essence of XIST expression in the early embryos. The first strike on naive cells are over-
activation of XIST RNA. XIST is under top-five most upregulated genes in forced naive cells following
DNMTS3L, KLF2 and KLF17 (not shown). We re-analyzed the transcriptomes of forced naive cells SSEA-
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Neg, SSEA-Pos ("Primed" cells grown in 5iL. media and sorted out on the basis SSEA, the pluripotency
marker; SSEA-Neg is non-pluripotent naive cells whereas, SSEA-Pos is pluripotent naive cells), UCLA-
20n is isolated blastocyst cells cultured in 5iL. media whereas, UCLA-20n primed cells are the cells from

same blastocyst but cultured in 2iL. media [361, 356].
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Figure 7.3:

A. Barplot shows the level of expression of XIST RNA at log scale (log2 TPM+1). Samples involved in this study
are forced naive cells i. e SSEA-Neg, SSEA-Pos and UCLA-20n ("Primed" cells grown in 5iL media and sorted
out on the basis SSEA, the pluripotency marker; SSEA-Neg is non-pluripotent naive cells whereas, SSEA-Pos is
pluripotent naive cells). UCLA-20n is blastocyst cells cultured in 5iL. media whereas, UCLA-20n primed cells are
the cells from same blastocyst but grown in 2iL. media [361, 356]. Reset cells are another naive cells resultant from
forced expression of NANOG and KLF2 [359]. SSEA-Neg cells were also grown in differentiation media and
RNA-seq was captured on day-0, day-8 and day-16 as labelled in the plot.

B. Boxplot showing the overall expression of genes regulated by XIST via recruitment of PRC2 complex.

C. IGV plot showing the visualization of normalized ChIP-seq reads over the promoter of genes involved in
embryogenesis. Note: These genes are activated in primed cells (H3K4Me3 mark) but they are either in poised state
(first four panel shows the H3K4Me3 and H3K27Me3 co-occupancy) or in repressed (only H3K27Me3 mark).

D. A Schematic diagram illustrating the design of study reanalyzed to obtain next figures [452]. The two populations
were sorted out on the basis of XIST expression, named as XIST+ and XIST-

E. Boxplot showing relative expression of SVA/L1 elements. Significant enrichment (-log10(p-value) < 16) of
mutagenic TrEs (SVA and L1-Hs) in XIST+ H9-ESCs compared with XIST- H9-ESCs.

F. Boxplot showing relative expression of HERV-H elements. Significant enrichment (-log10(p-value) < 16) of
HERV-H in XIST- H9-ESCs compared with XIST+ H9-ESCs.

Additionally, included reset cells, are another naive cells resultant from forced expression of NANOG
and KLF2 [359] in 2i G66983 media. SSEA-Neg cells were also grown in differentiation media and



7.4. In vitro culturing might compromise evolutionary fine-tuned, human specific features

RNA-seq was captured on day-0, day-8 and day-16 as labelled in the plot (Figure 7.3A). Upon surveying
the XIST expression in mentioned naive and primed cells, we observed that the over expression of XIST
in forced naive cells was not lost during their differentiation. This indicates the irreversible activation
of XIST upon reverting the primed cells to naive state (Figure 7.3A). Furthermore, we checked the
transcriptional dynamics of those genes that were repressed by XIST expression. For this, only those
genes were chosen that gained H3K27Me3 mark on their promoter during the reversion of primed to
naive state (Figure 7.3B). We found that XIST target genes (n=484) showing the antagonistic pattern of
expression and moreover, these genes do not gain their expression upon converting back (naive to primed
state) (Figure 7.3C).

Previous studies have shown that forced naive cells in 5iL media repress HERV-H expression and
up-regulate the transcription of SVA elements as their molecular signature [366]. I checked the trans-
poscriptome of XIST- and XIST+ cells sorted out of HOESCs (Figure 7.3D). HOESCs deficient in XIST
expression (so does the early embryonic cells) showed the repressed state of SVA elements and activated

HERV-H expression, whereas, antagonistic pattern was observed in XIST+ HIES cells (Figure 7.3E-F).

7.4 In vitro culturing might compromise evolutionary fine-tuned,
human specific features

We have shown in previous sections that HERV-H mediated re-wired transcriptional networks led the
molecular evolution of biological processes to be human-specific. Generation of naive cells is confrontation
of artificial pluripotent states against natural ones via inhibiting biological processes at molecular level. Our
study suggests that the HERV-H driven transcriptional network has significantly modulated pluripotency
during primate evolution. How current in vitro pluripotent stem cell cultures do reflect these features?
We examine human naive cell cultures (e.g. 3D morphology) that are either converted from primed cells
[359, 366] (e.g. 2D morphology) or freshly established from the human blastocyst [356], and compare
them and to their primed counterparts (e.g. HOESCs and UCLA primed cells). The naive and primed
cells are cultured in 5iL or 2iL conditions, respectively. Clustering analysis of their trancriptomes reveals
four distinct HERV-H expression clusters (Figure 7.4A), suggesting that their origin, culture conditions
as well as their pluripotent state affects the genomic HERV-H expression. Cluster 1 identifies HERV-H
loci activated in naive cells cultured in 5iLL condition, but not expressed in primed cells. In Cluster 2,
the majority of HERV-H loci is active in primed cells and in naive cells that is established from the
blastocyst (UCLA-20n) [356]. In contrast, Cluster 3 identifies HERV-H loci that are activated in primed
and pluripotent naive cells converted from primed (SSEA4-Pos) indicating the pluripotency-specific loci.
Finally, Cluster 4 is specific to converted SSEA4-Pos populations grown in 5iL media could be used as a
marker for pluripotent populations in 5iL. media (Figure 7.4A).

Importantly, HERV-H is upregulated in both prime-converted (SSEA4-Pos) or blastocyst derived
(UCLA20n) cells when compared to (SSEA-4-Neg) naive cells that are negative for the pluripotency
marker, SSEA-4 (Figure 7.4B-C), suggesting that the lack of pluripotency is associated with the heavy
down-regulation of HERV-H.

We hypothesized that along-with the loosing of HERV-H expression, several human-specific traits,
evolved to fine-tune human pluripotency might be lost as well. Do the in vitro cultured naive cells express

the human specific features properly in their transcriptome?
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Figure 7.4:

A. Heat map shows the five distinct clusters of highly expressed (log2 FPKM > 1) full-length HERV-H locus
(n=250) in different naive and primed cells. Distribution of HERV-H expression shown as violin plots on top of
heatmap. Dendrogram above cell type labels is clustering of scaled FPKM by euclidean distance and spearman’s
correlation. Naive cells in this analysis are SSEA-Negative 5-iL, SSEA-Positive 5-iL, UCLA20n and primed cells
B. Scatterplot shows the differential expression of individual HERV-H locus in 5iL Naive cells that are negative for
SSEAA4(the pluripotency marker) reverted from primed cells and blastocyst cells directly (UCLA20n). Each dot on
the plot is single locus. Red ones are those that gained its expression in SSEA-Positive 5iL naive cells. Blue ones
are those that gained its expression in SSEA-Negative 5iL naive cells.

C. Scatter-plot shows the differential expression of individual HERV-H locus in SiL naive cells that are positive or
negative for SSEA4, the pluripotency marker. Each dot on the plot is single locus. Red ones are those that gained its
expression in SSEA-Positive 5iL naive cells. Blue ones are those that gained its expression in SSEA-Negative 5iL
naive cells.

D. Notched boxplot shows the distribution of differential expression (Log2 Fold Change) forced Naive cells with
respect to their respective primed cells (as described in Figure 6A) as shown in steel blue colored boxes, for
those genes (n=246) that are commonly up-regulated (average difference > 0) in all lineages of human blastocysts
compared with their counter lineages in Cynomolgus blastocysts (ICM, EPI, PE and TE) as shown in gold colored
boxes.

E. Notched boxplot shows the distribution of differential expression (Log2 Fold Change) forced Naive cells with
respect to their respective primed cells (as descripted in Figure 6A) as shown in steel blue colored boxes, for
those genes (n=197) that are commonly up-regulated (GFOLD > 0) in human PSCs compared with all analyzed
non-human PSCs (Callithrix, Gorilla, Chimpanzee and Bonobo) as shown in deep pink colored boxes.

F. Bootstrapped Dendrogram (1000 replicates) represent hierarchical clustering using euclidean distance and
complete linkage method on averaged expression from the cell population’s (mentioned in Figure 4A, 6A and
HERV-H-KD cells) transcriptome pooled together. 1055 most variable genes (method) were chosen to construct the
clustered Dendrogram. Height of Dendrogram represents the euclidian distance of dissimilarity matrix, numbers in
red and blue indicate au and bp values from bootstrapping. Noticeable clusters in figure shows the compact cluster
of cross-species EPI, PE and TE. Human and Cynomolgus TE form distinct cluster that is not shared with any of in
vitro cells. Notably, HERV-H-KD cells and 5iL. SSEA-Positive cells, Primed cells along with H1 and H9 cells share
their cluster with PE albeit fall in to form distinct cluster. Interestingly, 5iL cells (SSEA-Negative and UCLA-20n)
clusters closely with Cynomolgus ICM compared with human ones. Reset cells were found to be outlier in the same
cluster.

As the human primed cells resemble more with the Cynomolgus post-implantation epiblast cells

[385], and do not express the human pluripotent blastocyst features, we compared the fold-change of



7.5. Resemblance between cultured naive-like cells and newly defined human pre-implantation cell types

naive vs primed cells with the fold-change of pairwise Homo and Cynomolgus blastocyst stages (ICM,
EPI, PE and TE) (Figure 7.4D). Our analysis reveals that the human pluripotent blastocyst features are
significantly downregulated at in vitro naive cells (Figure 7.4D). Similarly, expression of those genes
that mark the human specific vs primate features of pluripotent stem cells (e.g. innate immune response,
STAT3, IFITM1, etc. ) are inhibited in vitro naive cultures 7.4E). In addition, in vitro naive cultures appear
to express genes whose expression has been shifted during primate evolution to a different developmental
lineage (Figure 8.3). Finally, 1K bootstrapping on 1200 MVG clustered SSEA4-neg naive cells close to
monkey ICM, while SSEA4-pos cells plugged in Homo- Cynomolgus PE cluster (Figure 7.4F).

The up-regulated genes in each human stage showed significant down-regulation in naive cells
suggests the loss of human blastocyst specificity 7.4D). Next, we dissected the up-regulated genes in
human comparing cross-species pluripotent states and naive cells showed significant loss there too, pinning
our hypothesis that human-specific pluripotency might have been lost while inhibiting the pathways that
has been evolved to be human-specific 7.4E). Some of up-regulated genes in forced naive cells are those
genes that mark pluripotent states in Cynomolgus and are expressed in human blastocyst but only to mark
trophectoderm populations but not the pluripotent ones 8.3), indicates another dimension in the loss of
human-specificity. Finally, 1K bootstrapping on 1200 MVG showed the clustering of SSEA4-negative
naive cells close to monkey ICM compared with human ones, whereas SSEA4-positive cells plugged in

human- Cynomolgus PE cluster 7.4F).

7.5 Resemblance between cultured naive-like cells and newly
defined human pre-implantation cell types

Recently, a plethora of human cell lines have been described with properties that resemble naive murine
pluripotent stem cells (e.g. rounded morphology of cultures) [358, 453, 357, 356, 359, 366, 361, 362, 212].
Most of these naive/naive-like lines, except the extracted cell type using a HERV-H-reporter (HERV-Hhigh)
[212] are generated by overexpressing various transcription factors and/or cultured under conditions
inhibiting certain developmental processes. Given our ability to identify genes particular to each stage
in early human embryogenesis, we now ask about the resemblance between these various naive-like
cell types, primed cells and stages in pre-implantation development. First, we construct a dendrogram
based on relative gene expression profiles (microarrays) including all available naive-like cultures, their
corresponding primed counterparts, and adding the transcriptome of blastocyst and morula 7.5A-C).
As expected, naive-like cells and primed cells cluster separately. Within the naive cell grouping, a few
naive-like lines cluster in proximity with both morula and blastocyst, while others form a different cluster
distinct from morula/blastocyst. HERV-Hhigh is unique in clustering close to blastocyst but not morula

and display significant level of correlation with the same 7.5A-B).

7.5.1 The majority of forced naive cultures are heterogeneous cell populations,
expressing various lineage specific markers

Indeed, certain forced naive lines overexpress several human morula genes compared with their primed
counterparts 7.5C). However, these cells are not clear morula either. To find more out about their identity,
we examine genes that are significantly upregulated in at-least 80% of the naive-like lines when compared

to their primed counterparts. We intersect the obtained genes with our lineage specific markers (AUC
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cut-off > 0.85) 3.1A-C). This strategy reveals that although the studied naive/naive-like lines express EPI
markers, they represent heterogeneous mixtures of cells. Curiously, some cells aberrantly present a variety
of human preimplantation embryonic lineage markers, including 8-cell, morula, NCC and PE 7.7A). Thus,
although a fraction of cells in naive-like cultures resemble real stages of development, the majority of the
cells exhibit a disturbed expression profile.

We also integrate the scaled averaged expression profiles of morula, NCC, ICM, EPI and PE with
certain naive-like lines [358, 356, 359], extract 5,870 variable genes (mean/dispersion < 1), and load them
for Kernels k-means clustering. This strategy gives us four distinct clusters containing 1,210, 1,265, 1,181
and 2,214 genes, respectively 7.6A). The euclidian distances (dendrograms in Figure 7.6B-E) clearly
separate developmental stages and naive-like cells with the four clusters. Based on ranked correlation
coefficients, the clustering analysis further supports the heterogeneous existence of morula, NCC, ICM

and EPI markers in any of the four clusters (Figure 7.6B-E).
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Figure 7.5:

A. Cross-platform clustering (ranked correlation) of 8346 genes. Distance measure shown as euclidian distance,
genes, 1K Bootstrap and correlogram showing the cross-platform analysis of available microarray datasets of
naive/naive-like and primed cells. Red color shows positive correlation and blue corresponding to negative
correlation. Star marks the significance of correlation obtained as (p-value < 0.01).

B. Correlation of a subset (from A) of naive/naive-like cells to morula/early blastocyst. Pairwise ranked correlation
values of relative expression are shown.

C. Relative expression of morula-specific genes in a subset of naive/naive-like cells with respect to their primed
counterparts. Note color code and order of samples are as in A. Relative expression of morula and blastocysts were
compared against hESCs.

7.5.2 Forced naive-like cells exhibit disturbed transcriptomes accompanied
with upregulation of mutagenic transposable elements

The forced naive-like cells are also unusual in having more frequent generation of chimeric transcripts

that are still expressed upon converting them to primed state (Figure 7.7B), and might help to explain why
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these cells are not capable of proper conversion [356]. When compared to human blastocyst (ES-E7),
forced naive cultures express around 352 genes that are not expressed in any cells of the blastocyst, and fail
to express 67 ‘essential’ genes that are expressed in every cell of the human blastocysts (ES-E7) (Figure
8.4A-B). These cells also acquire features of the ‘maturation’ stage of the reprogramming process (Figure
7.7D and 8.4D). This rather unstable stage is accompanied by erasure of DNA methylation over the TSSs
of genes (imprinted/non-imprinted) and Young ERVs that are hypermethylated in oocytes (Figure 8.4E-F)
and upregulation of transposable elements with mutagenic potential [366, 208]. Notably, forced naive

conditions also suppress the expression of both the EPI-specific genes and HERV-H loci (Figure 7.7C).
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Figure 7.6:

A. Multiple boxplots showing the relative expression (scaled to mean) of genes clustered together in four clusters
within the data frame comprises the transcriptome of samples labeled on x-axis. Clustering is based on kernel
density clusters that divided genes into four groups each containes 1210, 1265, 1181 and 2214 genes, respectively.
B. Dendrogram shows the clustering of samples based on euclidian distance of dissimilarity matrix using 1210
genes from cluster 1. Heatmap of pairwise spearman’s correlation showing purple as positive and light blue as
negative correlation. Note: naive/naive-like cells cluster with NCC and morula.

C. As in B, but using 1265 genes from cluster 2. Note: naive/naive-like cells cluster with NCC and morula.

D. As in B, but using 1181 genes from cluster 3. Note: naive/naive-like cells clustering with EPI and ICM.

E. As in B, but using 2214 genes from cluster 4. Note: naive/naive-like cells clustering with ICM.

7.6 Human in vitro pluripotent cultures should express
species-specific traits properly

Finally, our studies allow us to suggest a checklist that could be used to guide in vitro studies. The
key properties of the pluripotent EPI, including self-renewal and the ability to maintain a relatively
homogeneous transcriptome, would make this cell population as a best candidate to mimic in vitro. Thus,
our checklist includes top genes that appear to have a unique expression status (+/-) in human EPI against
the rest of the clustered cells (Figure 3.1B and 7.7C). These genes have a good overlap with those whose

expression is continuously rising during the reprogramming process and plateau at the ‘stabilisation stage’
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(Figure 7.7E). We also provide a checklist to exclude genes that do not feature any real developmental stage
in human, partially overlap with the ‘maturation’ stage of reprogramming (Figure 7.7D). The expression
of these genes could induce instability and various aberrant processes that could compromise pluripotency.
The checklists include ESRG, LEFTY1, HHLA1 and excludes H19, KLLF2/17 expression (Figure 7.7C,
lower panel). Notably, ESRG and HHLA1 genes carry full-length HERV-H sequences, suggesting that
human pluripotent cultures should reflect the species-specific features properly, including the expression

of HERV-H-remodelled genes that have been contributed to fine-tune pluripotency regulation in humans.
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Figure 7.7:

A. Boxplot shows the upregulation of early embryonic lineage markers in naive cells with respect to their respec-
tive primed cells (GFOLD calculated on Reset cells/H9-ESCs [359], 5iL-SSEA-Neg/UCLA1-primed, UCLA-
20n/UCLA-20n-primed, 5iL-SSEA-Pos/UCLA1-primed [356] and Chan-3iL/H1-ESCs [358]); The marker genes
selected for the analysis flag distinct lineages with AUC cuttoff values (table next to the boxplot), and were chosen on
the basis of the following criteria: (i). Should be putative markers of any distinct lineage in human preimplantation
embryos (AUC cutoff > 0.85) after EGA; (ii) should be significantly upregulated in the majority of analyzed naive
cells (3 out of 5).

B. Bar plot showing the number of chimeric transcripts detected from the cell populations representing naive, primed
and differentiation of naive to primed stage.

C. Bar plot of EPI-like checklist. Log2-fold expression values of genes exhibiting expression status (+/-) left
and right, respectively. EPI-like cells should express/upregulate 67 genes (See Figure ). These genes are either
specifically expressed in pre-EPI/EPI or upregulated in EPI vs rest of the cells (ROC) in the human embryos
(selected examples, left panel). EPI-like cells should not express/upregulate 352 genes (see also Figure S ). These
genes are either specifically repressed in EPI and Pre-EPI or downregulated in EPI vs ROC (selected examples,
right panel).

D-E. Heatmap showing expression levels of selected genes from the checklist at z-score during somatic reprogram-
ming. Note the overlap of selected genes (as in Figure 7.7 with genes expressed in the stabilisation/maturation
stages.



Chapter 8

Discussions

8.1 Fate of the human embryonic lineages at single cell
resolution

Despite of recent speculations, our inferences are consistent with the assumption that the major features of
pre-implantation embryogenesis, regarding cell types and trajectories, are basically conserved in mammals.
Our strategy to analyse recent single cell transcriptome data employed a dimension reduction clustering
methodology that allowed us to cluster highly similar cell populations, but also resolve small differences.
Our approach assisted us to re-establish the lineages specific markers and an updated atlas of the early
human development. We dissected the entire intra-uterine embryonic lineages, including the ICM, the
holy grail of pluripotency. Beside similarities, we also identified multiple features that have been diverged
during the evolution of early development.

We found that, following the morula stage, cells exhibit an unusual heterogeneity that could explain some
of the difficulties to resolve the stages. The edges between developmental stages are not ‘sharp’, and a
significant number of cells exist simulatneously in ‘transitory’ states, expressing more than one lineage
marker. Furthermore, identification of a class of cells that fails to commit to any lineage could successfully
unmask the ICM. A clear distinctive feature of human pre-implantation development is the presence of
dynamically changing, hard-to-catch transitory zones between the stages. Although ICM is short-lived
before it segregates to EPI and PE, it is clearly identifiable, supporting the hypothesis that blastocyst
formation, similarly to other mammalian species, occurs in well-defined sequential steps. It was also
necessary to unmask non-committed cells from a relatively large, previously unidentified cell population.
These cells derive from morula, exhibit enormous transcriptome heterogeneity and fail to appropriately
express lineage markers. These non-committed cells (NCCs) are subjected to programmed cell death and
filtered out from the developmental process after E5 blastocyst stage.

Apoptosis is a process that is an essential part of normal development, and participates in eliminating
certain types of cells, including aberrant (e.g. genetically damaged) cells from the developmental process.
While the normally developing human embryos show no evidence of apoptosis before compaction,
scattered cells with fragmented nuclei and DNA damage characteristic of cells undergoing apoptosis
were found at the morula and blastocyst stages [454]. We observed relatively large numbers (~33%)
of apoptotic cells at ES. Similarly, a large number of apoptotic cells were observed in cow morulas (~

50% of embryos) [455]. In normally developing embryos, the activation of apoptosis is thought to be
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associated with and detectable immediately after embryonic genome activation (EGA).

8.2 Formation of epiblast and self-renewal network by exaptation
of HERV-H

Non-committed cells are likely to be filtered out from the developing blastocyst. These cells show elevated
levels of potentially mutagenic transposing elements, suggesting a selective filter against damaged cells in
the early embryo. On the other side, the cells that continue to participate in the developmental program are
characteristically marked by the expression of ancient TrEs, particularly the human endogenous retrovirus
H (HERV-H). While HERV-H appears to be an important player, there are many others unknown. Foremost
is the question how HERV-H derived products are involved in the regulation of pluripotency. Second,
are HERV-H-associated activities restricted to a certain cell type? Our new high-resolution atlas of early
human development enables us to address these issues. Further, by close analysis of co-expressed gene
partners we seek to determine the functional modules within which HERV-H is expressed. With the new
cell classification we provide further insight into human early development. Out of all the cell types
resolved, EPI is uniquely homogeneous in expression, consistently with its self-renewal ability, and is
thus recommendable for in vitro culturing. Epiblast cells should be the reference frame while comparing
in vitro pluripotent states. Even though ICM is taken out of the blastocyst to culture embryonic stem cells,
it first differentiates to epiblast and then forms in vitro pluripotent states that mimic post-implantation
blastocysts. Regarding epiblast, it is not clear whether it has self-renewal capacity, since self-renewal
was implicated to be existing in cultured pluripotent cells. Defining the peculiarities of early human
development is of relevance, not least because culture conditions for embryonic stem cells are classically
derived from our understanding of early mouse development. Further, there is debate as to what are the
real features of naive embryonic stem cells. In principle, naive cells should be in vitro model of pluripotent
blastocyst. A checklist of gene expression changes during preimplantation development would be valuable
to define such naive cells. Deciphering how pluripotency is modulated to reach its human shape would be
helpful in defining in vitro culture conditions that could mimic blastocyst the closest and preserve genome

stability and self-renewal network.

8.3 Human transposcriptome dynamics mark the distinct
lineages of early embryo

EGA is accompanied by global epigenetic changes that modulate the transposcriptome, for instance, by
de-repressing transposable elements. Notably, the timing of EGA (and thus the wave of TE activation)
varies among different mammalian species. In the mouse, the major activation event occurs during the
2-cell stage [311], whereas in humans it occurs later, between the 4 and 8-cell stages [295]. Apparently,
apoptosis enforces a selective filter against damaged cells emerging after EGA and fail to properly express
lineage markers. We identified a difference between young and old TrEs, with young ones expressed
post transcriptional reactivation. This distinction is consistent with continual cycles of invasion and TE
activity, followed by suppression preventing expression and transposition. During the phase of embryonic
transcriptional suppression, the transcripts from TrEs are detected, presumably as oocyte remnants alone.

This continual evolutionary turnover is further reflected in the gene gain events of families associated with
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TE control. Indeed, among the most dynamic gene families during primate evolution we identify ZFPs,

implicated in regulating TE activity [166, 133].
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Figure 8.1:

A. Unbiased clustering of expression values of ERVs transcribed during early development (RPKM>1) using the
Spearman’s, rank correlation method. Data are re-analyzed from [297].

B. The box-plots show level of expression of the LTR7B/Y subfamilies during early development. Distribution of
expression is shown as tag per million (tpm) values for each locus.

C. Box-plot displaying the relative expression of young and old retroelements upon depletion of HERV-H in human
embryonic stem cells .

Given the apparent cycle of invasion then suppression of TrEs, it is perhaps to be expected that one
class of TE (HERV-H) would be exceptional and become co-opted for control of early development
(although this extension of pluripotency might also be directly beneficial to a TE [312]). Indeed,
many of the most variable genes between the cells are altered by HERV-H insertions. More generally,
the primate-specific HERV-H-enforced remodelling appears to underpin much of the primate/human
specificity. Indeed, HERV-H is central to many examples of new genes, chimeric, de-novo and remodelled
genes. It also recruits naive-associated TFs in a primate-specific manner. Apparently, following their
inactivation as an endogenous retrovirus [456], some HERV-H-derived sequences have been gradually
domesticated for cellular host functions. HERV-H-enforced gene structures are expressed in well-defined
clusters, are incorporated into the developmental process and become an essential component throughout
pre-implantation development (e.g. defining pluripotency). Human-specific protein-coding gene ESRG

has emerged as the most remarkable of these HERV-H-enforced gene structures [312] that has been
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integrated into the regulatory network of human pluripotency. In addition to ESRG, a few more HERV-H-
enforced transcripts have been characterised and known to have functionality (e.g. lincROR, SCGB3A2)
[286, 444, 312]. Still, as the domestication process of HERV-H is relatively young, it remains to be
established what proportion of the rich diversity of HERV-H-associated transcripts seen in early embryos
are functional.

We asked what is the rationale for HERV-H being one of the TrEs recruited to regulate the human
pluripotency. We suggest that this might be due to HERV-H’s abilities to suppress young TrEs and to
generate a great degree of diversity via its heterogeneous transcripts. Moreover, HERV-H gains multiple
TSS which makes it flexible to be expressed even in various stages of preimplantation development.
In human, the expression of potentially mutagenic, phylogenetically young elements peak in morula.
Upregulated young TrEs potentially contribute to the observed high heterogeneity of cells segregating
from morula, giving rise to both committed (progenitor) and non-committed cells (NCCs). Progenitor
cells express OCT4/NANOG, whereas NCCs show higher level of H2AX activity. Additionally, we detect
Linel transposase expression in NCCs. The Linel+ cells are also positive for H2AX staining, indicative
of DNA damage (e.g. double strand breaks) likely to be generated by active transposition.

While NCCs are marked by young TrEs (e.g. Linel, SVA), progenitor cells, that passed quality control and
continue to participate in the developmental program, characteristically express ancient but dominantly full-
length ERVs, including HERV-H. Curiously, HERV-H also selectively marks EPI vs PE, suggesting that
HERV-H might contribute to cell fate determination during blastocyst formation in humans. EPI expresses
a number of HERV-H-enforced transcripts, several of them contributing to pluripotency regulation
[286, 444, 312]. Here, we demonstrate how ESRG [312], a human specific HERV-H-driven gene,
has been incorporated into the regulatory network of self-renewal in EPI. We find EPI as a uniquely
homogeneous cell population, being consistent with its self-renewal ability, an optimal candidate for in

vitro culturing.

8.4 Primate evolution of pluripotency

Domestication of transposable elements largely contributes to the diversification process. Indeed, a clearly
distinctive feature of human blastocyst compared to non-human primates is the presence of the plethora
of HERV-H-driven or remodelled genes, especially in EPI and TE, but not in PE, where HERV-H is
not expressed. The activity of HERV-H-enforced transcripts in distinct blastocyst lineages are driven
by different LTR7 versions. The domesticated versions of HERV-H in different blastocyst lineages
might reflect the complex interaction between the host and HERV-H during the arms race of repeated
invasion-escape cycles.

Our analysis using primate iPSCs as models of the pluripotent epiblast reveals a rapid lineage specification
that occurred following HERV-H invasion in new world monkeys. I show that the major gene expression
gain (19) and loss (29) events in regulating pluripotency between human and new world monkeys
(Callithrix) are due to the HERV-H-governed gene expression. Nevertheless, the major remodelling
of human pluripotency by HERV-H has occurred quite recently, following the split form the ancestors
of Gorillas. In essence, the primate evolution of the blastocyst is a fine-tuning of selected cellular
mechanisms, including the innate immune response, metabolism and viral defence. We speculate that
certain features rendered HERV-H particularly suitable for being domesticated, such as its ability to

generate a great degree of diversity via its heterogeneous transcripts, its flexibility to be tightly controlled
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even in various cell types of the blastocyst or its potential capability to suppress other transposable
elements. Similarly to HERV-H, a TE derived gene L1TD1 (Linel-derived) has been domesticated and
assumed to have a role in both pluripotency and host defence. Also other ERVs, including HERV-K,
contributed to the primate evolution of the blastocyst, although in a less dominant way. Furthermore,
the human-specific expression of HERV-V and HERV-FRD1 derived envelop genes in the TE suggests
a very recent co-option event. Notably, various human diseases are reportedly associated with the out-
of-context expression of the freshly established, human specific regulatory circuitries and genes (UCAL,
preeclampsia, cancer, etc). The most important message of the evolutionary studies is that pluripotency
is primate-specific, and might be even specific to humans. We propose that human pluripotent cultures
should reflect the species-specific features properly. By artificially inhibiting cellular mechanisms that
were evolved to fine-tune the development of blastocyst, the human-specificity of regulatory networks

results to be compromised.

8.5 Human-specific features of blastocyst

Our current study aims at deciphering the evolution of the blastocyst, with a special focus on pluripotency
regulation in primates. In agreement with the hourglass model of development, we find that multiple
features of early development are massively divergent between humans and non-human primates (NHPs).
Nevertheless, despite of the general belief, we propose that the trajectories and the cell types in the
blastocyst are basically conserved in primates. Our comparative single cell high-resolution analysis of
human vs Cynomolgus blastocyst can clearly identify the human ICM (marked by NANOG, POUS5F1
expression), breaking down the dogma that it does not exist in human. Following the identification of the
blastocyst lineages, we established a precise atlas of lineage specific gene expression in human versus
Cynomolgus. The least diverged lineage of the blastocyst is the primitive endoderm (PE). While the top
three markers in both comparators are common, the pluripotent EPI, and TE appear to be the fastest
evolving cell types in primates. By contrast, the underlying genetic architecture of the blastocyst is highly
divergent between human and other primates, including apes. We found that such divergence is owed to
rewired regulation of genes, remodelled genes and even novel human-specific genes. In the first scenario,
the gene structure is conserved, but gene expression is shifted, due to a change in regulation (e.g. ATP12A).
The shift could occur from one blastocyst lineage to another, but the affected gene can change expression
even in a larger dimension (pre vs postimplantation) (e.g. GAGE13, KLLK4). Second, the gene structure is
slightly changed, resulting in gene expression in a different cell type (e.g. AluSx exonization in MAP4K1).
Third, the gene model is robustly different, and it is not even obvious to predict the altered function of the
affected gene (e.g. SCGB3A2, ABHD12B). Finally, we also found the examples of de-novo genes that are
derived from transposable element (e.g. ESRG, UCA1).

8.6 Reactivation of retroelements in human early embryos

To preserve genomic stability, the repression of actively transposing retrotransposons by the host is
selectively favored during embryogenesis [165]. Indeed, the host has evolved several layers of regulatory
mechanisms to control TE activities. Transcription from a TE locus is epigenetically regulated by DNA
methylation and histone modification. The KRAB-ZNF proteins can specifically recognize TE families

and recruit the TRIM28/KAP1 repression complex and induce heterochromatin formation [103]. At the
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portranscriptional level, TrEs can be also controlled by small RNA-mediated silencing or by APOBEC-
mediated gene editing [93]. Although these regulatory mechanisms were established during the arms
race between TrEs and the host [102], several of them are still functional (e.g. control the transcription).
Initial stages of embryonic development are governed by maternal effects [299], with embryonic genome
activation (EGA) in the human embryo occurring between the 4 and 8 cell stages of development, later
than in mice (2 cell). Notably, a massive activation of TrEs in both species is observed at the switch from
maternal to embryonic genome activation [263, 312, 427]. In human, DNA transposon-derived transcripts
are relatively abundant in zygotes and 2-cells stage, but their levels, together with other phylogenetically
Old (> 7 MY) TrEs, gradually decline as development proceeds. This might reflect decay of remnant
RNAs expressed in oocytes. In human, the transcriptional activation of the young (< 7 MY) elements,
including L1 (L1_Hs) and SVA (SVA_D, E and F), capable of retrotransposition is substantial from
8-cell stage, peaking at morula with a contrasting dynamic to DNMT3A and 3B, but declining in the
blastocyst. Old LTR7-HERV-H peaking at the blastocyst is the only exception to the old/young difference,
and curiously contrasts the expression pattern of young TrEs, including the mutagenic SVA or the human
specific HERV-K_Hs elements.

8.7 HERV-H-enforced transcripts modulate throughout
pre-implantation development

Regarding HERV-H, a key question is the extent to which HERV-H contributed to modulate human early
development. HERV-H invaded the primate genome in the lineages post-dating the human-macaque
common ancestor and so is quite specific to a crown group of primates. Its high expression levels in
certain stages of early human embryos, specifically in pluripotent stem cells, is functionally relevant.
Indeed, cells expressing from an HERV-H reporter gene form a mass of naive-like pluripotent stem
cells. Notably, HERV-H elements are driven by several variants of its LTR, the large LTR7 group. While
LTR7B,HERV-H elements peak at the eight,cell stage, LTR7, HERV-Hs are expressed in the blastocyst, and
feature early passage, in vitro embryonic stem cell cultures [263]. The youngest subset, LTR7Y,HERV-Hs
are expressed from the eight,cell to blastocyst-stage embryos. SVA and Linel (L.1) elements, still capable
of retrotransposition in the human genome are also reactivated during early development. SVA is highly
expressed, but restricted to a developmental window at morula stage [426]. 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 [426].

Contrary to other TrEs, transcriptional activation of HERV-H (with various intensity) occurs throughout
early human development. Based on the LTR type, the expression of LTR7, and LTR7Y,driven HERV-
H peaks at the blastocyst, LTR7B-driven HERV-H is transcribed at the 8-cell stage, while HERV-H
associated LTR7 sequence with a certain 38 bp deletion is activated even before the 8-cell stage of human
preimplantation embryogenesis. Thus HERV-H, driven by distinct LTR variants, is expressed during the
entire human preimplantation embryogenesis. Germline integration of a retrovirus is a prerequisite of a
successful endogenization process. As pluripotent stem cells can contribute to the germline, an extension
of activity to pluripotent stem cells might be also be directly beneficial to a retrovirus [312]. Apparently,
following their inactivation as an endogenous retrovirus (ERV) [456], certain HERVH-derived transcripts

have been gradually domesticated for modulating pluripotency [427]. Although domestication is an
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exceptionally rare event, our current study suggests that HERVH might have been repeatedly co-opted.
HERV-H-enforced gene structures are expressed in well-defined clusters, have incorporated into the
developmental process throughout pre-implantation development. Indeed, HERV-H is central to many
examples of new genes — chimeric, de-novo and remodelled genes (Figure 8.2). I show several examples,
when the novel gene model is specific to us, humans, thus the HERV-H-enforced remodelling appears to
underpin certain human specific aspects of early development. As the domestication process of HERV-H is
relatively young, it remains to be established what proportion of the rich diversity of HERV-H-associated
transcripts seen in early embryos are functional. Is there any rationale as to why HERV-H might be the TE
that was recruited? We suggest that this might be owing to HERV-H’s flexibility to be tightly controlled
even in various stages of preimplantation development or its ability to generate a great degree of diversity
via its heterogeneous transcripts, and perhaps to suppress Young TrEs. While, NCCs are marked by
young TrEs (e.g. Linel, SVA), progenitor cells that passed quality control and continue to participate
in the developmental program are characteristically express ancient, but dominantly full-length ERVs,
including HERV-H. Curiously, HERV-H also selectively marks EPI vs PE, suggesting that HERV-H might
contribute to cell fate determination during blastocyst formation in humans. EPI expresses a number of
HERV-H-enforced transcripts, several of them contribute to regulate pluripotency [286, 444, 312]. Most
remarkable of these is the human-specific protein-coding gene ESRG [312] that has been integrated into
the regulatory network of human pluripotency. Here, we demonstrate how ESRG [212, 209], a human
specific, HERV-H-driven gene has been incorporated into the regulatory network of self-renewal in EPI.
We find EPI as a uniquely homogeneous cell population, being consistent with its self-renewal ability, an
optimal candidate for in vitro culturing. In addition to ESRG, a few more HERV-H-enforced transcripts
have been characterised and known to have functionality (e.g. lincROR, SCGB3A2) [286, 444]. Still, as
the domestication process of HERV-H is relatively young, it remains to be established what proportion of

the rich diversity of HERV-H-associated transcripts seen in early embryos are functional.

8.8 HERV-H expression in human pluripotent stem cells

In vitro models of human pluripotency maintenance and differentiation are known as pluripotent stem
cells, including human embryonic stem cells (hESCs) [295] and induced pluripotent stem cells (hiPSCs)
[328]. While hESC cultures are established from the pluripotent blastocysts, iPSCs are reprogrammed
somatic cells that have regained a pluripotent state. Both, hESCs and hiPSCs are enriched for LTR7-
driven HERV-H and associated transcripts (Figure 8.2) [312, 212, 209], indicating that HERV-H derived
transcripts are hallmarks of human pluripotent stem cells (hPSCs). ERVs in human can be classified into
many different families or groups, and independent members have the expected structure of an integrated
retrovirus. Namely, independent ERVs have the canonical retroviral genes, gag, pol, and env, flanked
by long terminal repeats (LTRs), which contain all the transcriptional regulatory signals necessary for
retroviral expression. While a low number of HERV-H like elements occur in the New World monkeys,
the major expansion of this family occurred in the Old World branch (Figure 1.4), and most HERV-H
insertions in human have orthologous loci in Old World monkeys such as Rhesus macaque (Figure 1.6).
Thus, over 80% of HERV-H integrations into the human genome occurred within the last 30MY (Figure
1.6). Notably, a common partially deleted form, which amplified to several hundred copies in the Old
World monkeys, and which is associated primarily with LTRs annotated as LTR7 or LTR7B (originally
termed Type I and Type I LTRs, [219, 220], was estimated by genomic Southern analysis to be present in
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no more than 50 copies in two species of the New World monkeys [218]. A later expansion in hominoids
of approximately 100 elements with a variant LTR (termed Type la and annotated LTR7Y in Repbase
[7], has also been documented. In comparison with LTR7 or LTR7B, LTR7Y is represented by fewer
copies in the human genome, and has higher promoter activity in transfection assays [219, 220]. HERV-H
transcripts are highly abundant and account for 2% of total RNA in hPSCs [212] and are concentrated
in the nucleus [209]. The transcription of HERV-H is supported by open chromatin, characterized by
markers for transcriptionally active promoters like H3K4me1/2/3, H3K9ac, H3K27ac, H3K36me3 and
H3K79me2 [212, 209]. By contrast, repressive chromatin marks of H3K27me3 and H3K9me3 at the
transcriptionally active HERV-H loci are rare [212]. Thus, LTR7 has an active function as promoter
and enhancer in hESCs. We have shown that HERV-H is regulated by key pluripotency factors that also
regulate human embryonic development, and the extremely high levels of HERV-H RNA in hESC cells
suggest that HERV-H contributes to pluripotency in human cells. The retention of the active chromatin
structure recruited to the site of the integrated HERV-H provirus, may have acted as hot-spot within the
germ-line of the primates. Now, after 30 years of its discovery [241], it is widely accepted that HERV-H

RNA provides a specific marker for pluripotency in human cells.

8.9 HERV-H provides a platform to key pluripotency transcription
factors

How is it that HERV-H is transcriptionally active in pluripotent stem cells? In the human genome, one
fourth of the all the binding sites for transcription factors modulating pluripotency are provided by TrEs.
Active HERV-H copies have binding sites for four key transcription factors driving pluripotency, such as
OCT4, SOX2, LBP9 (TFCP2L1) and NANOG (Figure 8.2) [212, 209]. Specifically, NANOG has been
shown to bind the 5’LTR of HERV-H, while OCT4 and SOX2 have binding sites in the HERV-H internal
sequence towards its 5’ end [212]. Functioning as a platform for alternative transcription factor binding
sites and as long-range enhancers, LTR7/HERV-H is expected to affect the transcriptional regulatory
network of pluripotency. In fact, HERV-H is indispensable for pluripotency maintenance, as knocking
down of HERV-H in hPSCs results in loss of pluripotency [212, 209]. Curiously, the global knockdown
effect of HERV-H and LBP9 are correlated, suggesting that the functions of LBP9 binding to HERV-H
and modulating pluripotency might have evolved together [212]. Besides regulating pluripotency, the
observed correlation argues for an additional function of LBP9 in retroviral control present only in
primates (hence the name LTR-binding protein 9).

8.10 HERV-H domestication by host proteins containing krueppel
domains

Indeed, the domestication process of transposable elements largely contributes to the diversification
process. A clearly distinctive feature of human blastocyst compared to non-human primates is the
presence of the plethora of HERVH-driven or remodelled genes, especially in EPI and TE, but not in PE,
where HERVH is not expressed. The HERVH-enforced transcripts in distinct blastocyst lineages are driven
by variants of LTR7. The various domesticated versions of HERVH might reflect the complex interaction

between the host and HERVH during the arms race of repeated invasion-escape cycles. Apparently,
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following their inactivation as an endogenous retrovirus, some HERVH-derived sequences have been
gradually domesticated for cellular host functions. The domestication process of HERVH involved
several host-encoded factors. Although HERVH is recognized by six different ZFPs, likely inherited
from the arms race period, not all ZFPs are involved in recruiting the TRIM28/KAP1 repressor complex.
Furthermore, KAP1 binds both active and inactive HERVH loci, suggesting that KAP1 does not confer
absolute repression of HERVH. Besides ZFPs, HERVH provides a binding surface to various transcription
factors, whose functions might even co-evolve with host defence and pluripotency (e.g. KLF4, LBP9).
HERVH primarily contributes to the generation of lincRNA, but has a potency to alter host gene regulation
or restructure a gene model. HERVH could also provide alternative transcription signals to generate

various isoforms of a gene expressed in distinct developmental stages.

|"">
Altemative ST
promoter
Exonization LTR7 chimeric ' "RNA
Alternative | -
ﬂ splicing LTR7 novel genes
nonaUS | g
LTR7/HERVH translation

O Neiio> @
_/ differentiation

hPSC

Figure 8.2:

LTR7/HERV-H clusters naive TF binding sites, NANOG, OCT4, KLF4, and LBP9. Transcription from LTR7/HERV-
H forces diversification of transcripts in hPSCs. Activated HERV-Hs generate numerous novel, stem cell specific
alternative gene products. HERV-H incorporates a set of regulatory IncRNAs into the network and defines novel
pluripotent genes through alternative splicing or alternative non-AUG usage. HERV-H inhibits differentiation,
while HERV-H-derived products contribute to maintain pluripotency. HERV-H regulation might have evolved in
conjunction with host defense.

These host factors in conjunction with alternative transcription signals generate alternative transcripts
from HERV-H. The utilization of the alternative transcriptional signals follows a clear developmental
pattern. HERV-H primarily contributes to the generation of lincRNA, but has a potency to alter host
gene regulation or restructure a gene. HERV-H could also provide alternative transcription signals to
generate various isoforms of a gene expressed in distinct developmental stages. The list of characterised
HERV-H-enforced transcripts with functionality is gradually growing (e.g. ESRG, lincROR, SCGB3A2,
UCAI1). We speculate that certain features rendered HERVH particularly suitable for being domesticated,

113



8. DISCUSSIONS

114

such as its ability to generate a great degree of diversity via its heterogeneous transcripts, its flexibility
to be tightly controlled even in various cell types of the blastocyst or its potential capability to suppress
other transposable elements. Similarly to HERVH, the Linel-derived domesticated L1TD1 gene has been
also reported to have a role in both pluripotency and host defence [12]. Less dominantly, but HERV-K
also contributed to the primate evolution of the blastocyst [263]. Furthermore, the human-specific
expression of HERV-V and HERV-FRD1 derived envelop genes in TE suggest a recent co-option event.
Basically, the primate evolution of the blastocyst is the fine-tuning of selected cellular mechanisms,
including the innate immune response, metabolism and viral defence. Notably, various human diseases
are reportedly associated with the out-of-context expression of the freshly established, human specific

regulatory circuitries and genes (UCAL1 in preeclampsia, cancer, etc)

8.11 HERV-H produces pluripotency-specific ncCRNAs

How might HERV-H impact on pluripotency? Noncoding RNAs (ncRNAs) have been frequently found
to be involved in regulating developmental processes including pluripotency and differentiation [444].
While TrEs contribute very little to protein coding sequences [282], they give rise to numerous ncRNAs,
including long non-coding RNAs (IncRNAs), long intergenic non,coding RNAs (lincRNAs), microRNAs,
etc [211]. Intriguingly, TrEs are integral to 83% of lincRNAs [282] and thus likely shaped their evolution.
Once upregulated, HERV-H affects the expression of genes within a 40 kb window [134]. In hPSCs,
HERV-H serves as a major source of alternative transcripts, regulating pluripotency. These HERV-H-
derived transcripts were recruited in a primate or even human-specific manner. Transcriptionally active
HERV-Hs are driving the production of numerous IncRNAs and lincRNAs. LTR7/HERV-H sequences
alone account for more than 43% of hESC,specific IncRNA promoters and give rise to over a hundred
(127) lincRNAs which are robustly and specifically transcribed in hPSCs. Transcription of HERV-H
derived lincRNAs requires prior binding of SP1, OCT4 or NANOG to the 5°’LTR of HERV-H. Curiously,
HERV-H IncRNAs share a conserved core domain, which is capable of recruiting RNA-binding proteins,
pluripotency factors and histone modifiers. As a scaffold, HERV-H,derived nuclear IncRNA interacts
with pluripotency factors (e.g. OCT4) and transcriptional co,activators (e.g. p300, mediator subunits
MEDG6 and MED12) [209]. This scaffold acts as a feedback regulator, modulates LTR7 enhancer function
and the expression of neighbouring genes that are essential for hPSCs identity. An interesting example
of HERV-H lincRNA is the linc-Regulator of Reprogramming (linc,RoR) that supports pluripotency by
functioning as a miRNA sponge. Linc-RoR shares miRNA response elements with core pluripotency
transcription factors OCT4, SOX2 and NANOG, thus protecting them from miRNA,mediated decay.

8.12 HERV-H produces chimeric and novel transcripts

Another means by which HERV-H regulates pluripotency maintenance in hPSCs is via the generation
of various chimeric transcripts thereby combining cellular and viral sequences. HERV-H contains a
conserved splice donor site that can connect the retroviral element with splice acceptor sites of cellular
protein-coding genes. With a transcriptional start site (T'SS) between the 5’LTR and HERV-H sequence,
these chimeric transcripts often lack their 5° exon(s) of the canonical version, while part of HERV-H
can be exonized. Examples of HERV-H enforced chimeras include SCGB3A2, RPL39L, NCR1 and
KLKB1 [212]. We assume that the function of novel HERV-H-enforced chimeras may be related to the
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original gene, but modified. However, in certain cases the LTR7/HERV-H enforced chimeric gene model
is so robustly altered that it is not even possible to predict its new function. An interesting example of
a HERV-H enforced novel transcript, part HERV-H, part host DNA, is ESRG that has a putative open
reading frame (or frames) only in humans. ESRG is expressed in hPSCs and has been shown to promote
the reprogramming process. A knockdown of ESRG hampers the self-renewal potential and pluripotency
of hPSCs. The case of the ESRG gene is extreme as it consists almost entirely of repetitive sequences.
The non-HERV-H sequence recruited is intronic DNA from the host gene within which ESRG resides.
The ability of HERV-H to generate a great degree of diversity via its heterogeneous transcripts can in part
explain why selection may have favoured the preservation of some HERV-H-associated transcripts. With
such a diversity it is more likely that a few will evolve new functions in the cells in which they are easily

expressed.

8.13 HERV-H promotes somatic cell reprogramming

Human somatic cells can be reprogrammed to become pluripotent via different routes. The classical
way is the forced expression of pluripotency factors OCT4, SOX2, KLF4 and c-MYC (referred to as
the OSKM factors) [328]. By providing specific binding sites for pluripotency factors LTR7/HERV-H
is good source material to evolve functions that influence the process of somatic cell reprogramming.
Indeed, exogenous NANOG can activate HERV-H transcription in fibroblasts and promote the acquisition
of pluripotency in somatic cells. Furthermore, the ectopic expression of OCT4 would only increase
reprogramming efficiency when certain HERV-H transcripts are present. Thus, besides serving as a
binding platform for pluripotency specific transcription factors, HERV-H driven transcripts facilitate the
hiPSC generation. HERV-H is expressed in distinct pattern through the various steps of reprogramming.
HERV-H loci which is known to be promoting reprogramming starts expressing from third on-wards
following the over-expression of OSKM. Intriguingly, around 300 loci of HERV-H not only express during
maturation and stabilisation phase but drive the expression of their neighbour genes. This re-wires the
existing transcriptional networks to promote and stabilise the human-specific reprogramming process.
In consistency with the reverse mode of embryogenesis in reprogramming, many of these loci are also
activated during preimplantation embryogenesis in reverse mode. Indeed, certain LTR7/HERV-H products
(e. g ESRG, linc-RoR), implicated in promoting reprogramming are expressed during the process. Only
when the reprogramming is completed and cells have acquired the pluripotent state do the levels of
HERV-H and its flanking LTR7 drop to those observed in hESCs. Collectively, in addition to the role
in supporting self-renewal and inhibiting differentiation, LTR7/HERV-H plays a role in pluripotency
acquisition, and perhaps in stabilisation of the pluripotent state, underlining the various cellular functions
of HERV-H that might affect pluripotency.

8.14 HERV-H as a marker of naive-like pluripotency

Ground-state or naive pluripotency is an ability of the pluripotent blastocyst for unbiased differentiation.
During mammalian development, the epiblast cells in the inner cell mass (ICM) of blastocysts enter
the developmental “ground state”, and these pluripotent cells can give rise to all somatic lineages and
the germline [335, 336, 337, 338]. Though the ground state pluripotency in the embryo is a transient

condition, in principle, its nature can be captured indefinitely in vitro, through derivation of embryonic stem
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cells (ESCs) from the ICM. Naturally, one would expect that a mechanism as important as pluripotency
would be conserved in different species of mammals. However, it does not seem to be the case. Thus
far, long-term, ground state naive cell cultures could be successfully established only in mice and rats
[307, 295, 309, 308, 346, 296, 314]. Mouse naive cultures express naive transcription factors fairly
homogenously, and maintain their resemblance to the inner cell mass (ICM) long term. Like their
mouse counterparts, human ESCs (hESCs) can be also differentiated into three germ layers both in vitro
and in vivo. However, hESCs are more similar to primed mouse epiblast stem cells than to mESCs
[335, 357, 362, 366]. Most problematically, the expression profiles of hESC lines are heterogeneous,
and are further from those of cells in the ICM. Over the past decade considerable efforts have been
devoted to generate or identify the “holy grail” of the field, the human ground state, naive stem cells
[336, 337, 377, 378, 379]. In the last few years, several naive-like lineages have been generated, mostly
by overexpressing key TFs, and/or improving culture conditions using certain chemical compounds
[380, 317, 357, 367, 359, 361, 366]. Perhaps significantly, a recent study implicates HERV-H as having a
potential role in defining naive-like stem cells. Notably, an LTR7/HERV-H-based GFP reporter system
can be used to track and enrich human pluripotent cultures that express HERV-H [212]. These HERV-
H-marked cells resemble the very early, pluripotent state, forming dome shaped colonies, and they
uniformly express naive pluripotent markers, similarly to mouse naive cells. Importantly, naive cells are
naturally present as a small fraction in almost all embryonic stem cells. A specific HERV-H expression
pattern characteristic of human pluripotent stem cells recapitulates features of the ICM of blastocyst.
High-levels of HERV-H expression not only mark cells in a naive-like state, but apparently play a role in
maintenance of this state, while inhibiting differentiation in vitro. However, in hESCs, both the number
and the intensity of HERV-H-expression are higher in cultured conditions when compared to ICM. In
fact, too high level of HERV-H expression in the ICM may inhibit differentiation. Indeed, high level of
expression from LTR7/HERV-H is associated with a reversible differentiation failure phenotype in human
induced pluripotent stem cells (hiPSCs) [208]. However, by tuning down HERV-H expression the cells
differentiate normally. The lack of diapause behavior in human embryos suggests that hyperactivation of
HERV-H/LTR7 after the ICM stage would not be adaptive. Reporters, such as the LTR7-GFP system, are
powerful tools not only in derivation, but also in optimization of naive-like hPSC culture conditions. The
next, so far unresolved, task is to maintain these cells in long-term cultures that allow for their proliferation.
In vitro hPSC cultures consist of a heterogeneous cell population with only around 4% naive-like cells
exhibiting naive-like pluripotency. Importantly, these naive-like cells can be identified based on elevated
LTR7/HERV-H expression compared to primed hESCs. Higher expression levels of HERV-H in naive-like
hPSCs have been associated with a subset of HERV-H possessing a binding site for the pluripotency
transcription factor LBP9. This initiates transcription of specific IncRNAs and chimeric transcripts as a
part of the primate-specific pluripotency network. Others have reported LTR7Y/HERV-H, HERV-K or
SVA as being a more precise marker for naive-like hPSCs. This discrepancy could be explained with the
existence of various naive-like cell lines. Which naive-like cell line mimics real developmental conditions
most precisely, remains currently a matter of debate. Importantly, however, SVA is potentially mutagenic,

and in contrast to HERV-H, to date there is no evidence of HERV-K function in pluripotency.
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8.15 Degree of human-specificity in naive pluripotent states

We pushed this frontier little further to investigate the mode of sequence-conserved genes changing their
expression profile during the evolution of pluripotency. We hypothesized that numerous key genes might
be remodelled or new genes or chimeric genes are involved in driving the evolution of pluripotency.
Furthermore, given the involvement of HERV-H, we ask how important TrEs are in making the difference
between species and, more particularly, whether HERV-H is in any manner exceptional as it is in human
pluripotency [212, 312, 208, 209]. Moreover, we also attempted to dissect the fast-evolving biological

processes and molecular functions that are coupled with HERV-H.
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Figure 8.3:

A. Heatmap showing the row-wise Z-score of log2 Fold change of most variable genes (n=948) that defined human
and cynomolgus lineage segregation (Fig 1A) in forced naive cells versus their respective primed cells along-with
human blastocyst lineages against their counterparts in cynomolgus. Red color shows upregulation of gene and black
corresponds to down-regulation. Clustered dendrogram represents spearman cor-relation and euclidian distance.
Note the contrasting pattern of genes between Naive pluripotent states (SSEA-neg, Reset and UCLA-20n cells) and
human Native pluripotent states (ICM and EPI) compared with their counter samples. and Star marked KZFPs (one
in each heatmap) are shown in further section

B. Heatmap showing the row-wise Z-score of log2 Fold change of selected five genes from previous heatmap whose
higher expres-sion marks pluripotent states in cynomolgus but TE populations in human and they are upregulated in
forced naive cells compared with their primed counterparts.

C. Multiple violin plots visualize the density and distribution of gene expression mentioned in previ-ous figure that
is highly expressed in TE lineage of human blastocysts but in the case of cynomolgus blastocyst, it is enriched in
EPI/ICM at higher level.

These questions are in principle resolvable by the strategical analysis of the plethora of single cell
and bulk transcriptomic data. In addition, we employed transcriptome analysis of primate pluripotent
stem cells (PSCs) to dissect how the transcriptional networks of pluripotency has been re-wired to exist in
humans. The most important message of our evolutionary studies is that certain components of human
pluripotency is primate specific, and few amongst them might be even specific to humans. Together with
trophectoderm, the pluripotent epiblast is the fastest evolving cell type of the blastocyst. While HERV-
H-enforced remodelling appears to underpin much of the human specificity, the major HERV-H-driven
remodelling of pluripotency has occurred quite recently, following the split of the Gorilla-human common
ancestor.

We propose that human in vitro pluripotent stem cell cultures should reflect the human-specific features
properly. These include the expression of the remodelled genes that have been contributed to fine-tune

pluripotency regulation in humans. However, we find that many in vitro naive cultures are heterogeneous
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and are both evolutionary and developmentally “confused”. Indeed, under in vitro naive conditions the
transcriptomes display similarity to various cell types of Cynomolgus pre-implantation pluripotent cells
instead of human ones. Our list of the human pluripotent EPI could help researchers to establish culture
conditions, where the human specific features of the pluripotent cells, capable of self-renewal, are properly
expressed. Moreover, we have also shown the similarity and dissimilarity of each lineages of blastocysts
of human and Cynomolgus based on orthologous and human-specific genes independently. Finally, we
characterized the behaviour of conserved and remodelled biological process in-silico upon the reversion of
primed cells to claimed naive cells, from an evolutionary point of view in order to set-up another reliable

layer in the regenerative medicine grounds.

8.16 Lessons for in vitro cell lines

Our analysis holds lessons for establishing self-renewing, pluripotent stem cell cultures in vitro (e.g.
naive-like). The human pluripotent EPI forms a relatively homogenous cell cluster, has self-renewal
capacity (Figure 3.1B and 5.6) and attenuated young TE activity, potentially making a good choice
for naive-like culturing. By contrast, both morula and NCC appear to be transitory labile stages. In
morula-like naive cells, hypomethylation of imprinted genes is not reversible, and young, potentially
transposing, mobile elements have peak transcriptional activity [366, 356]. The boost of TE activity
might determine the fate of the embryo, whether it proceeds to the blastocyst stage or is selected out in a
process reminiscent of attrition in fetal oocytes, involving programmed cell death. Altogether, a long-term
maintenance of cells in a rather unsettled and potentially mutagenic phase would make morula/ICM a
poor target to mimic.

Surprisingly, many of the forced naive-like stem cells resemble morula stage [366]. Our analysis on
existing human naive-like cultures revealed that these lines are highly heterogeneous, consisting of a
mixture of cells of various identity (both naturally existing or artificial). While being artificial is not
problematic in itself (e.g. these cells might be easily maintained, etc. ), nevertheless, they should mimic
early human development. In order to transform the alternative cell types for therapeutic application,
it is crucial to discern whether potentially damaging transposition is happening or not. It should also
be of concern that these cells maintain expression of certain genes that are not expressed during pre-
implantation embryogenesis at all, since they might possibly interfere with proper implantation, regulation
of imprinting, maintenance of genome stability.

By contrast, the strategy of enriching human cultures for naive-like human pluripotent stem cells (rather
than engineering) based on LTR7/HERV-H seems to be feasible, although HERV-H levels in these cells
exceeds those observed in EPI. Conditions enabling long-term culturing remain to be solved. HERV-H
marked cells are also not uniform, therefore it might be necessary to distinguish between different HERV-H
grouped cells. We see a dynamics of different subsets during development or reprogramming. If HERV-H
remodelled network is ignored, we ignore the evolutionary selection of networks that was fine tuning the
pre-implantation development in humans.

Why do some naive-like cell types resemble morula/ICM? We can speculate that the cells have been
forced, either through the genetic manipulation or culture conditions, into a rather artificial, cell type
non-existent during normal development. Indeed, one might consider that as it has proven hard to define
the key transitory phases, it is also quite challenging to accurately set the transcriptome of the cells. Our

checklist also highlights the necessity to consider the human-specific features of human development in



8.16. Lessons for in vitro cell lines

naive stem cells culturing. Forced expression of a transcription factor that does not match the correct
developmental stage (e.g. KLLF2) could generate artificial cell types, possibly due to inhibition of pathways
that define human-specificity. The human-specific checklist should help us to improve human naive stem
cell derivation and culturing, as well as our understanding of early human development and its potential

aberrations.
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Figure 8.4:

A. Barplot showing the mean expression of 352 genes expressed in all analyzed naive/naive-like cells, but are not
expressed in any cells during human preimplantation embryonic development.

B. Barplot showing the mean expression of 67 genes expressed in each single cell during human preimplantation

embryonic development (essential genes), but are not expressed in any of the analysed naive/naive-like cells C.
Boxplot shows the dynamic expression of 311 EPI-marker genes expressed during the reprogramming process.

Note that the expression of EPI genes plateaus in the ‘stabilisation’ stage with p-value < 0.0005. D. Boxplot shows
the dynamic expression of 242 upregulated genes over-expressed during the reverting primed to naive process
(commonly upregulated in all naive cells compared with their respective primed cells). Note that the expression of
naive genes rises and plateau in the ‘maturation stage’ stage with p-value < 0.0025. E-F. (Upper panel) The average
level of DNA methylation in morula, ICM and UCLA20n naive cells over the TSS of Young ERVs and imprinted
genes hypermethylated in oocytes. (Lower panel) Same as in the upper panel, but for the naive cell type SSEA-Neg
6iL.
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Summary

Human genome has been expanded to approximately 8% by multiple waves of retroviral invasions,
followed by lateral expansion, mainly in germ cells. Recent advancements provide substantial evidence
that few families of Human Endogenous Retro-Viruses (HERVs) are co-opted to regulate cell-type specific
physiological networks. Following up, I show that diverse modes of HERV-H activity have played a
pivotal role in the evolution and development of human-specific embryogenesis including pluripotency.
HERV-H provides binding sites for pluripotency transcription factors and serves as a major source for
ncRNAs and chimeric transcripts in hPSCs. The interplay of host kruepel box proteins with HERV-
H transcription determines the stability of human pluripotency. We updated the transcriptomic and
transposcriptomic atlas of Human Preimplantation Embryogenesis (HPE) that re-define the progression of
HPE at single-cell resolution. I characterize an unattended cell population in HPE that did not commit
to any of the known lineages to form a stable preimplantation blastocyst. ICM being considered as
reference frame for the purity of hESCs in naive/primed state conflict, we redefine ICM which adds
another layer to the understanding of basic and regenerative biology. Committed and non-committed cells
are distinguished by the reactivation of full-length HERVs and mutagenic retrotransposons respectively.
I show that HERV-H transcripts control younger mutagenic elements with the mechanisms not known
to us yet. Additionally, we also show that HERV-H expression is also prominent during fertilization
and early stage of embryogenesis. We find the contrasting pattern of distinct loci of HERV-H during
HPE, few of them driving the stage-specific markers that might determine the commitment of host
cells to pluripotent lineages. Upon comparing the embryonic lineages and pluripotent states between
primates, we decipher the probable mechanisms shaping the human-specific nature of embryogenesis.
Much divergence within primate early development is owed to de-novo genes and chimeric transcripts
that were remodeled by HERV-H. Moreover, HERV-H orchestrates the human-specific role in stabilizing
self-renewal/pluripotency during HPE as inferred from transcriptome-wide cross-species comparison of
primate pluripotent cells. Nevertheless, the HERV-H-derived regulatory network has been incorporated,
and appears to be an essential feature of human pluripotency in native state. I show that HERV-H derived
genes distinguishes the different pluripotent states in human embryos which plays pivotal role in the
self-renewal during embryonic development and somatic reprogramming too. I show that the human
pluripotency is required to maintain human-specificity in vitro to concur the native biological states with
high fidelity. Finally, I show that HERV-H displays human-specific cross-talk with host-factors in distinct
developmental lineages, including in-vivo and in vitro human pluripotent states. Finally our check-list of

markers would be advantageous in order to sort in vitro pluripotent cells resembling in-vivo cells.
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Zusammenfassung

Das menschliche Genom hat durch mehrere Wellen von retroviraler Invasion eine Ausdehnung von
8% erfahren, gefolgt von einer lateralen Ausdehnung hauptséchlich in Keimzellen. Neuere Forschung
hat ergeben, dass nur wenige Familien der Humanen Endogenen Retro-Viren (HERV) kooptiert wer-
den, um zelltypenspezifische physiologische Netzwerke zu regulieren. Davon ausgehend zeigen wir,
dass verschiedene Modi der HERV-H-Aktivitit eine herausragende Rolle in der Evolution und En-
twicklung der humanspezifischen Embryogenese, einschlielich der Pluripotenz, innehaben. HERV-H
liefert Andockstellen fiir Pluripotenz-Transkriptions-Faktoren und dient als eine Quelle fiir ncRNAs
und chimére Transkripte in hPSCs. Das Zusammenspiel der Kriippel-Box-Proteine des Wirts mit der
HERV-H-Transkription determiniert die humane Pluripotenz. Wir haben den transkriptomischen Atlas der
humanen Praimplantations-Embryogenese (HPE) aktualisiert, was den Fortschritt der HPE auf Ebene der
Einzelzellen-Resolution neu definiert. Wir beschreiben eine bisher vernachléssigte Zellpopulation bei
der HPE, die sich bei der Formung einer stabilen Praimplantations-Bastocyste fiir keine der bekannten
Zelltypen determinieren lie3. Wahrend ICM als Referenzrahmen fiir die Reinheit von hESCs einen
Konflikt von naivem und préipariertem Zustand konstatiert, definieren wir [ICM neu, was fiir die regenera-
tive Biologie eine weitere Ebene erdffnet. Determinierte und nicht-determinierte Zellen unterscheiden
sich durch die Reaktivierung von sowohl langen HERVs als auch mutagenen Retrotransposons. Wir
zeigen, dass HERV-Transkripte jiingere mutagene Elemente kontrollieren. Dariiber hinaus zeigen wir,
dass der HERV-H-Ausdruck auch wihrend der Befruchtung und der frithen Embryogenese prominent
sind. Wir haben ein kontrastierendes Muster bestimmter loci von HERV-H wihrend der HPE gefunden,
wovon wenige die phasenspezifischen Marker antreiben, welche die Determinierung der Wirtszellen hin
zu pluripotenten Zelltypen bestimmt. Beim Vergleich von embryonischen Zelltypen und pluripotenten
Phasen bei Primaten haben wir den moglichen Mechanismus entschliisselt, der die humanspezifische
Natur der Embryogenese hervorbringt. Einige Divergenz innerhalb der frithen Entwicklung der Primaten
verdankt sich de-novo-Genen und chiméren Transkripten, die von HERV-H umgestaltet wurden. Vielmehr
gestaltet HERV-H die humanspezifische Rolle bei der Selbsterneuerung/Pluripotenz wihrend der HPE,
wie Riickschliisse vom transkriptomweiten, speziesiibergreifenden Vergleich von pluripotenten Zellen
bei Primaten zulassen. Dennoch wurde das HERV-H-abhingige regulierende Netzwerk inkorporiert und
scheint fiir den urspriinglichen Zustand der humanen Pluripotenz essentiell zu sein. Ich zeige, dass HERV-
H eine humanspezifische Rolle innehat beziiglich der Selbsterneuerung/Pluripotenz sowohl wéhrend
der embryonischen Entwicklung als auch der somatischen Reprogrammierung. Des Weiteren zeige ich,

dass humane Pluripotenz notwendig ist fiir die Humanspezifizitét in vitro, um in hoher Genauigkeit
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kongruent mit den urspriinglichen biologischen Phasen zu sein. SchlieBlich zeige ich, dass HERV-H
einen humanspezifischen Dialog mit den Wirtfaktoren in bestimmten entwicklungsgeméafen Zelltypen
aufweist, wie u.a. in in-vivo und in vitro pluripotenten Zustéinden, und somit eine verlissliche Grundlage

fiir klinische Anwendungen liefert.
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Table .4: Gene ontology of Most Variable Genes (MVGs) in human preimplantation embryos

GO biological process complete Total genes MVGsin expected fold P-value
Human embryonic MVGs in ontology ontology count  Enrichment
reproductive system development (GO:0061458) 422 83 31.55 2.63 7.57E-11
reproductive structure development (GO:0048608) 418 82 31.25 2.62 1.26E-10
embryo development (GO:0009790) 925 137 69.15 1.98 7.53E-10
in utero embryonic development (GO:0001701) 324 67 24.22 2.77 3.36E-09
developmental process in reproduction (GO:0003006) 631 103 47.17 2.18 4.49E-09
circulatory development (GO:0072359) 807 122 60.33 2.02 5.00E-09
regulation of cell proliferation (GO:0008284) 859 127 64.21 1.98 7.25E-09
vasculature development (GO:0001944) 485 84 36.26 2.32 3.72E-08
blood vessel development (GO:0001568) 462 81 34.54 2.35 5.03E-08
anatomical structure in morphogenesis (GO:0048646) 833 121 62.27 1.94 7.84E-08
system development (GO:0072358) 495 84 37 2.27 1.02E-07
blood vessel morphogenesis (GO:0048514) 377 68 28.18 241 7.96E-07
gland development (GO:0048732) 404 71 30.2 2.35 9.30E-07
placenta development (GO:0001890) 147 37 10.99 3.37 3.91E-06
embryonic morphogenesis (GO:0048598) 558 86 41.71 2.06 5.98E-06
tube development (GO:0035295) 560 86 41.86 2.05 7.06E-06
regulation of cell migration (GO:0030334) 702 101 52.48 1.92 7.18E-06
embryonic placenta development (GO:0001892) 87 26 6.5 4 5.17E-05
regulation of cell differentiation (GO:0045596) 637 91 47.62 1.91 6.94E-05
embryo development ending in birth (GO:0009792) 572 84 42.76 1.96 8.05E-05
angiogenesis (GO:0001525) 294 53 21.98 241 9.40E-05
chordate embryonic development (GO:0043009) 567 83 42.39 1.96 1.13E-04
response to drug (GO:0042493) 412 66 30.8 2.14 1.43E-04
response to growth factor (GO:0070848) 497 75 37.15 2.02 1.73E-04
response to growth factor stimulus (GO:0071363) 470 72 35.13 2.05 1.86E-04
urogenital system development (GO:0001655) 304 53 22.73 2.33 2.72E-04
embryonic organ development (GO:0048568) 421 66 31.47 2.1 3.13E-04
digestive system development (GO:0055123) 139 32 10.39 3.08 4.29E-04
morphogenesis involved in differentiation (GO:0000904) 500 74 37.38 1.98 4.56E-04
regulation of neuron differentiation (GO:0045664) 568 81 42.46 1.91 4.97E-04
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Table .1: Top 5 genes expressed to mark the specific lineage of human early embryos

L Gene Fold Enrichment
(Log scale)

8-cell LEUTX 8.614026583
8-cell GDF9 5.785531319
8-cell MBD3L3 6.866271663
8-cell NLRPI3 6.300821806
8-cell NLRP4 6.457231726
Morulae MAGEBI0 4.863758933
Morulae ILI3RA2 4.496449198
Morulae BTNIAI 4.437536663
Morulae DPRX 4.290961165
Morulae FUT3 4.217968529
Early Blastocyst GDPD?2 2.929824136
Early Blastocyst DHRS3 2.704300443
Early Blastocyst MX1 2.412899315

Early Blastocyst ATP6VOD?2 2775312352
Early Blastocyst SLCI7A5 2.265813466

Mid Blastocyst RGSI13 2.669801474
Late Blastocyst CGA 6.941708535
Late Blastocyst HI9 4.744489046
Late Blastocyst CCKBR 2.74498718
Late Blastocyst PGF 3.634187473
Late Blastocyst LGALS3 3.420044108
Inner cell mass IL6R 5.9217384
Inner cell mass SPIC 4.528223891
Inner cell mass NANOGNB 4.197172229
Inner cell mass CLDNI9 2.904596878
Inner cell mass PRSS3 2.207050448
Trophectoderm ABCG?2 2.71907
Trophectoderm DLX3 3.228201
Trophectoderm GATA2 2.101643
Trophectoderm S100A6 2.504125
Trophectoderm STS 2.932098
epiblast NODAL 4.344342
epiblast GDF3 2.735747
epiblast MEG3 2.880511
epiblast TDGF1 3.327821
epiblast ATPI2A 3.0891
Primitive Endoderm APOAI 5.628510
Primitive Endoderm RSPO3 4.834071
Primitive Endoderm COIAA] 4.956160
Primitive Endoderm GATA4 4.312327
Primitive Endoderm LINC00261 4.413228
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Table .2: List of tools used in this study

Bioinformatic tools Employed for Reference
Extraction

CASAVA Base calling from Illumina raw intensity to fastq files [457]
sratools Online binary files to fastq files NCBI-suit
Quality Control

FASTQC Quality of fatsq files [458]
SAMtools Statistics of mapped sequencing reads [406]
RSeQC Visualization of RNA-seq mapping quality [459]
Trimming

cutadapt Trimming unwanted nucleotides from sequences [460]
FASTX post-processing of nucleotides from sequences [461]
Normalization

RUV Removal of Unwanted variable genes/samples [462]
sva Normalization of batch effect [422, 423]
short-read aligner

Bowtie Alignment of ChIP-seq/RNA-seq data [405]
BWA Alignment of DNA-seq data [406]
de-novo splice aligner

MapSplice Chimera detection [412]
RNA-Seq aligner

TopHat splice junction mapper for RNA-Seq reads [410]
STAR Alignment of RNA-seq reads to a reference genome [414]
raw count calculator

featureCount Uniquely mapped reads over gene body [420]
HTSeq-count Uniquely mapped reads over exons and transcripts [463]
Quantification

Cufflinks de-novo Transcritpt quantification [464]
RSEM calculating counts, FPKM, TPM [465]
in-house TPM calculation, cross-platform and cross-species normalization
Differential expression

DESeq Differential expression at counts level (replicated data) [466]
GFOLD Differential expression at RPKM level (unreplicated data) [425]
in-house Relative expression on unbalanced data

Splicing

MISO differental splicing on unreplicated data [467]
DEXSeq differental splicing on replicated data [466]
in-house Alternate/aberrant splicing

Microarray

lumi Converting Intensity to expression set [468]
limma differential expression, normalization [468]
in-house cross-platform and cross-species analysis

Methylation

in-house model based methylation analysis

ChIP-seq/ChiP-exo

macs2 peak calling ChiP-seq/ChlIP-exo [469]
MACE ChiP-exo processing [470]
in-house Annotation of peaks and calculation of signal

Single-cell RNA-seq

Seurat Clusters and Markers discovery and visualization [395]
SCDE Differenttial expression [424]
in-house Processing and Plotting

de-novo assembly

Trinity Transcriptome assembly [471] 163
Oases Genome or Transcriptome assembly [472]
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Table .3: List of dataset used in this study with their accession ID

Bulk RNA-seq (Human) Accession-ID  Number of samples Reference
5iL (SSEA-Neg, SSEA-Pos), UCLA20n GSE76970 16 [356]
Reset Cells RNA-seq E-MTAB-2857 6 [359]
HNES cells E-MTAB-4461 9 [426]
Chimpanzee, Bonobo and Human PSC GSE47626 12 [93]
Gorilla and Callithrix PSC This study 4 This study
KAP1-KD GSE58323 10 [183]
HERV-H-KD GSE38993 4 [209]
Encode GSE33480 24 [473]
CAGE dataset GSE34448 78 [284]
Single-cell RNA-seq (Human)

Embryonic stages (Stages) GSE36552 124 [297]
Embryonic days (E3,E4,E5,E6 and E7) E-MTAB-3929 1285 [296]
Blastocyst lineages (EPI, PE and TE) GSE66507 30 [298]
Single-cell RNA-seq (Mouse)

Mouse embryogenesis (Stages) GSES57249 16 [474]
Mouse embryogenesis (Stages) GSE45719 229 [475]
Single-cell RNA-seq ( Cynomolgus)

Cynomolgus embryogenesis GSE74767 492 [385]
RRBS (Human)

human early embryos GSE49828 42 [426]
5iL. SSEA-Neg and UCLA 20n GSE76970 6 [356]
Microarray (Human)

Reset cells E-MTAB-2856 6 [359]
5iL, 6iL WIBR cells GSES59435 12 [361]
Blastocyst, Morulae, ES cells GSE29397 9 [306]
STAT3, OSCAR Naive cells GSES55708 12 [453]
YAP activated Naive cells GSE69200 6 [476]
WIBR3,C1,C2,BGO1, H9 Naive cells GSE46872 24 [357]
GFPHigh and GFPLow GSE54726 6 This study [212]
ChIP-sequencing (Human)

KLF4 in HiPEC GSE56567 8 [208]
KAP1 in HiPSC GSEB4382 8 [183]
Histone marks hESCs GSE54471 53 [477]
KRAB-ZNF (ChIP-exo0) GSE78099 230 [103]
Encode TFs GSE31477 426 [473]
Encode Chromatin GSE35583 171 [473]
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Table .5: Gene ontology of Most Variable Genes (MVGs) in Cynomolgus preimplantation embryos

GO biological process complete Total genes MVGs expected fold

Cynomolgus embryonic MVGs in ontology in ontology count Enrichment P-value
anatomical structure morphogenesis (GO:0009653) 2003 151 56.17 2.69 1.26E-25
cell differentiation (GO:0030154) 3514 205 98.55 2.08 1.86E-22
tissue development (GO:0009888) 1651 124 46.3 2.68 7.22E-20
regulation of developmental process (GO:0050793) 2340 153 65.63 2.33 1.09E-19
animal organ development (GO:0048513) 2981 177 83.6 2.12 3.96E-19
embryonic morphogenesis (GO:0048598) 558 66 15.65 4.22 2.39E-18
embryo development (GO:0009790) 925 86 25.94 3.32 4.09E-18
nervous system development (GO:0007399) 2229 138 62.51 2.21 3.85E-15
animal organ morphogenesis (GO:0009887) 880 77 24.68 3.12 2.26E-14
regulation of developmental process (GO:0051094) 1213 91 34.02 2.68 2.04E-13
anatomical formation in morphogenesis (GO:0048646) 833 72 23.36 3.08 5.97E-13
epithelium development (GO:0060429) 1068 83 29.95 2.77 8.82E-13
circulatory system development (GO:0072359) 807 69 22.63 3.05 4.78E-12
neurogenesis (GO:0022008) 1513 99 42.43 2.33 4.04E-11
regulation of cell differentiation (GO:0045595) 1648 104 46.22 2.25 7.26E-11
tube development (GO:0035295) 560 54 15.71 3.44 8.37E-11
generation of neurons (GO:0048699) 1415 94 39.68 2.37 9.28E-11
regulation of cell proliferation (GO:0042127) 1570 100 44.03 2.27 1.51E-10
gastrulation (GO:0007369) 158 28 443 6.32 3.15E-10
endoderm development (GO:0007492) 74 20 2.08 9.64 8.31E-10
tube morphogenesis (GO:0035239) 335 39 9.4 4.15 1.89E-09
regulation of cell proliferation (GO:0008284) 859 66 24.09 2.74 2.79E-09
cell development (GO:0048468) 1489 93 41.76 2.23 4.45E-09
regionalization (GO:0003002) 312 37 8.75 4.23 4.64E-09
central nervous system development (GO:0007417) 891 67 24.99 2.68 4.75E-09
anterior/posterior pattern specification (GO:0009952) 197 29 5.52 5.25 1.01E-08
positive regulation of gene expression (GO:0010628) 1789 104 50.17 2.07 1.14E-08
skeletal system development (GO:0001501) 465 45 13.04 345 1.38E-08
epithelial tube morphogenesis (GO:0060562) 298 35 8.36 4.19 2.60E-08
embryonic organ development (GO:0048568) 421 42 11.81 3.56 3.06E-08
pattern specification process (GO:0007389) 404 41 11.33 3.62 3.30E-08
mesenchyme development (GO:0060485) 194 28 5.44 5.15 3.89E-08

165



BIBLIOGRAPHY

Analysis of Cross-species Alternate splicing

Mapping with Bowtie2 on reference genome Mapping with STAR on reference genome and transcriptome
Gene

—

(Segmental mapping)

Discard these reads

— Reads J

Sample reads
»747:3:1:1133:15403/1 306
ACCGCAGGATTATGGATTGATTAGGTACGTGCCTCTTGCAGTTTG
>747:3,1:1133:10802/1 461463
AATGGCCTGATTGTCATCCTTTTCTAAGTATATATTAATGCTACC
>747.3:1:1133:17012/1 1714089
CGGGTCTACATCAACCTTTGTTCCTACTATCAAAGGGTTAGGCTT
>747:3:1:1135:17708/1 736254
‘CCAAAGGGCGCTGTGTTACCGTTACACCACGGGGTACCAGGATC
>747:3:1:1135:19999/1 20226065
CCTTCTGCAGCCACGCCTGGTAGTGCTCCGCGGAGTCCTTGAAGG
>747:3:1:1136:20185/1 11498577
cct

TCGTACTTCA

Mapping to genome

|

The custom EEJ library was generated using
existing RNA-Seq data (8 bps of introns too)

exon-exon junctions (EEJs) are absent from genomic sequences

Read counts for each EEJ were then used to calculate the
Percent Spliced In (PSI) of

each event using the following formula:

PST(A4) = 100 +5(CIAI) + 3(AICI) Junctions with AGGUAGG
2 CIAI+ X AlCI+ 2 x5 CIC! annotations, and evolutionary conservation.

where Ci is any possible splice donor upstream of the alternative

exon (A!)

Figure .5:
This schematic represents the pipeline junction reads splicing events
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Detection of Chimeras from Human RNA-seq data

Primates

de novo
transcripts

RABT assembly
(Cufflinks2)

Alignment

(Tophat2)

= de novo assembly
R | (Trinity)
/ \\ N\ Map contigs to
[ Mapping Donor J Mapping Bowtie Human ref seq

sites to rmsk Acceptor sites

to genes BLAT
Cross-examination -
(STAR)
Non-Canonical Map reads to junctions |
"] from Human assembly ;
Junction Reads > 5 or Discarded
10
(depends on library
g size) g e For Trans-rmsk driven Chimeric
transcripts, fusions non canonical junctions
Sequences fetched from either sides of Junction were fetched from Mapsplice2 and STAR,
\L then the downstream analysis was

performed in the same way shown here

Cis- rmsk driven Chimeric transcripts

Figure .6:
This schematic represents the pipeline junction reads splicing events chimeric transcripts with repeat elements

167



Glossary

Alu An Alu element is a short stretch of DNA originally characterized by the action of the Arthrobacter
luteus (Alu) restriction endonuclease. Alu elements are the most abundant transposable elements,

containing over one million copies dispersed throughout the human genome 17

CAGE-seq Cap Analysis of Gene Expression followed by sequencing; A method used to precisely map
the transcription start sites of capped RNAs genome-wide 33

Euchromatin Euchromatin a loosely packed form of chromatin that is gene rich and usually (but not
always) associated with active transcription Source element the parental transposon insertion that

gave rise to the copy in the new location 24

Heterochromatin a tightly packed form of chromatin that results in gene silencing. This is in contrast to

euchromatin 24
In vitro fertilization The fertilization of the oocyte by sperm in a Petri dish 35

L1 LINEI1 (also L1 and LINE-1) are transposable elements in the DNA of some organisms and belong to
the group of Long interspersed nuclear elements (LINEs). L1 comprise approximately 17% of the
human genome. The majority of L1 in the human genome are inactive; however, some retained the

ability to retrotranspose 17

Latent hypothesis A few researchers advance the hypothesis that TEs are both mutualists and extreme
parasites. TEs have the same pros and cons as any regulatory mechanism, the negative effects being
comparable to losses of cells during meiosis or lethal errors in DNA replication, perhaps harmful

for an individual but mainly beneficial for a population 16
Lateral Gene Transfer the transmission of DNA (deoxyribonucleic acid) between different genomes 19

Neutral selection changes in allele pools that are the result of random events instead of any advantageous

or deleterious effect on the species 19

Orthologous homologous (similar) sequences in two different species; shared in an ancestor and separated

by the speciation event 27

Rolling circle areplication process used by many eukaryotic viruses to multiply their circular genome;

the replication intermediates are circular with a tail of newly made DNA 18
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SVA SINE-VNTR-Alu (SVA) elements are present in hominoid primates and are divided into 6 subfami-
lies (SVA-A to SVA-F) and active in the human population 17

Transdifferentiation conversion of a cell type present in one tissue or organ into a cell type from another
tissue or organ without going through a pluripotent cell state. Transdifferentiation between some

cell types can occur naturally in response to injury and can be induced experimentally 39

Transposase Transposase is an enzyme that binds to the end of a transposon and catalyzes the movement
of the transposon to another part of the genome by a cut and paste mechanism or a replicative

transposition mechanism 18
aneuploidy Chromosomal abnormality characterized by an abnormal chromosome number 35

assisted reproductive technology ART encompasses clinical procedures including stimulation of ovu-
lation via hormonal induction, intrauterine insemination (IUI), IVF and intracytoplasmic sperm
injection (ICSI), a variation of IVF in which the sperm is injected directly into the oocyte cytoplasm
37

blastomeres one of the cells that are produced during cleavage of a zygote and that form the morula 41
cis-regulatory sequences Segments of DNA that regulate the transcription of adjacent genes 31

cleavage divisions A series of cell divisions after fertilization in which the net size of the embryo remains
the same, but following DNA synthesis mitosis results in cells of approximately equal, decreased
size. In humans, there are three cleavage divisions from 1 cell to 2 cells, 2 cells to 4 cells and 4
cells to 8 cells. 36

compaction A process during early embryo development, when blastomeres adhere to each other to form

a cluster of cells (the morula) 36

embryonic genome activation The process during which the embryonic genome is activated, i.e. when

transcription is evident (day 3 of human embryo development, at the 4- to 8-cell stage 35-37

embryonic transition The process of transferring embryos from in vitro culture to the uterus. This is
often done at day 3 (at the 4- to 8-cell stage), but is now increasingly performed at day 5 (blastocyst
stage) 36

endonucleases an enzyme that breaks down a nucleotide chain into two or more shorter chains by

cleaving the internal covalent bonds linking nucleotides 16

enhancer enhancer sequences are regulatory DNA sequences that, when bound by specific proteins called

transcription factors, enhance the transcription of an associated gene 26

epiblast The part of the embryo containing pluripotent cells that are able to give rise to all the tissues of
the fetus 36, 37

genetic and epigenetic reprogramming The reversal of cell fate from a differentiated state to an embry-
onic state. In vivo, this occurs during embryogenesis with the innate reprogramming of the germ

cell pronuclei to an embryonic fate. Differentiated somatic cells can also be reprogrammed by
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somatic cell nuclear transfer (SCNT) to an oocyte, or in vitro by transgenically expressing a set of

pluripotency-associated transcription factors (induced pluripotency) 36
genetic drift A process by which mutations become fixed in the population only by chance 32

genome shock hypothesis TEs when triggered can bring about large-scale chromosomal rearrangements
which might collectively shape the stressed host genome and facilitate adaptive evolution, as

demonstrated in cereal genomes 15

implantation In embryology, implantation refers specifically to the attachment of the fertilized egg to the

uterine lining, which occurs approximately 6 or 7 days after conception (fertilization) 36

indels insertion and deletion. This is a class of sequence variation that results in a net gain or loss of

nucleotides at the position 31
inner cell mass Comprises pluripotent cells that are able to give rise to all cells of the fetus 36, 37

insulator An insulator is a genetic boundary element that blocks the interaction between enhancers and

promoters 27

molecular domestication inserted TEs can become fixed in the genome of a species and serve as a source
for novel genetic loci. In some cases, accumulated mutations have caused neofunctionalization of
inserted TEs 15

petri dish A Petri dish (alternatively known as a Petri plate or cell-culture dish), named after the German
bacteriologist Julius Richard Petri, is a shallow cylindrical glass or plastic lidded dish that biologists

use to culture cells 38

pluripotent One of the cells that are self-replicating, are derived from human embryos or human fetal
tissue, and are known to develop into cells and tissues of the three primary germ layers. Although
human pluripotent stem cells may be derived from embryos or fetal tissue, such stem cells are not

themselves embryos 38

polymerase enzymes that synthesize DNA or RNA molecules from deoxyribonucleotides, the building
blocks of DNA or RNA respectively 16

primitive endoderm Extra-embryonic cells that do not contribute to the fetus; instead, they give rise to

extra-embryonic endoderm cells that will form the yolk sac 36, 37

promoter promoter is a region of DNA that initiates transcription of a particular gene. Promoters are

located near the transcription start sites of genes, on the same strand and upstream on the DNA 26

provirus a form of a virus that is integrated into the genetic material of a host cell and by replicating with

it can be transmitted from one cell generation to the next without causing lysis 19

purifying selection Advantageous selection against mutations that are deleterious to the fitness of the
individual 31
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reporter assay A putative cis-regulatory DNA sequence is cloned upstream of a reporter gene (such as
luciferase) either in an episomal vector or as a chromosomally integrated construct and tested for its

ability to enhance transcription of the reporter gene 33

reverse transcriptase a polymerase especially of retroviruses that catalyzes the formation of DNA using
RNA as a template 16

reverse transcription the process of synthesizing DNA using RNA as a template and reverse transcriptase

as a catalyst 16

self-renewal Self-renewal is the process of giving rise to indefinitely more cells of the same cell type.

All stem cells have the capacity to self-renew by dividing 38

structural and enzymatic proteins The group antigens form the viral core structure, RNA genome bind-
ing proteins, and are the major proteins comprising the nucleoprotein core particle. Reverse
transcriptase is the essential enzyme that carries out the reverse transcription process that take the
RNA genome to a double-stranded DNA preintegrate form. The molecular gymnastics of the latter
process are outlined below. The reverse transcriptase gene also encodes an Integrase activity and an

RNase H activity that functions during genome reverse transscription 17

structural variation Genomic variation resulting from large-scale DNA mutations such as deletions,

insertions, or rearrangements 29

t-SNE tSNE is a non-linear dimensionality reduction method. Note that in tSNE, the perplexity parameter
is an estimate of the number of effective neighbors 51

totipotent capable of developing into a complete organism or differentiating into any of its cells or tissues
40

trans-regulatory sequences Segments of DNA that regulate the transcription of regions distant from

adjacent genes; mostly the genes on different chromosome 32

transposase an enzyme that binds to the end of a transposon and catalyzes the movement of the transposon
to another part of the genome by a cut and paste mechanism or a replicative transposition mechanism
16

transposed elements Numerous transposable elements have lost their ability to transpose so I think that

they should rather be called "Transposed elements” 37

trophectoderm Extra-embryonic cells that surround the ICM and, upon implantation, give rise to the

placental cytotrophoblast, syncytiotrophoblast and extravillous trophoblast 36, 37

xeno-pluripotency capability of PSCs from one species to enter into the early embryonic developmental

program of another species and contribute to chimera formation 40
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3C Chromatin conformation capture 33

ADAR Adenosine Deaminase, RNA Specific 25
AMD age-related macular degeneration 40
APOBEC apolipoprotein B mRNA editing enzyme 25

ATM Ataxia Telangiectasia Mutated (Serine/Threonine Kinase) 26
BMP bone morphogenetic protein 56, 57, 59, 66

C-GATE Catalogue of genes affected by TEs 32
ChIP-seq Chromatin immunoprecipitation followed by sequencing 33

CPM Counts per million 60, 62, 64

DNMT DNA methyltransferase (DNA MTase) family of enzymes catalyze the transfer of a methyl group
to DNA. DNA methylation serves a wide variety of biological functions 24

EGC embryonic germ cells 39

Env Env in the envelope protein 17

Epi Epiblast 37

ERK extracellular signal regulated kinase 93
ERV Endogenous Retro-Viral Sequences 19

ESET ERGe-associated protein with SET domain 24

FGF fibroblast growth factor 97

FPKM Fragment per million per kilobase 62-65, 83, 100

Gag Gag is a polyprotein and is an acronym for Group Antigens (ag) 17
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Acronyms

GSK glycogen synthase kinase 93

HERVs Human Endogenous Retro-Viruses 26
hESCs human embryonic stem cells 38

HPAT human pluripotency-associated transcript 33

IAP intracisternal A-type particle 26
ICM inner cell mass 37
ICR Internal Coding Region 17

iPSCs induced Pluripotent Stem Cells 39

KAP1 Kiriippel-associated box 25, 88-92, 109, 113, 164
KB Kilobases 17

KRAB Krueppel-associated box 25

LIF leukemia inhibitory factor 95
LINE Long Interspersed Nuclear Element 17
IncRNA long intergenic noncoding RNA 33

LTRs Long Terminal Repeats 17

MAPK mitogen-activated protein kinase 59
miRNA microRNA 114
MITEs Miniature inverted repeat transposable elements 18

MYA Million Years Ago 17

NWM New World Monkeys 80

ORF Open Reading Frame 20

OSKM octamer-binding protein 3/4 (OCT3/4), SOX2, Kriippel-like factor 4 (KLF4) and MY C)-induced
reprogramming 86

OWM Old World Monkeys 80

PBS primer binding site 29

PGC primordial germ cells 39

PIWI Piwi Like RNA-Mediated Gene Silencing 26
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Pol Pol is the reverse transcriptase 17

PrE Primitive endoderm 37

RACE Rapid amplification of cDNA ends 33
RISC RNA-induced silencing complex 26
RNA-seq High-throughput sequencing of complementary DNAs 33

RPE retinal pigment epithelial 40

SCNT somatic cell nuclear transfer 39
SINE Short Interspersed Nuclear Element 17
single cell RNA-seq High-throughput sequencing of complementary DNAs of one cell at a time 35

SVA SINE-VNTR-Alu 17

TE Trophectoderm 37

TES Transcription End Site 33

TFs Transcription Factors 19

TIR Terminal Inverted Repeats 18

TPM Transcript per million 51, 55-58, 62, 64, 67, 73, 74,77

transposcriptome genome-wide transcriptional repertoire of transposable elements 106
TrEs Transposable Elements 15

TSS Transcription Start Site 33

UHRF1 Ubiquitin like with PHD nnd Ring Finger Domains 24

UTR Untranslated Region 17, 20, 33
XRV Exoogenous Retro-Viral Sequences 19

ZGA zygotic genome activation 36, 37
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