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“Nothing whets the intelligence more than a passionate suspicion, nothing develops all the
faculties of an immature mind more than a trail running away into the dark.
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ABSTRACT

Living systems, from entire organisms down to the single cells constituting them are
dynamic entities that continuously adapt and respond to their local environment. Cells
achieve this through gene expression programs derived from static information encoded in
the DNA made dynamic through chemical modifications at the chromatin level, collectively
termed the epigenome. Numerous epigenetic regulators have been implicated in early
embryonic developmental transitions and pluripotency. Ex vivo, the different states of
pluripotency can be recapitulated by embryonic stem cells (ESCs) grown in defined media
conditions. Many developmental gene promoters in ESCs display co-occurrence of the
activating histone H3 lysine 4 trimethylation (H3K4me3) mark and the repressive
H3K27me3 mark. This distinctive ‘bivalent’ signature is considered to poise expression,
allowing timely resolution to an active or inactive state depending on the signal.

The distribution of histone modifications and chromatin-associated factors across the
genome can be mapped using chromatin immunoprecipitation followed by next-generation
sequencing (ChIP-seq). However, traditional ChIP-seq methods fail to quantitatively profile
the nuanced global and local epigenetic rewiring that takes place in key developmental
stages. This thesis addresses this limitation through the development of a quantitative
multiplexed ChIP-seq technology: MINUTE (multiplexed indexed unique molecule T7
amplification end to end sequencing) ChIP. Across the three papers included in this thesis,
we reveal the underpinnings of chromatin state dynamics in early mouse and human
embryonic development by employing MINUTE ChIP.

In Paper I, we first show that MINUTE ChIP enables accurate quantitative comparisons
over a wide linear range. By employing it to characterize mouse ESCs grown in 2i and
serum conditions, we find that the 2i naive state is characterized by high global levels of
H3K27me3 and low H3K4me3. At bivalent promoters, we observe that while H3K27me3
levels are stably maintained between serum and 21, H3K4me3 levels are higher in the serum
condition.

Through quantitative epigenome profiling, in Paper II we find that naive human ESCs also
have broad global gain of Polycomb repressive complex 2 (PRC2)-mediated H3K27me3
and define a previously unrecognized, naive-specific set of bivalent promoters. Bulk and
single-cell transcriptomics confirmed that naive bivalency maintains key trophectoderm and
mesoderm transcription factors in a transcriptionally poised state which is resolved to an
active state upon depletion of H3K27me3. Therefore, we discovered that PRC2-mediated
repression provides a highly adaptive mechanism to restrict lineage potential during early
human development.

In paper III we show how quantitative RNA polymerase II occupancy profiles generated
by MINUTE ChIP can be integrated with transient transcriptomics data to unravel genome
wide transcriptional kinetics in three mESCs pluripotent states: naive, ground and paused.

Taken together, this thesis provides compelling evidence for a broad H3K27me3

hypermethylation of the genome in both naive mouse and human ESCs and the basis for
substantially revising the model for bivalency during embryonic development.
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1 INTRODUCTION

The developmental cascade best embodies the capacity of a cell to modulate its internal
functions based on external cues. This cellular plasticity is a function of gene expression
programmes that are rendered dynamic by a diverse set of chromatin features (nucleosome
occupancy, positioning, composition, chemical modifications as well as DNA methylation)
collectively termed the epigenome!™. This complex layer of regulatory information is
shaped by the action of transcription factors, chromatin remodellers, histone chaperones,
DNA/histone-modifying enzymes and non-coding RNAs that operate over several orders of
magnitude of space and time>®.

A visual metaphor, termed Waddington’s landscape’ intuitively captures this process: if a
ball symbolizing the cell were to roll down a declining slope representing the course of
development, then it would be canalized into specific trajectories or end states by the
valleys of the surface (Figure 1A). A network of strings depicting gene products arising
from pegs representing genes support this landscape and the contours are established by
tensions in the strings representing epigenetic factors (Figure 1B). Following the different
trajectories, cells give rise to new lineages, tissues and ultimately an entire multicellular
organism. The more we unravel about this complicated journey, the better we understand
profiles of physiological cellular states and are better equipped to apply this knowledge to
pathological contexts.

Top view Bottom view
N developmental

activity o; =

- " 4
end products of development

Fig.1: Waddington plot. Adapted from Elewa 20208

The introductory section of this thesis is structured to first traverse this landscape
longitudinally: looking at cell types in early mouse and human embryonic development and
later understand how the landscape is established and maintained, in particular by
epigenetic factors. And finally, to discuss the method of choice for profiling chromatin
marks (refers to histone post-translational modifications (hPTMs) in the context of this
thesis).

1.1 EMBRYONIC DEVELOPMENT

Mammalian embryogenesis begins with the fertilization of the maternal (oocyte) and
paternal (sperm) gametes to form the diploid zygote. Cells of the zygote then undergo
rounds of cellular division to form the blastocyst, whose inner cell mass (ICM) gives rise to
all the three germ layers (ectoderm, mesoderm, and endoderm) of the developing embryo, a
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feature defined as pluripotency. The period from zygote to blastocyst formation can be
broadly divided into pre-implantation and post-implantation (Figure 2); where implantation
marks the attachment of the embryo to the maternal uterus. The first lineage segregation
event is marked by the discrimination of the ICM from the trophectoderm (TE), the outer
envelope of the pre-implantation blastocyst. Upon implantation, the TE gives rise to
placental tissues while the ICM progresses via the epiblast stage to form the foetus®!°.
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Fig.2: Early embryonic development (fom zygote to late blastocyst) in mouse vs human (created with
BioRender.com based on Molé et al. 2020"'). Mouse embryogenesis starts with formation of the zygote at
fertilization, followed by cleavage divisions. The major wave of zygotic genome activation (ZGA) occurs at
the two-cell stage. Compaction and polarization take place at the eight-cell stage. The first lineage
segregation between outer cells (future trophectoderm) and inner cell mass (epiblast and primitive endoderm
precursors) occurs at embryonic day 3.5. At embryonic day 3.75-4.0, the mouse embryo matures into a
blastocyst. The second lineage segregation between epiblast and primitive endoderm is fully completed before
initiation of implantation (embryonic day 4.75). Human embryogenesis starts with formation of the zygote at
fertilization, followed by a series of cleavage divisions. The major wave of ZGA occurs at the eight-cell stage
(embryonic day 3) alongside initiation of compaction and polarization. At embryonic day 4.5-5.0, the outer
cells, precursors of the future trophectoderm segregate from the inner cell mass, precursors of the epiblast

and hypoblast lineages, to form a blastocyst1 L

Morphological similarities up until the early blastocyst justified the initial use of mouse as
model organism to study mammalian development. However, comparative studies in the
later years have revealed that there are crucial differences in the embryogenesis of mice and
humans. These include the timing and components of zygotic genome activation (ZGA),
the timing and process of X chromosome inactivation, the timing and molecular pathways
utilized for blastocyst lineage specification, and the presence or absence of a mechanism to
promote embryo diapause, to name a few!!!2,

Deconstructing the above development events and elucidating the mechanisms governing
them has been made possible due to in vitro culture systems for both mice and humans!3.



1.2 EMBRYONIC STEM CELLS

Embryonic stem cells (ESCs) can be derived from different stages of early embryonic
development (most often from the ICM of the pre-implantation blastocysts) and maintained
indefinitely ex vivo by supplementing exogenous factors. The salient characteristics of
ESCs are multilineage differentiation potential or pluripotency, capacity of self-renewal and
primary chimera formation. However, it is important to stress that self-renewal is only a
transient feature during early development in utero.

Based on molecular characteristics, ESCs can be further classified into naive pluripotent: a
state that resembles the pre-implantation embryonic configurations or primed pluripotent:
a state that resembles the post-implantation embryonic configurations, which have a more
restricted lineage potential. These pluripotent state identities are primarily dictated by the
derivation growth conditions rather than the source of the cells and the following section
provides a chronological overview of the development of culture conditions for mouse
cells, followed by human cells.

1.2.1 Growth condition for Mouse ESCs

Naive Mouse embryonic stem cells (mESCs) were first derived from the ICM of the 129
mouse strain and cultured using mitotically inactive mouse embryonic fibroblasts (MEFs)
as feeder cells and fetal bovine serum (FBS)'4!3. Subsequently, leukaemia inhibitory factor
(LIF) was identified as a key ingredient to maintain feeder free mESCs proliferation in
vitro'®!7 by activating the Janus kinase-signal transducer and activator of transcription 3
(JAK-STAT3) pathway. Though this serum/LIF culture condition allowed cells to conserve
their hallmark pre-implantation or naive pluripotency features, subpopulations still
underwent spontaneous differentiation deeming this state to be metastable. Stability and
derivation efficiency of mESCs was further improved by serum- and feeder-free defined
media containing two inhibitors for MEK (mitogen-activated protein kinase kinase) and
GSK3 (glycogen synthase kinase 3) signaling, along with LIF (called 2i/LIF)!32°, While
both serum/LIF and 2i/LIF states are considered ‘naive’, the states do exhibit substantial
differences in metabolism, transcriptome and epigenome (Figure 3). The development of
the 3i condition (inhibitors for MEK, GSK3 and FGF (fibroblast growth factor)) further
delineated the minimal requirements for naive mESCs self-renewal ex vivo?!.

Primed In parallel, cells derived from the post-implantation epiblast of mice were cultured
in media containing recombinant FGF2 and Activin A cytokines to recapitulate primed
pluripotency and were termed epiblast stem cells (EpiSCs)?>?3. Thereafter, alternative
growth conditions including GSK3i/IWR1 (small-molecule tankyrase inhibitor)** or
FGF2/TWR1% have been described to generate EpiSCs. Notably, studies have indicated that
cells grown in these conditions represent different in vivo stages of post-implantation
embryonic development?>-27.

Paused In nature, mice display a facultative reproductive strategy to combat unfavourable
conditions termed diapause: a reversible suspended state of embryo development featuring
proliferation arrest, decreased transcription and protein synthesis?®. A study showed that the
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deletion or pharmacological inhibition of the transcription factor Myc in the 2i/LIF grown
mESCs could mimic this paused state in vitro?®. Soon after it was reported that mESCs
grown in either serum/LIF or 2i/LIF along with an inhibitor of mTOR (mechanistic target
of rapamycin) recapitulated the transcriptome of the diapaused epiblast more consistently>’.

Collectively, evolution of culture conditions spanning three decades has provided a
platform for the precise description and dissection of mouse pluripotent states and paved
the way to decipher human pluripotency.

Primed
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Fig.3: Naive vs primed pluripotency in mouse and human (created with BioRender.com based on Weinberger
et al. 2016"3 ). ESCs can be shuttled between the above depicted pluripotent states by transitioning them into
the appropriate media conditions.

1.2.2 Growth conditions for Human ESCs

Primed Human embryonic stem cells (hESCs) were first derived from the pre-implantation
blastocysts and stabilized in vitro in media containing FGF2 and Activin A3!. Comparative
analyses with the relatively well-characterized mESC systems suggested that conventional
hESCs resembled the murine EpiSCs and its features clustered closer to the post-
implantation epiblast, emanating the name: primed hESCs*? (Figure 3).

Naive Drawing inspiration from the interconvertibility of pluripotent states in mESCs,
numerous transgenic and chemical approaches to obtain naive hESCs from pre-existing
primed hESC lines have been reported!>¥. Initial studies reported that overexpression of
transcription factors (KLF4 and OCT4 or KLF?2) associated with naive pluripotency in
2i/LIF conditions could induce naive pluripotency in hESCs*-°. Thereafter, transgene-
independent conditions such as naive human stem cell medium (NSHM)?*¢ and 5i/L/AF (2i
+ three kinase inhibitors targeting BRAF, SRC, and ROCK together with LIF, Activin, and



FGF2)37 also enabled the generation of naive hESCs directly from primed hESCs.
Concurrent with the development of 5i/L/AF, it was shown that overexpression of KLF2
and NANOG in primed cells followed by culture in titrated 2i/L conditions with ROCK and
a protein kinase C (PKC) inhibitor (t2i/L/G6) generated naive hESCs®®. Both these
conditions also allowed for stabilizing naive hESCs derived directly from the human
ICM340. Most of the above culture conditions require MEF feeder for maintaining the
naive hESC colonies but feeder-free alternatives that facilitate primed-to-naive resetting
using histone deacetylase (HDAC) and WNT inhibitors have also emerged*'. Lastly, it has
been observed that extended passaging of hESCs in naive growth conditions could alter
their stemness, delay responsiveness to differentiation signals and make them susceptible to
genomic instability*>+3.

The repertoire of in vitro systems outlined above cue the possibility of species-specific
variations during embryo development but also support the contention that a few core
principles of pluripotency may be conserved between rodents and primates. The following
section highlights some key developmental identities of the naive and primed states.

1.2.3 Distinguishing features of the pluripotent states

DNA methylation: Naive ESCs retain global levels of hypomethylation in both promoters
and gene bodies, as observed in the ICM, while methylation accumulates over the genome
in primed ESCs**. Modes of deposition and function of this chromatin feature are
discussed in more detail in the following section.

X chromosome inactivation (XCI) status: One X-chromosome in female mammals is
inactivated during early embryogenesis, to allow for proper dosage compensation of X-
linked genes relative to males*. The process of XCI in both mouse and humans is mediated
epigenetically by the long noncoding RNA (IncRNA) XIST, however the timing of this
event in vivo varies between the species*’°. Naive ESCs exhibit transcriptional activity of
both X-chromosomes as seen in the ICM, however in humans this is accompanied by the
expression of XIST. Primed ESCs capturing later stages in development, display XCI with
monoallelic gene expression (XaXi). Of note, upon prolonged culture, primed hESCs have
been shown to display a phenomenon termed X chromosome erosion (Xe) wherein the
previously silenced X chromosome (Xi) is reactivated*.

Transposable elements: Transposable elements are mobile genetic entities that constitute
significant chunks of the mammalian genome, and have served as essential drivers of
evolution. The expression of these elements during embryonic development is tightly
regulated by species-specific trans-acting epigenetic factors®!. Upon ZGA, distinct families
of transposons become active in humans (SVAs, LTR5 Hs**32) and mice (LINES, MERV-
L33-3%)!2, Naive ESCs of the respective species display the matched transposon expression
profiles but not primed.

Metabolic pathways: Naive ESCs display both anaerobic and aerobic metabolism implying
that they use both glycolytic and oxidative phosphorylation for their energy production,
while primed ESCs are almost exclusively glycolytic. The two states also have significantly


https://sciwheel.com/work/citation?ids=1480837&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=972750&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1481180,1645519&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5404949&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8960100,3998463&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1112626,7255831&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=43914&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=44094,2297551,269871&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=2297708&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=772240&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1645519,121781&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6225472,462449,11726400&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=2929808&pre=&suf=&sa=0&dbf=0

different tryptophan metabolism3%-3%-%_ It has also been implicated that these metabolomic
differences dictate cell fate by regulating enzymes that sculpt the epigenetic landscape®’.
Moreover, examining expression of N-Myc related metabolic genes and glucose
consumption levels in human blastocysts suggest these changes actually resemble the in
vivo situation®,

Cell cycle alterations: Cells of the pre-implantation epiblast have the capacity to proliferate
at unusually rapid rates. Naive ESCs representing this stage display a reduced Gl phase
(much shorter in mouse as compared to humans) allowing the cell to rapidly shuttle
between cell division (M phase) and DNA synthesis (S phase)®~%*. Primed ESCs in
comparison spend a longer time in the G1 phase and it is speculated that this lengthening
provides a window of opportunity for differentiation cues®-¢7.

Dissecting such features of pluripotency, in addition to furthering our knowledge of
developmental biology, may lead to improvements in techniques for in vitro fertilization
and induced pluripotent stem cells based regenerative medicine. Furthermore, stem cells
share similarities (such as DNA hypomethylation) to self-renewing cells in tumours, called
cancer stem cells. Consequently, a better understanding of stem cell maintenance would
pave the way to new therapeutic approaches for human malignancies.Thus, several
genomic, transcriptomic, proteomic and epigenomic analyses have been conducted to

further understand the molecular mechanisms governing distinct pluripotent states!3:40:43.68-

70

1.3 MAINTENANCE OF PLURIPOTENCY

The molecular and functional characteristics of a pluripotent state in vivo and in vitro
represent the net outcome of its transcriptional program which is controlled by signaling
pathways, transcription factors and the cell’s epigenetic landscape.

1.3.1 Signaling pathways

The overarching theme of the development cascade is intercellular communication in the
growing embryo via signaling pathways’!. Key signaling pathways (FGF, Hedgehog (HH),
WNT, TGFRB, Notch to name a few) can elicit diverse cellular responses depending on the
species, cell type, context, and developmental timing’?. This highlights the pleiotropic
nature of signaling pathways, wherein they may simultaneously have positive and negative
effects on pluripotency.

The function of LIF via the STAT3 and FGF/ERK signaling pathways in maintaining
pluripotency has been extensively studied and has contributed to the development of mESC
culture conditions (discussed above) to mirror ICM conditions, where these signaling
cascades are crucial for blastocyst development and activation’>. In the mouse embryo, the
HIPPO signaling pathway also contributes to blastocyst formation’ however the
involvement of this pathway in human ICM vs TE formation has not been confirmed.
Similarly, evidence for the importance of FGF/ERK signaling for establishing cell fate in
the human ICM is lacking!>7>.
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Recently other signaling factors such as activin-NODAL, platelet-derived growth factor
(PDGF), and TGFp (relevant in primed mESCs) have been suggested to be involved in
lineage development in human embryos as well'37%78 Evolutionarily conserved signaling
pathways such as HH, WNT and bone-morphogenetic-protein (BMP) have been shown to
regulate embryonic tissue patterning during gastrulation and implantation®!°. Intriguing
data also suggest that hESCs, but not mESCs, can be induced to differentiate into
extraembryonic lineages such as trophectoderm cells by targeting the BMP pathway’*-0.

Therefore, as evident from the composition of growth conditions for ESCs, signaling
pathways are critical to fine-tune the network for pluripotency maintenance and often
converge on controlling the expression of transcription factors.

1.3.2 Transcription factors

Initial pursuits to uncover the molecular mechanisms that determine decisions of ESCs
resulted in the widely accepted notion that transcription factors rule pluripotency via a
hierarchical, interconnected network®-%2. The “triumvirate” of OCT4, SOX2 and NANOG
function as master regulators of ESC identity by regulating their own expression as well as
other factors throughout development®. The balance in levels has however been found to
be delicate since either knockout or overexpression of any one factor prompts
differentiation of ESCs to specific lineages. These observations also motivated a revision in
the ESC model, now stating that: “pluripotency is inherently ephemeral or metastable”
meaning that lineage specifiers in ESCs are vying for dominance among one another to
instruct cell fate commitment®*. Importantly, it has been proposed that extrinsic signals
must be continually applied to sustain undifferentiated self-renewal and to ensure that no
lineage specifying pluripotency factor becomes dominant.

Whole-embryo and single-cell transcriptome analyses® 7 have defined development stage
specific transcriptional programs. Of note, these studies reported that only 40% of ZGA
genes are shared between humans and mouse'?. Human ICM epiblast cells and naive
hESCs do not express genes such as KLF2 and ESRRB, that are thought to be important
naive pluripotency factors in mice. Instead, KLF'17 is predicted to have a human-specific
role in pre-implantation development. The temporal and spatial pattern of CDX2 and OCT4
expression is also distinct among the species. The first lineage segregation event in mice is
accompanied by expression of CDX2 in the TE while OCT4 is restricted to the ICM®. In
humans, specification of TE is independent of CDX2 and OCT4 is not restricted to the ICM
until the late blastocyst stage®. Another example is TFAP2C, which serves as a key
regulatory gene for naive human pluripotency but plays a different role during mouse
embryogenesis®®’!. Single-cell studies have also been able to identify key transcription
factors that are characteristic of the various lineages during later stages of
development'®®>%, In the future, genome-wide approaches including CRISPR-based
genetic screens and computational models will be instructive to expand our understanding
of the transcription factor circuitry governing pluripotency®*.
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1.3.3 Epigenetic features

The act of relaying external signals into the cell through transcription factors is made more
versatile by modifications of epigenetic nature on the chromatin, meaning that they are
reversible, yet inheritable. They impact DNA accessibility and in turn modulate gene
expression by shaping the landscape of transcription factor binding sites. Technological
advancements in methods such as ChIP-seq and RNA sequencing (RNA-seq), have allowed
us to surf the waves of epigenetic currents through development; zygotic gene activation to
blastocyst formation to post-implantation embryo (including primordial germ cells) and up
to mature somatic cell types®>?. Results of in vivo and in vitro studies have emphasized the
reversible, heritable, and functional nature of chromatin annotations and defined the
following layers of epigenetic information:

Nuclear organization: The genome is organized into three-dimensional territories called
topologically associated domains (TADs), which serve as the structural and functional units
of chromatin. Pre-implantation embryos have a rather relaxed higher-order chromatin
organization and TADs get stabilized by CTCF/cohesion complex in later stages of
development”. The distinction of OCT4 enhancer usage in naive (distal enhancer) vs
primed (proximal enhancer) ESCs, does suggest that differences in such long-range
interactions might contribute to the local genome organization*3*%%. Moreover, epigenetic
modifications (discussed in the following sections) in addition to influencing the local
transcriptional climate, have been shown to reshape the 3D genome organization.

Non-coding RNA (ncRNA): Yet another level of controlling the gene expression
epigenetically is with ncRNA. Both long (IncRNA) and short ncRNA (miRNA, siRNA,
piRNA) have been found to have a role in the alteration of compaction level of chromatin,
hence affecting the gene expression. As discussed earlier, the most extensively studied of
these in the context of ESCs, is the IncRNA XIST, which mediates XCI by spreading along
the X chromosome in cis and interacting with protein complexes that deposit repressive
epigenetic marks.

DNA methylation: The chromatin is decorated with methylation of cytosine at CpG
dinucleotides. This distribution is reversible and mosaic, with GC-rich regions at the 5’end
of many promoters (CpG islands) being unmethylated. Its occurrence and removal are
mediated by the DNA methyltransferase (DNMT) family that methylate cytosine and the
Ten-eleven translocation (TET) family of enzymes orchestrating active DNA demethylation
through the sequential oxidation of intermediates. The notable role of DNA methylation at
promoters is gene silencing, mediated by methyl CpG binding domain (MBD)-containing
transcriptional repressors!®’. However, certain methylated DNA motifs can also be
recognized by transcription activators involved in cell-type transitions (ex: KLF4, OCT4,
HOBXI13, NKX) and facilitate gene expression from otherwise refractory chromatin
domains!®t1%2 CpG domains have also been shown to guide gene activity by interacting
with histone modifying enzymes (discussed in following sections).

During early embryonic development there are dynamic alterations to the global DNA
methylation patterns that are deemed crucial for imprinting'® (Figure 4). A first wave
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constitutes active demethylation of the paternal genome (quicker in humans as compared to
mice) followed by further DNA hypomethylation of the zygotic genome. Bisulphite
sequencing based maps have shown that replication during early divisions predominantly
contributes to the dramatic DNA demethylation in the pre-implantation blastocyst!%4103,
Upon implantation, there is an increase in de novo methylation activity and the methylome
of the developing fetus is (re-)established!'**!1%% alongside a second wave of demethylation
of primordial germ cells (PGCs) that have entered the gonads. Once specified during
development, the methylated CpG landscape is relatively static across somatic tissues and
faithfully inherited through cell division.
a
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Fig.4: Reprogramming of DNA methylation during embryonic development. Adapted from Greenberg and
Bourc’his 2019'%.

These reprogramming events are coupled to histone exchange and other chromatin
regulation incidents and serve as a buffer to stabilize and regulate transcription factor-based
decisions!'?%1%7, Naive and primed cultures of ESCs effectively recapture the equivalent
DNA methylation states in vitro. Importantly, via novel transgenic systems it has been
shown that erasure of DNA methylation does not affect ESC self-renewal or its molecular
signatures of pluripotency but causes defects during lineage commitment and
differentiation!0%10%,

Histone modifications: Nucleosomes, the basic unit of chromatin, are composed of histone
octamers (two copies of core histone proteins H2A, H2B, H3 and H4), wrapped by about
two turns (150 bp) of DNA!'". Amino acid residues in the globular domain or N-terminal
tails of each histone protein can be post-translationally modified. Specific enzymes,
‘writers’, deposit histone modifications of phosphorylation, acetylation, ubiquitylation and
methylation, amongst others using metabolites such as ATP, acetyl-CoA, ubiquitin or S-
adenosylmethionine (SAM), respectively'!!. The best studied of these writers are the
Polycomb repressive complexes (PRC1 and PRC2) and the myeloid-lineage leukemia
complexes (MLL/SET), which are described in more detail below. Removal of histone
modifications is done by ‘eraser’ enzymes, while ‘readers’ bind to these modifications,
serving as effector proteins. Readers are often a part of or recruit larger protein complexes
with multiple subunits to bring about distinct downstream events''? (Figure 5). Using
biochemical and genetic studies, the functional role of these histone modifications in gene
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expression is postulated in the “histone code” hypothesis: repressive and activating marks,
with a caveat on heritability'!3.
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Fig.5: Relay of molecular information at the chromatin level by histone modifications. (a) nucleosome
composition. (b) chromatin modifying enzymes (CMEs) write (add) or erase (remove) histone post-
translational modifications (hPTMs). (c-d) chromatin modifications (signals) are read (bind) by protein
complexes via a reader domain (RD) and drive processes through an effector domain (ED). Adapted from

Franklin et al. 202212,

1.3.4 Polycomb Repressive complex (PRC): H3K27me3 & H2Aub

Polycomb proteins were initially discovered in Drosophila melanogaster, and associated
with body plan specification by repression of homeotic (Hox) genes!'!'*. Polycomb genes
were subsequently shown to have mammalian orthologues that have important roles in gene
repression during development. Further, biochemical analyses have shown that Polycomb
proteins assemble into two discrete multiprotein complexes (Polycomb repressive complex
1 (PRC1) and PRC2) that post-translationally modify specific histones!'>.

Components

The Polycomb complexes harbor defined catalytic cores which then interact with auxiliary
proteins to create distinct PRC1 (1 canonical/cPRC1 and 4 variant/vPRC1)!'6!17 and PRC2
(.1 and .2) modules''® (Figure 6). RINGIB or its paralogue RINGIA and one of six
Polycomb group RING finger (PCGF1-6) proteins comprise the catalytic subunit of PRC1
that monoubiquitylates histone H2A at Lys119 (H2AK119ubl/H2Aub)!''>12%. The
Polycomb repressive deubiquitinase (PR-DUB) complex catalyzes the deubiquitination'?!,
Enhancer of Zeste 2 (EZH2) or its paralogue EZH1 along with embryonic ectoderm
development (EED) and Suppressor of Zeste 12 (SUZ12) forms the catalytic lobe of
PRC2!22 which is responsible for the mono-, di-, and tri-methylation of histone H3 at Lys27
(H3K27mel, H3K27me2, and H3K27me3 respectively). The histone demethylase
JMID3/UTX can remove the H3K27me3 mark!23.
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Fig.6: The Polycomb repressive complexes PRCI and PRC?2 (created with BioRender.com)

Occupancy

Spatially, PRC1 and PRC2 occupancy tends to converge on the same sites in the genome to
form Polycomb chromatin domains, which are uniquely enriched in H2Aub and
H3K27me3!2%125| Targeting of Polycomb complexes to these sites in specific contexts has
been attributed to one of the following mechanisms: sequence-specific DNA-binding
factors (VPRCI to E-box and T-box motifs); long noncoding RNAs associated to chromatin
(by XIST on the inactive X chromosome); proteins that bind CpG islands'?. Importantly,
primary targeting of PRCs is followed by feedback mechanisms that enable the stabilization
and spreading of Polycomb domains. Biochemical studies have shown that PRC1 and
PRC2 have the capacity to recognize each other's histone modifications, thereby coupling
their activities'?’. In contrast to the ‘hierarchical’ recruitment mechanism (de novo PRC2
function succeeded by PRC1 engagement and activity) described in Drosophila'®®, the
vertebrate Polycomb recruitment cascade begins with the binding of vPRC1 complexes to
the chromatin and catalyzing the formation of H2Aub!?®. PRC2.2 is then recruited by the
H2Aub modified nucleosome!*® and completes the Polycomb domain by depositing
H3K27me3'?°, At more compact chromatin, PRC2 can also independently bind to regions
and aids in the spreading of H3K27me3. cPRC1 complexes, albeit contributing minimally
to H2Aub deposition, are stabilized on the chromatin by H3K27me3 and function in the 3D

spatial organization of Polycomb domains in the nucleus!'3!-133,

Function

PRCs and their associated marks are commonly linked to transcriptional repression.
However, growing evidence!3*!3° suggests that their role in this context is responsive rather
than instructive. PRCs, via their capacity to bind CpG islands at gene promoters,
dynamically select potential target sites to establish Polycomb domains. Susceptibility of
genes to this scanning is proposed to be controlled by their transcriptional activity, whereby
at inactive genes the Polycomb system would function to restrict spurious transcription and
maintain gene repression'*¢ (Figure 7). Neverthless, the exact mechanism(s) by which
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PRCs and their associated marks affect transcription in different cell types and

developmental stages are yet to be determined and is the focus of ongoing research in the
field.
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Fig.7: Model for Polycomb mediated gene repression. Adapted from Blackledge and Klose 2021 137 4t lowly
transcribed or untranscribed genes (left), these complexes respond to the minimal transcription by H2Aub
and H3K27me3 to initiate the formation and spreading of Polycomb chromatin domains, which could help
counteract inappropriate transcription and maintain an inactive chromatin state to protect cell identity.
However, at expressed genes (right), transcription-associated features, including BRGI-mediated chromatin
remodeling, and deubiquitylase (DUB) and demethylase (DME) activities, counteract Polycomb chromatin
domain formation and limit Polycomb function at these genes.

Relevance to pluripotency

Genome wide studies have shown that in addition to defined Polycomb domains, H2Aub
and H3K27me3 pervasively blanket the genome of ESCs!313° PRC regulated genes
generally belong to development hierarchies such as organogenesis, morphogenesis, cell
differentiation, and cell-fate commitment, among others!?>!40, Accordingly, PRC-null mice
display embryonic lethality at the gastrulation stage'#!. In the ESC models, PRC2
inactivation leads to mild gene expression changes and does not affect pluripotency'#?. In
contrast, PRC1 removal in mESCs causes more dramatic derepression of genes and
Ringla/b double knockout results in spontaneous differentiation'#>'4, Additionally, it also
remains unclear to what extent coupling between PRC1 and PRC2 underpins Polycomb-
dependent gene regulation in hESCs. Taken together, like DNA methylation, PRCs seem

crucial during pluripotency exit and the differentiation programs that follow'#.

1.3.5 COMPASS-like complexes: H3K4me3

Complex proteins associated with SET1 (COMPASS) complexes were initially discovered

in Saccharomyces cerevisiae'*6'4

. They have an array of mammalian counterparts termed
as COMPASS-like complexes that function in transcriptional activation!*®. These
complexes contain histone methyltransferase (HMT) enzymes which deposit mono-, di- or

tri- methyl groups at Lys4 on histone H3 (H3K4mel,H3K4me2, H3K4me3 respectively).
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Components and Occupancy

Vertebrates have six COMPASS-like complexes with different HMTs which display unique
genome-context specific functionalities. The shared and conserved protein core required for
function includes the proteins WDRS5, ASH2, RBBPS5, and DPY30. Based on homology,
the catalytic units are split into three groups: SET1A/B, MLL (mixed-lineage leukemia) 1/2
and MLL3/4'9-151 (Figure 8). Like the functional organization of their Drosophila
orthologues, SET1A/B and MLL1/2 containing complexes are responsible for H3K4me3
enrichment at actively transcribing gene promoters. They are also responsible for the
H3K4me2 distribution in regions flanking the 5’end peaks of H3K4me3. MLL3/4
containing complexes on the other hand, are typically associated with H3K4mel deposition
at enhancers'!>152,

Fig.8: Components of the mammalian COMPASS-like complexes. Adapted from Hughes et al. 2020'3.

A unifying feature of all these target sites is the presence of non-methylated CpG islands in
the region. H3K4 HMT subunits contain zinc finger (ZF)-CXXC domains that can
specifically recognize non-methylated CpG islands, thereby facilitating recruitment!>*!5,
In addition, these complexes also contain Plant Homeo Domain (PHD), that can guide them
to preexisting H3K4me3 marks'>®. Multiple histone demethylases, including members of
the KDMI1/LSD, KDM2A/FBXL11, and KDMS5/JARID families, are involved in the
removal of methyl groups on H3K4!%7.

Function

H3K4me3 is broadly associated with gene activation and transcriptional activity. Studies
have identified several facets of the relationship between H3K4me3 and transcriptionally
permissive chromatin (Figure 9). Presence of H3K4me3 at CpG islands of genes has been
proposed to maintain a permissive state by counteracting the de novo methylation of CpG
by DNMTs!38, At certain loci, H3K4me3 could promote the removal of repressive marks
(notably H3K27me3 and H3K9me3) by directly stabilizing demethylases and indirectly by
preventing the binding of deacetylase compressor complex (NuRD), which in turn reduces
the association of PRC2 with chromatin!>*-'92, Conversely, H3K4me3 has been shown to
favor the accumulation of active histone acetylation marks and increase the accessibility of
chromatin at gene promoters by binding histone acetyltransferases (HATs) and chromatin
remodelers!6164, Finally, there is emerging evidence for the direct interaction of H3K4me3
with  RNA Polymerase Il to mediate transcription initiation'6>1%, Despite these
associations, there is little evidence that gain of H3K4me3 mediates gene activation'33,
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Fig.9: Mechanisms of regulating gene expression by H3K4me3. Adapted from Hughes et al. 202033, DN4
methyltransferases (DNMT), histone methyltransferases (HMT), histone acetyltransferases (HAT).

Relevance to pluripotency

In ESCs, the MLL2 containing COMPASS-like complex deposit H3K4me3 at the bulk of
promoters'®’, whereas a subset of genes, including HOX genes, harbor H3K4me3 deposited
by MLL1!%, emphasizing the non-redundant function of these two HMTs in the context of
development. H3K4mel is mainly deposited by MLL3/MLL4 complexes as discussed
before. The removal of MLL2 in ESCs only reduces H3K4me3 levels at inactive or lowly
transcribed genes and does not affect expression programs during differentiation'®®. The
loss of MLL3 and MLL4 function does not affect the self-renewal of mESCs either but has
severe effects on their differentiation potential'”’, Importantly, it has been concluded that
H3K4me3 regulation is less dynamic than other histone marks, owing to its relatively stable

genome-wide levels across ESC states!7'~173,

1.3.6 Bivalent domains

A hallmark of epigenetic crosstalk in ESCs is the colocalization of the activating mark
H3K4me3 and repressive mark H3K27me3 at CpG islands of developmental gene
promoters' 17>, How the correct balance between PRC2 and MLL2 occupancy and activity
is maintained at these ‘bivalent’ regions remains unclear. In ESCs, bivalent domains are
transcribed at very low levels and are proposed to poise genes for either activation or
repression, depending on the developmental stimuli!’®!”7. Recent data however indicate
that bivalency is not exclusively a stem cell feature and that committed somatic cells could
also acquire de novo bivalency!’®17% In either case, there is currently little evidence for the
role of bivalent chromatin in modulating promoter activity'8°.

Genome wide ChIP-seq studies of ESCs have shown a striking reduction in the H3K27me3
peaks at bivalent domains in the naive state as compared to primed, both in mice and
humans*®!71181 making it an accepted criterion to differentiate the pluripotency states.
These findings along with loss of function assays have led to the conclusion that bivalency
does not serve as the master epigenetic blueprint for pluripotency. Moreover, maintenance
of transcriptional fluidity of these developmental loci in naive pluripotency has now been
attributed to promoter proximal pausing of RNA polymerase II, providing a new
perspective on gene expression control during development'”!.
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1.4 RNA POLYMERASE Il IN DEVELOPMENT

The eukaryotic transcription cycle involving the multi-subunit containing RNA Polymerase
I (Pol II) enzyme begins with the assembly of the pre-initiation complex, followed by
subsequent DNA melting to form a transient open complex which is then converted to the
initially transcribing complex where RNA synthesis begins in the presence of nucleoside
triphosphates. After a critical length of the nascent RNA (6nt) has been achieved, Pol II
forms the stable elongation complex, which traverses through the gene body synthesizing
mRNA and then finally dissociates from the DNA template marking the termination of a
cycle'®. Rpb 1, the largest subunit of Pol II harbors the C-terminal repeats domain (CTD)
consisting of heptapeptide (YSPTSPS) consensus repeats, which undergo phosphorylation
changes as Pol II progresses through the transcription cycle. Functional studies with
antibodies that recognize these phosphorylation changes have elucidated their role in
facilitating the interaction of different factors with Pol II and in functional organization of
transcription in the nucleus!®?. Moreover, profiling of genome-wide activities of Pol II with
spatial and temporal resolution has provided information on global histone modification
patterns regulating transcription as well as presence of subpopulations of Pol II that are
stalled shortly after the gene promoters (20-60 bp downstream)!84185_ Tt was seen that most
of these promoter-proximal locked Pol II molecules were competent to resume RNA-
synthesis and confirmed the presence of a paused yet poised state of Pol I1'%¢,

As discussed earlier, transcriptional regulation during development is a function of several
factors and efforts to understand how these factors interact with Pol II have been
undertaken'®’. For example, the transcription factor c-Myc influences Pol II pause release at
its target genes, which regulate cellular proliferation'®®. Studies have also highlighted clear
functional roles for distinct histone marks such as H3K4me3, H3K9ac, H3K36me3, and
other lysine marks in different stages of the Pol II transcription cycle!'®%1%-192 Moreover, it
has been observed that ESCs in the naive state employ Pol II pausing more broadly than
primed ESCs. The cause of this difference is currently unresolved because while some
studies!?3~1% show that there is an interplay between Pol II promoter-proximal pausing and
Polycomb repression at bivalent loci, others suggest that the prevalence of such poised Pol
Il is at genes regulating cell cycle and signal transduction, rather than at developmental
genes'?’.

Discovery and characterization of the above-mentioned regulatory mechanisms of
transcription necessitated a better understanding of how they influence global transcription
kinetics. Several methods!'*®?°! used the growing RNA as a measure of Pol II elongation
rates. Despite providing detailed maps of Pol II transcription in mammals, results from
these studies could not i) establish the relationship between Pol II CTD modifications and
the nascent RNA and ii) distinguish between RNA that remain attached to Pol II and those
that are released. Recently, these two limitations have been addressed by mammalian native
elongating transcript sequencing (mNET-seq)!®® and transient transcriptome sequencing
(TT-seq)*®, respectively. To obtain a more nuanced framework for chromatin-based
transcription regulation and its consequences on cell fate and survival, present day research
is increasingly directed towards deriving dynamic parameters such as elongation rates and
pause duration, among others.
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In summary, developmental events are a consequence of the crosstalk between several
mechanisms which are complex, dynamic, and highly regulated. An overall decrease in
chromatin accessibility, increase in repressive marks and hypermethylation of the DNA
have been noted in the post-implantation state in vivo or in the primed pluripotent state in
vivo. The opposite trend is found to be true for pre-implantation development or naive state
pluripotency.

1.5 CHROMATIN IMMUNOPRECIPITATION SEQUENCING

Since its inception in the mid-1980’s, chromatin immunoprecipitation (ChIP) has been the
method of choice for detecting protein-DNA interactions by specifically pulling down the
protein-DNA complex (native/fixed) using antibodies?!-?*2, Coupling ChIP to suitable
readout techniques has been assiduously researched over the years. Starting with qPCR, the
field moved on to microarray-based ChIP-Chip experiments in the 1990s2°%2%4 These
methods were crippled by limitations of total coverage for large genomes, poor resolution,
low signal-to-noise ratios, and reproducibility?®. At the turn of the century, ChIP-PET was
proposed to address some of these issues, albeit with its own procedural complications?%
With the advent of ‘second-generation’ sequencing technologies such as Helicos, ABI
SOLIiD and Illumina, high throughput short-read sequencing was coalesced with ChIP to
provide ChIP-seq around 20072°72!!_ In short, ChIP-seq involves preparation of the
immunoprecipitated DNA into suitable libraries for sequencing to obtain reads that can be
aligned to a reference genome. The count of occurrence of DNA reads/tags across the
genome provides a numerical map of DNA interaction positions for a given protein (Figure
10).
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Fig. 10 : Overview of a ChIP-seq experiment. Adapted from Park 2009%12.
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ChIP-seq has revolutionized the way we look at genome wide distribution of transcription
factors, histone modifications, and chromatin remodelers in terms of resolution, accuracy,
throughput and most importantly cost, making it an indispensable tool for functional
genomics. Over the decade, this method has broadened our horizons on mechanisms of
gene expression, allowing us to appreciate the complexity of the system while raising
nuanced questions on protein-DNA dynamics. Efforts to answer these questions have led to
refined versions of the ‘conventional’ ChIP-seq protocol, each addressing a different
attribute.

The first limitation to be tackled was mapping precision, by protocols such as ChIP-exo and
ChIP nexus?!32!4, where trimming of the ChIP DNA by an exonuclease at a defined
distance from the site of protein-DNA crosslinking allowed to detect highly localized
signals (such as transcription factors) at nearly base-pair resolution?!>. The next hurdle of
using minimal starting material (low cell number input) was overcome by increasing the
efficiency of immunoprecipitation itself and the subsequent library preparation?!¢. Adoption
of optimized molecular biology reagents and streamlined methods has made the
aforementioned steps more robust and has resulted in several variants of the approach such
as lobCHIP?'7 (library on beads), FARP-ChIP?!® (favored amplification recovered via
protection) to name a few. Mapping the co-occurrence of multiple proteins at the same
genomic loci has also been addressed recently by re-ChIP or its improved version co-
ChIP?*!3! (combinatorial). Moreover, to bring ChIP-seq up to date with recent advances in
single cell genomic studies, a microfluidics system has been applied to the procedure and is
termed DROP-ChIP?'°. Alongside these advancements, orthogonal techniques such as
DamID-seq (DNA adenine methyltransferase identification), ChIC-seq*?° (chromatin
immunnocleavage), CUT&RUN??! (cleavage under targets and release using nuclease) and
CUT&TAG?* (cleavage under targets and tagmentation), relying on enzymatic methods,
have also been developed to overcome systemic biases of ChIP-seq and validate previous
findings??3.

Methodological advancements in ChIP-seq have been in tandem with creation of
computational tools that can process the vast amount of data generated, robustly??*. The
analysis pipeline of a ChIP-seq experiment deals with different aspects of data assessment
and management such as identifying artefacts, filtering low quality reads, estimating library
complexity, sophisticated read alignment and peak calling algorithms, and downstream
analysis tools. The choice of tool for each step of the pipeline depends on the underlying
biological question and specifics of the data such as sequencing technology, sequencing
depth and read length to name a few??>.

Integrative analysis of multiple ChIP-seq data sets can provide a more holistic perspective
on biological phenomena®?®. However, the interpretation of results from such analysis
requires caution since variation in experimental conditions might render a quantitative
direct comparison of such raw datasets unfeasible. In this sense, a previous normalization
step is necessary. One strategy for quantitatively comparing ChIP-seq signal intensities has
been incorporation of exogenous DNA or synthetic histone spike-in controls. Recently,
another method called parallel-factor ChIP??7 has been described that provides an internal
control for quantitative analysis by utilizing a second antibody against the target chromatin.
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Though this technique eliminates the need for an exogenous spike-in, its dependency on
antibodies could cause concerns regarding reproducibility. The alternative strategy of
multiplexing or combined sample processing in ChIP-seq allows for concurrent profiling of
multiple DNA-protein interactions across the genome, in addition to providing quantitative
consistency. This has been implemented by chromatin barcoding: performing adapter
ligation to the DNA before (iChIP: indexing first?2, BarChIP: barcoded high-throughout?%,
Mint-ChIP: multiplexed, indexed T7%>°) or during the IP (ChIPmentation: Tn5 based
tagmentation 2*!).

In conclusion, future research into gene regulation should be augmented with advancements
made in methods such as ChIP-seq to refine our understanding of how a cell functions.
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2 RESEARCH AIMS

The overall aim of this thesis was to develop a quantitative ChIP-seq methodology based on
barcode-and-pool strategy (MINUTE ChIP) for assessing dynamic genome-wide epigenetic
alterations.

The specific aims of the individual projects were:

I.  To implement MINUTE ChIP to compare epigenomic profiles between mESCs grown in 2i
and serum conditions.

II.  To quantitatively profile the epigenome of naive and primed hESCs, and functionally
characterize the role of PRC2 in the two stages.

III.  To assay global transcriptional kinetics in three pluripotent mESC states using TT-seq and
MINUTE ChlIP.
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3 THE METHOD: MINUTE CHIP

This section provides an overview of the MINUTE ChIP workflow including a brief
description of the analysis pipeline and the calibration experiment conducted to benchmark
the protocol (included in Paper I). For a detailed description of all the other methods used,
please refer to the methods section of the corresponding papers.

As previously discussed, the need for quantitative ChIP-seq has been widely appreciated,
and several quantitative methods have been proposed. Mint-ChIP developed by the
Bernstein 1ab®°, uses the barcoding based pool and split strategy which allows for
multiplexing, while effectively removing technical variability between the samples. After a
traditional DNA fragmentation by Micrococcal nuclease (MNase) on a fixed number of
cells, the protocol features a direct ligation of barcoded adaptors to the DNA fragments,
allowing samples to be distinguished during in silico analysis. Next, samples from the
conditions to be compared are pooled and all subsequent steps including
immunoprecipitation, library preparation and next-generation sequencing are performed on
the barcoded pool. As a result, the read counts obtained reflect relative differences between
samples and can be compared in a quantitative manner without the need for exogenous

spike-in controls?*?233 or semisynthetic standards?3*.

The Mint-ChIP library preparation includes an in vitro transcription reaction (by T7
polymerase using a promoter included in the ligated adaptor) to amplify the ChIP DNA.
This implies that only one end of the chromatin fragment needs to be adapter-ligated for
amplification, which increases efficiency. The resulting RNA is then reverse transcribed
(RT), and prepared into an Illumina-compatible library using a low-cycle polymerase chain
reaction (PCR) step, where a second barcode is introduced to identify the corresponding
ChIP assay.

In comparison to the published protocol, which was performed in human cancer cell lines,
buffer conditions for lysis and digestion of ESCs were optimized to contain lower salt
concentrations to preserve native chromatin interactions. MNase concentration was titrated
to obtain predominantly mono-nucleosomal fragments for cell numbers ranging from 10* to
10%, while ensuring equal representation of all samples. The amplification steps during
library preparation favor certain sequences and could induce duplication bias. To account
for this, we introduced a unique molecular identifier sequence (UMI: six randomized
nucleotides) in the adapters, enabling us to provide a more quantitative account for all
genomic sequences including repetitive regions. Moreover, since mapping efficiency can be
further improved by generating paired end reads, we additionally ligated a short sequence
to the 3’ end of the RNA before the RT step, to prime the cDNA. The above stated
refinements to the original protocol motivated us to coin a new name for the method,
multiplexed indexed unique barcoded T7 paired-end sequencing ChIP: MINUTE ChIP
(Figure 11). In our method, quantitative normalization is achieved by relating the barcode
representation after the ChIP back to the corresponding quantities in the input pool.
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3.1 WORKFLOW

Lysis and chromatin fragmentation

1x10% cells were harvested for each growth condition, washed twice with PBS and cell
pellets were flash frozen at -80°C prior to use. Cells were resuspended in 50 pl PBS, lysed
and digested to mono- to tri-nucleosomes fragments by adding 50 pl of 2x Lysis buffer
(100 mM Tris-HCL [pH 8.0], 0.2% Triton X-100, 0.1% sodium deoxycholate, 10 mM CaCl>
and Ix PIC) containing 2U/ul of Micrococcal nuclease (New England BioLabs, M0247S)
and incubating on ice for 20 min and then 37°C for 10 min.

Barcoding and pooling

For each sample, 40 ul of the whole cell lysate containing the digested chromatin was taken
forward into an overnight blunt end ligation reaction (End-It DNA repair kit and Fast-Link
DNA ligation kit, Epicentre) with double stranded DNA adapters at 16°C. Double-stranded
DNA adaptors for barcoding and T7 amplification were generated by slow annealing of
complementary single-stranded oligos. As in the original Mint-ChIP design, adaptors
carried a partial SBS3 for Illumina sequencing flanked by a T7 RNA Polymerase for linear
amplification. Between the SBS3 sequence and the 8bp sample barcode at the 3° end, a 6bp
randomized sequence was introduced, serving as a unique molecular identifier (UMI). UMI
and sample barcode are ligated 5’ to the chromatin fragment and would therefore constitute
the first 14 bases of read 1. The 4096 possible UMIs provide sufficient diversity to
distinguish if two reads mapping to the exact same genomic location arose from a PCR
amplification artifact or are indeed unique molecules. The adapter concentration was
optimized to 2.5 uM / reaction to reduce adapter dimers and enable sequencing of the input.
The ligation reaction was terminated with a lysis dilution buffer (50 mM Tris-HCI [pH 8.0],
150 mM NaCl, 1% Triton X-100, 50 mM EGTA, 50 mM EDTA, 0.1% sodium deoxycholate
and Ix PIC) and barcoded samples were combined into a single pool, spun down at 24,000
r.p.m. for 10 min at 4°C.

Immunoprecipitation

50ul Protein A/G magnetic beads (BioRad) were washed twice with PBS-T (PBS+ 0.1%
Tween 20) and coupled to one of the following antibodies in the same buffer for 1 hr at
room temperature with rotation: 3 pl H3 (Active motif 39763), 5 ul H3K4me3 (Millipore
04-745), 5 nl H3K27mel (Cell signaling 5326), 5 pl H3K27me2 (Cell signaling 9728), 5
ul H3K27me3 (Cell signaling 9733 or Diagenode C15410195 or Millipore 07-449). Beads
were then washed quickly with RIPA buffer. 200-400 pl of the cleared lysate pool was
added to the pre-coupled magnetic beads and parallel ChIP assays were incubated further
for 4 h at 4°C with rotation. 5% of the above volume was saved as the input pool and
processed through the remaining protocol in a manner similar to the IPs. Next, the beads
were washed (RIPA, RIPA high salt, LiCl and TE buffer) resuspended in ChIP elution
buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA, 0.1% SDS, and 300 mM NaCl) containing
0.25 mg/mL Proteinase K (Thermo Fisher Scientific, 25530015) and eluted at 63°C for 1 h.
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Linear amplification and library preparation

The native ChIP DNA (fragments longer than 100bp) was isolated using 1x SPRI beads
(Beckman Coulter) and set up in an overnight in vitro transcription reaction (HiScribe T7
Quick High Yield RNA Synthesis kit, New England BioLabs). The resulting RNA was
purified using Silane beads (Life Technologies) and an RNA 3’ adapter was ligated onto it
using T4 RNA ligase, truncated (New England BioLabs) for 1 h at 25°C. The mixture was
subsequently supplemented with components of the reverse transcription reaction
(SuperScript III First-Strand Synthesis SuperMix, Life Technologies) to produce cDNA,
primed using the ligated 3’ adapter. Final libraries for each ChIP were produced using 150-
200 ng of purified cDNA in a PCR reaction (High-Fidelity 2x master mix, New England
BioLabs) for 8 cycles with 0.2 uM primers that carried a second 8bp barcode sequence.
Quality assessment and concentration estimation of the purified DNA was done using Qubit
(Life Technologies) and BioAnalyzer (Agilent). Each library was then diluted to 4 nM and
combined into a single pool before sequencing on the Illumina NextSeq500 platform.
Sequencing was performed using 50:8:34 cycles (Read1:Index1:Read?2)

3.2 ANALYSIS PIPELINE

Data processing was automated through the minute pipeline, developed by my colleague
Carmen Navarro?*®, The pipeline functions to transform a set of multiplexed FASTQ files
into properly scaled, directly comparable per-sample bigWig files that can be visualized on
a genome browser tool and serve as basis for downstream analysis (Figure 12).
Additionally, relevant quality control steps are performed and reports are generated
throughout the workflow. Downstream genomic analysis was performed using existing
bigWig suites and R packages, particular details of which can be found in the respective
papers.

Input

The main input files needed for minute execution are paired-end multiplexed FASTQ files.
Additionally, two tables are required: libraries.tsv specifies the barcode used in each of the
multiplexed libraries, and groups.tsv specifies the scaling configuration and the reference to
which each sample should be mapped. An optional BED file containing regions to be
filtered out can also be provided. The reference genomes to be used must also be provided
as FASTA files with corresponding Bowtie 223¢ indexes.

Quality control

QC metrics are generated at several steps of the pipeline and their outputs together with
each step result are summarized into a final report using MultiQC?’. FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) is used to process FASTQ
files. Insert size metrics are gathered using Picard and mapping statistics are generated with
SAMtools?*®  (https://github.com/broadinstitute/picard). Known contaminant sequences
(e.g. MINUTE adaptor concatemers or poly-G second reads from failure of cluster reversal
in the Illumina flow cell) are removed explicitly using Cutadapt®*® with an error tolerance
of 15%.

23


https://sciwheel.com/work/citation?ids=12707626&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=48791&pre=&suf=&sa=0&dbf=0
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sciwheel.com/work/citation?ids=48787&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=827836&pre=&suf=&sa=0&dbf=0

Demultiplexing

FASTQ files are demultiplexed with Cutadapt using a sample-specific barcode of 8
nucleotides at the 5° end of read 1 (first read in pair). By default, one mismatch is allowed
for assigning each read to its corresponding sample since barcode pools should usually keep
a minimum Hamming distance of 3. The allowed number of mismatches can be configured
to better fine-tune performance to different barcode pool distributions.

Read mapping and Deduplication

Reads are mapped to the specified reference genome using Bowtie 2 with parameters --
reorder (for reproducibility) and --fast. When pooled replicates are specified in the groups
table, the generated BAM files are merged into a single one using SAMtools. Duplicate
reads are found with je markdupes (https://github.com/gbcs-embl/Je/), which marks reads
as duplicate if both their mapping locations and UMIs match. The program is run on a
version of the BAM file that only contains the read 1 (first read in pair) sequences since T7-
based amplification does not guarantee amplification of the full-length template fragment.
Duplicate read pairs are then removed from the original BAM files by a custom script that
uses pysam.

Input-normalized scaling factors

Scaling factors are calculated at this step to generate a set of genomic profiles that are
quantitatively comparable. The rationale for calculating scaling factors is as follows: in a
theoretical ideal scenario, all sample barcodes in the input pool are represented exactly
equiproportional. Following from the biochemical binding equilibrium, a library prepared
from the ChIPed DNA will then contain a barcode distribution that reflects proportionally
the relative abundance of the immunoprecipitated epitope in each of the pooled samples. In
practice, barcoding efficiency varies between samples due to experimental imperfection
(small variations in cell number, volumes, adaptor oligo amount and reaction conditions).
Hence, the input barcode distribution must be separately assessed from an Input library, and
the read counts for each barcode in the ChIP library are normalized to their respective
counts in the input library, yielding input-normalized ratios (INRs). In an equilibrium
binding, INRs will reflect the relative abundance of the immunoprecipitated epitopes
independent of the input variability.

The scaling factor is calculated as follows:

Let Readscnipparcode be the number of MINUTE ChIP mapped, deduplicated reads in a
given condition (i.e. barcode) for a given ChIP, and ReadSinputbarcode the corresponding
number of MINUTE ChIP input reads for the same condition. We define the Input
Normalized Ratio (INR) as:

INRChiP,condition = Readschip,condition / Reads input,condition

To convert these raw INRs to an intuitively meaningful value, one condition (represented
by a single barcode or replicate barcodes) is chosen as the reference condition. The
reference condition receives a global mean of 1 (as commonly used in Reads per Genome
Coverage, also termed “1x Genome Coverage” normalization methods). The remaining
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conditions in the same ChIP pool are scaled relative to this reference condition. We define
the minute-Scaled Ratio (MSR) for such ChIP, reference and condition as:
MSRChIP,reference,condition = INRChIP,condition / INRCh[P,reference

Multiplying this ratio by a 1x genome coverage factor we can calculate the corresponding
minute-Scaled Read Counts (MSRC):
MSRCChIP,reférence,condition = MSRChlP,l‘eferellce,condition * ( Gsize / F, )

Note that MSRCchip referencecondition = — (Gsize/F)  When  reference = condition, hence
MSRCchip reference,condition becomes a constant that represents 1x genome coverage for the
corresponding reference genome and fragment length (RPGC).
A factor that scales the BAM file to the final quantitative track is calculated accordingly to
generate scaled bigWig files in the next step. The scaling factor Kcnip reference,condition 18
defined therefore as:

Kcnip,reference,condition = MSRCChIP,reference,condition / Reads chip,condition

K value is used as --scaleFactor parameter for deepTools when generating each bigWig file
in the next step.

BigWig generation

minute-scaled bigWig files are produced using deepTools?*

using --scaleFactor K,
calculated as described above. deepTools requires the effective genome size as another
parameter and this is calculated as the number of non-N nucleotides in the reference
genome provided as input. Unscaled bigWig files disregarding the quantitative scaling
information are generated as well, each normalized individually to 1x GenomeCoverage.

25


https://sciwheel.com/work/citation?ids=1006412&pre=&suf=&sa=0&dbf=0

1.MNase Digestion

D~g%<>‘05
\ \ - -
QA Different culture conditions
D e N

2.Adapter Ligation )

17 partialsas3 [N Bc

3.Chromatin Immunoprecipitation

K27me3 K27mel1 K4me3 INPUT

|

n.ww ” b 4

A

-

4.Library Preparation

A
T7 RNA transcription \} \}

” pmulsss- BC )
RNA 3' adapter ligation

Q‘ Reverse transcription U
PCR amplification ‘)

I m
N7\ "7\, \", AN AT

w
5. llumina Sequencing |
Paired end U

Fig.11: Scheme of the MINUTE ChIP workflow (created with BioRender.com). Triplicate cell pellets for each
condition are lysed and the chromatin is enzymatically fragmented to mono- and di- nucleosomes and
barcoded by ligating on a dsDNA adapter. Samples are then pooled, and the barcoded lysate is aliquoted to
individual ChIP reactions (5% of the ChIP volume was reserved as input material and carried through
protocol in a manner similar to the IPs) with magnetic beads pre-coupled with the respective antibodies. For
constructing the final libraries, DNA from each IP is in vitro transcribed using the T7 promoter in the
adapter. The resulting RNA is appended with a RNA 3’ adapter (RA3) allowing for specific paired end
sequencing. The RA3 in turn is used to prime the reverse transcription reaction, generating cDNA that serves
as template for the final low-cycle library PCR. At this stage, in addition to the Illumina-compatible
sequences, PCR primers also carry a second barcode sequence to serve as an identifier for the IP performed.
Finally, libraries are pooled and sequenced on the Illumina platform.
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3.3 VALIDATION

The input-based normalization facilitated by the barcoding-pooling strategy confers
MINUTE ChIP with the ability to report relative differences in occupancy of proteins. For
these measurements to be truly quantitative they should reflect the true biological
differences between samples, over a dynamic range. We therefore sought to benchmark
MINUTE ChIP in terms of parameters such as linearity, limits and sensitivity using a
calibration experiment.

We generated a dilution series of the histone modification H3K27me3 to simulate a
standard curve-like assay, that would span the entire physiological range of the
modification. For this purpose, mESCs were treated with inhibitors that target EZH2 of
PRC2 (EPZ-6438) to reduce H3K27me3 below detectable levels, or demethylases
JIMID3/UTX (GSK-J4) to increase H3K27me3 above physiologic levels. By mixing cells
from these two treatments, H3K27me3 low (L) and H3K27me3 high (H), in defined ratios
(Figure 13a) we generated a defined gradient of H3K27me3. Two replicates of each mixing
ratio were uniquely barcoded and carried through the MINUTE ChIP protocol, and probed
for H3K27me3, H3K27me2, H3K27mel, and total H3. The resulting raw data was
processed through the analysis pipeline to obtain normalized read counts for each barcode.
Indeed, the read counts were proportional to the mixing ratios (R?> = 0.97), confirming that
our measurements were effectively capturing the simulated differences (Figure 13b). For a
locus specific context, we also assessed the distribution of H3K27me3 at Polycomb group
(PcQG) targets, where the highest enrichment for this modification is expected. Reassuringly,
the average H3K27me3 signal across 2731 PcG binding sites followed the mixing ratios
proportionally, over the entire gradient (Figure 13c). Importantly, the quantitative signal of
H3 ChIP was essentially constant across conditions. Further, at genomic areas with much
lower H3k27me3 signal (like active genes), the MINUTE ChIP quantification produced a
proportional representation of the mixing ratios. Finally, we observed similar proportional
representation in the H3K27me2 and H3K27mel ChIPs and over a number of additional
representative regions of the genome (data shown in Figurel & S1 in Paper 174').
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Fig.13: MINUTE ChIP accurately reflects global and local proportions®*!. (a) schematic of the calibration
experiment setup. (b) minute quantification after H3K27me3 immunoprecipitation: input normalised and
scaled read counts for two technical replicates with different barcodes are plotted against mixing ratio.
Coefficient of determination(R?) for a linear regression is given. (c) H3K27me3 (average of two replicates)
signal across 2,731 PcG target sites. For comparison, H3 signal is shown in the lower panel.
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4 SUMMARY OF RESEARCH PAPERS

4.1 MOUSE GROUND STATE PLURIPOTENCY CHARACTERIZED BY
QUANTITATIVE CHIP-SEQ (PAPERI)

In this study, we implemented the quantitative MINUTE ChIP method to compare
epigenetic profiles of mESCs grown in 21 (naive), 2i/serum and serum conditions. We first
demonstrated through a calibration experiment that MINUTE ChIP has a large linear
dynamic range for quantifying relative differences of histone modifications across multiple
pooled samples (as discussed in the previous section).

From three independent MINUTE ChIP experiments (including biological triplicates and
different H3K27me3 antibodies), we observed a two-fold increase in H3K27me3 levels in
the presence of 2i. This was reversible within three passages in serum-only media. Global
H3K4me3 levels were decreased by 1.8-fold in (serum free) 2i condition. Taken together,
high levels of H3K27me3 and low levels of H3K4me3 characterize the 21 ground state
(Figure 14).

e —
- ; S —
bivalent genes §‘A Serum  2i/Serum bivalent genes

1 2i
= - bivalent genes
high very high

Fig.14: Murine pluripotency as a function of H3K4me3 and H3K27me3 levels globally and at bivalent
241

promoters
Our quantitative comparison revealed that the global reduction of H3K4me3 in 2i
manifested in reduced peak sizes across all genes but most strikingly at bivalent promoters.
In contrast, we identified a broad genome wide accumulation of H3K27me3 in 21 with
H3K27me3 peaks being retained stably at PcG binding sites across conditions. Looking at
bivalent genes (which overlapped largely with PcG targets) in 2i vs serum, we confirmed
that there was no significant change in the H3K27me3 levels at ~2000 promoters.
Moreover, the subset of bivalent promoters in our quantitative datasets that showed changes
in H3K27me3 between 21, and serum (171 lost and 126 gain) had matched gene expression
changes (up and down regulation respectively).

Inhibitor based depletion of CpG methylation in the serum condition recapitulated the
H3K27me3 hypermethylation seen in 2i, suggesting that the gain of H3K27me3 follows the
loss of CpG methylation in naive mESCs. Furthermore, inhibitor-based targeting of the
writer (EZH2 of PRC2) and eraser (UTX/JMJD3 demethylases) of H3K27 methylation
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revealed that these complexes function jointly to modulate the H3K27me3 levels seen in
the different pluripotency states.

Discussion

A body of work has elucidated that embryonic developmental transitions are accompanied
by epigenomic remodelling. This study, however, highlights the importance of
quantitatively characterizing changes in histone modifications and demonstrates that
changes in growth condition are accompanied by unexpected global shifts in H3K27me3
and H3K4me3 levels. Our quantitative data (coupled to pharmacological inhibitions)
allowed us to better characterize bivalent promoter status in the different culture conditions
and reconciles prior misconception of reduced bivalency in naive mESCs. We provide an
alternative explanation to the originally interpreted loss of H3K27me3!"!: bivalent domains
start out in the ground state mainly covered by H3K27me3 and, only upon priming,
accumulate H3K4me3 levels comparable to those at active genes. Essentially the dense
lawn of H3K27me3 in naive mESCs gets mowed upon transition to a primed state,
revealing existing H3K27me3 peaks at all cognate PcG targets. These conclusions agree
with the repressed state of bivalent genes in 2i mESCs. Thus, albeit dispensable for
maintaining pluripotency, it remains to be elucidated whether the pervasive activity of
PRC2 can be attributed to a specific function or rather represents a collateral effect of
transcription factor networks overriding epigenomic control mechanisms to safeguard the
pluripotent state.

4.2 PRC2 ACTIVITY SHIELDS HUMAN NAIVE PLURIPOTENCY (PAPER Il)

In this study, we explored the function of promoter bivalency in human pluripotent stem
cells by using epigenomic profiling, bulk, and single cell transcriptomics. Using MINUTE
ChIP, we profiled three histone modifications H3K27me3, H3K4me3, and H2Aub in
biological triplicates of naive and primed hESCs. Quantitative maps revealed a diffuse
increase in H3K27me3 in naive hESCs as compared to primed (~3.3 fold higher), while
genome wide H3K4me3 signal was comparable between the conditions. Like H3K27me3,
global H2Aub levels were significantly higher in naive cells (~2.1 fold) in line with the
view of coregulation of PRCI/PRC2 activity. Intriguingly, genome-wide enrichment
analysis across 10 kb windows and functionally annotated chromatin states revealed that
H2Aub did not mirror the H3K27me3 trends, and its level remained mostly unchanged in
H3K27me3-depleted naive cells. Therefore, H3K27me3 serves as a distinguishing histone
modification between naive and primed hESCs. Chromosome wide analysis in naive hESCs
highlighted that the transcriptionally active X chromosomes were decorated with ~10% of
all the H3K27me3 marks, more than any autosome. However, RNAseq showed that neither
the natural accumulation nor PRC2 inhibitor-based removal of the repressive H3K27me3
mark had any global effect on the transcriptional output of the naive X chromosomes.

Despite previous studies reporting an overall loss of H3K27me3 at bivalent promoters in

the naive state, we sought to revisit bivalency in light of our quantitative datasets and
defined the following five categories of promoters based on the H3K27me3/H3K4me3
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status in naive and/or primed hESCs: primed-bivalent; naive-bivalent; common bivalent,
H3K4me3 only, and none. Next, we examined if H3K27me3 played a functional role at
these promoters using RNA-seq. Expression of naive-bivalent genes was indeed
significantly lower in naive hESCs, while primed-bivalent were predominantly lower
expressed in primed. EZH2 inhibitor-based depletion of H3K27me3 resulted in increased
gene expression in both states but we noted significant de-repression of only the state
specific bivalent genes. Our data, therefore, disproves the dogma that promoter bivalency is
lost in naive hESCs and instead reveals that H3K27me3 mediates the repression of a
distinct set of bivalent genes in each state, which include key transcription factors of naive
and primed pluripotency (Figure 15a).
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Fig. 15: H3K27me3 represses a naive-specific subset of bivalent genes. (a) Alluvial plot showing H3K27me3
and H3K4me3 gains and losses (DESeq2 p.adj < 0.05 and fold-change > 1.5 from three replicates) at
bivalent promoters between naive and primed hESCs. Select connections (each containing more than 100
genes) are annotated. (b) UMAP projection and cell identity annotations of single-cell transcriptome datasets
obtained for EZH?2i treated naive and primed cells at indicated time point, showing Epiblast-like cells (ELC),
Trophectoderm-like cells (TLC), Mesoderm-like cells (MeLC), Amnion-like cells (AMLC), hypoblast-like cells
(HLC).

EZH?2i-based depletion of H3K27me3 caused gene expression changes in both naive and
primed cells. However, the number of genes upregulated upon removal of the repressive
mark was strikingly higher in the treated naive hESCs and included several known
developmental genes. This led us to assess expression changes of a comprehensive list of
human lineage markers upon inhibition of PRC2, of which the extraembryonic
(trophectoderm, amnion and mesoderm) lineage markers showed the strongest
upregulation. Investigating the bivalent status of the induced genes directed us to GATA3,
which is considered as the master transcription factor for trophectoderm development.
Alternative strategies to target PRC2 coupled to immunostaining (two inhibitor EZH21 and
EEDi and CRISPR based genetic knock out of EED) univocally confirmed the induction of
GATA3 in a fraction of naive hESCs upon removal of H3K27me3.
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To quantitatively resolve the cellular heterogeneity resulting from the targeting of PRC2 in
hESCs we performed single cell RNA sequencing (scRNA-seq) of naive and primed
cultures along with a EZH2i time course treatment (2, 4, and 7 days). Upon mapping the
resulting data on to a comprehensive cellular reference, we observed that although 75% of
EZH2i treated naive cells remained in the epiblast-like cluster (ELC), a fraction of cells
progressively shifted to trophectoderm-like cells (TLC) and mesoderm-like cells (MeLC)
reaching 9.1% and 11.7% respectively after 7 days of treatment (Figure 15b). On the other
hand, 99.96% of the EZH2i treated primed cells remained within the ELC cluster. Further,
by performing trajectory-based differential expression analysis we demonstrate how naive
hESCs upon PRC2 inhibition, transition through a bifurcation point (activated ELC) before
committing to a stable, lineage end state (MeLC or TLC). We also describe the
transcription factors expressed in the activated, uncommitted precursor population and in
the distinct lineage clusters. Taken together, these findings in addition to delineating our
bulk RNA-seq observations, establish the role of PRC2 in shielding naive human
pluripotency from differentiation.

Discussion

Stabilizing the human naive pluripotent state in vitro involves targeting a diverse set of
factors and signaling pathways and has necessitated more definitive markers to characterize
naive hESCs. Epigenetic signatures, specifically hPTMs, have emerged as a criterion to
evaluate cell state transitions. In this study, we couple MINUTE ChIP with transcriptome
profiling to functionally characterize the epigenome of the human naive and primed
pluripotency stages.

Similar to the murine model (Paper I), our quantitative epigenomic profiling contradicts
earlier reports of loss of H3K27me3 across bivalent promoters in naive hESCs3340, We
observe an increased pervasive deposition of H3K27me3 and H2Aub throughout the
genome of naive hESCs. Surprisingly, erasure of H327me3 by inhibiting PRC2 catalytic
activity had no drastic effect in the H2Aub pattern. Our observation reinforces an emerging
theme in the Polycomb field: PRC1 and PRC2 might have independent gene regulation
mechanisms despite their molecular coupling on the chromatin'3’.

In addition, with quantitative profiles of H3K4me3 we discover previously undescribed
trends at bivalent promoters, specific to the different pluripotent states. Despite the
extensive overlap of target promoters between naive and primed states, ablation of PRC2
activated independent gene sets, characteristic for each state. In naive hESCs removal of
H3K27me3 resulted in a fraction of cells to spontaneously express trophectoderm marker
genes. A strikingly different transcriptional response of primed cells to EZH2i inhibition
highlights the exquisitely context-specific function of PRC2 in repressing largely non-
overlapping developmental regulators in closely related pluripotent states. Therefore, within
the frame of culture conditions used, our findings are at odds with the notion that PRC2 is
dispensable for maintenance of naive pluripotency?+*24.
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Moving forward, a central objective remains to uncover the detailed molecular mechanisms
through which Polycomb complexes achieve transcriptional poising and if these
observations hold true in the in vivo setting of early human development.

4.3 DISTINCT TRANSCRIPTION KINETICS OF MOUSE PLURIPOTENT CELL
STATES (PAPER Il

In this study, we unravel RNA metabolism kinetics in three pluripotent mESC states (21
naive, SL ground and SL mTORi paused) by combining transient transcriptome sequencing
(TT seq) with MINUTE ChIP based profiling of RNA polymerase II (Pol II) occupancy.
Metabolic labelling of newly synthesized RNA using 4-thiouridine (4sU), confers TT seq
with the ability to demarcate transcription units (TUs) and measure transcriptional activity
with high sensitivity and accuracy. We exploited this feature to de novo annotate coding
(mRNA) and non-coding TUs (ncRNA) for each mESC state and stratified the latter further
based on their relative location and direction to protein coding TUs.

Comparing TT-seq total and labelled RNA, scaled by spike-in RNAs revealed that 2i and
mTORI states had a smaller labelled-to-total RNA ratio, suggesting a slowdown in RNA
turnover and decreased RNA abundance upon treatment. Next, differential expression
analysis showed that the SL to mTORI transition was associated with a uniform down-
regulation of both mRNA and ncRNA synthesis. In contrast, converting cells to the 21 naive
state induced a highly variable response with both up- and down-regulation of individual
mRNAs and ncRNAs. Interestingly, we found that expression trends were concerted
between protein coding TUs and neighbouring (+/- 100 kb) intergenic TUs suggesting that
transcriptional variations observed in pluripotent state transitions are modulated by
genomic positioning.

A key determinant of transcriptional kinetics is elongation velocity, and in this study, we
estimated this as the ratio of the number of polymerases released into elongation per unit
time, as measured by TT-seq labelled RNA coverage, over the average density of
polymerases on the DNA template, measured by MINUTE ChIP Pol II CTD serine 5
phosphorylation (S5p) coverage. mESCs grown in 2i and mTORi showed a steep decrease
in median elongation velocities relative to SL (2.2- and 3.7- fold respectively). Intriguingly,
pausing time, which corresponds to the time Pol II needs to travel through the promoter-
proximal pausing interval, showed good correlation with elongation time in all three
conditions (Figure 16). Moreover, in SL cells, we observed several associations between
transcription velocity and epigenomic features (histone modifications, chromatin
remodelers). Finally, by studying conditions with slower global elongation velocities, we
reveal that elongation velocity influences the choice of transcription termination site to a
great extent.
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Fig. 16: Global transcriptional kinetics in three pluripotency states of mESCs***,

Discussion

Pluripotent state conversions of mESCs are accompanied by rewiring of the regulatory
circuits and have characteristic gene expression signatures. In this study we investigate the
extent to which global transcriptional activity itself contributes to transcript abundance in
different pluripotent states. We demonstrate the strength of combining quantitative ChIP-
seq profiles with transient transcriptome measures to robustly estimate elongation velocities
that provide key global and local kinetic parameters across conditions. Our data support a
model in which inhibition of MEK/GSK3f or mTOR signaling pathways decreases global
transcriptional output, total RNA abundance, RNA turnover, RNA polymerase II elongation
velocity, and termination distance. This is in line with a recent observation that
transcription in ESCs was tuned to translational output via a positive feedback loop
between chromatin and translation, whereby the transcriptionally permissive chromatin
state both depends on and controls protein synthesis?®.
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5 CONCLUDING REMARKS AND PERSPECTIVE

The work presented in this thesis highlights the merits of using a multiplexed, quantitative
ChIP-seq methodology to study dynamic chromatin features during early embryonic
development. As highlighted in the summary of the respective papers, our quantitative
epigenetic profiles have allowed us to revise the bivalency dogma both in mouse and
human naive pluripotent states. Indeed, the discrepancies between our observations of
broad H3K27me3 distribution and those in the literature can be attributed to the limitations
of conventional ChIP-seq method to differentiate signal from noise, reliably and
quantitatively.

MINUTE ChIP detects changes in histone marks (such as H3K27me3, H3K4me3, and
H2Aub) with high sensitivity that can be attributed to a specific cell state or identity. But
taken alone, this still only provides a descriptive view of the epigenetic landscape.
Moreover, besides the correlation between active/repressive histone marks and
transcription, there is little evidence as to how histone modifying systems cause gene
expression changes. In the studies included in this thesis we infer function by
pharmacological manipulation of PRC2 and coupling MINUTE ChIP to other technologies
such as TT-seq, bulk and scRNA-seq.

In the context of mESCs, Paper I showed that naive and primed states exhibit distinct
states of bivalency which are most probably driven by transcription factor networks. In
addition, Paper III elucidated how genome-wide changes in transcriptional kinetics that
correlate with chromatin features invoke the various mouse pluripotent states. In the context
of hESCs, Paper II revealed an extensive rewiring of promoter bivalency and the role of
PRC2 in shielding naive human pluripotency from trophectoderm differentiation. Returning
to the analogy of the Waddington landscape, we speculate that PRC2-mediated H3K27me3
sets up a ‘barrier’ that dynamically follows and reinforces lineage choices. Importantly, the
repressive function of H3K27me3 is distinctly different in the mouse and human naive
states, albeit being present pervasively across the genome of both species.

Future work on deciphering if epigenetic modifications play a directive, supportive or
consequential role in gene expression will benefit from time-resolved studies (conditional
knockouts/inducible degron) that capture the versatility of the system. In this regard,
CRISPR based ‘epigenome editing” will also serve as a valuable tool to determine causal
functions of chromatin marks?46-247,

Furthermore, the conclusions drawn above pertain to a small developmental window
modeled in stem cells that do not capture the full complexity of in-utero growth. Indeed, it
is becoming evident that chromatin dynamics is context-specific and differs considerably
across developmental stages. Though possible in mice, direct molecular analysis of the
human post-implantation embryos is lacking due to ethical reasons. The alternative
approach, fueled by synthetic biology is the use of ESCs to build simplified in vitro models
of real embryos, called blastoids or synthetic embryos®*®. Blastoids resemble human
blastocysts in terms of their morphology, composition and allocation of different cell
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lineages making them an excellent system to validate our findings?*® and further our
understanding of epigenetic control in multicellular development.

As a final point, ChIPs for histone modifications are routinely (including studies in this
thesis) performed in native conditions but several protein-DNA interactions are transient,
and efforts are underway to adapt MINUTE ChIP for fixed material arising from different
sources and to reduce the amount of starting material required. Admittedly, our ‘bulk-cell’
method provides a population average measurement and does not capture the possible cell-
to-cell heterogeneity. As discussed in the introduction, it is crucial to acknowledge the
fallibility of extrinsic signaling required to maintain pluripotency in vitro and the resulting
stochastic levels of various factors and epigenetic marks in an ESC population. Adoption of
ChIP for single-cell applications has been attempted®!® but the efficiency of the
immunoprecipitation step which is subject to abundance of epitope-antibody interactions,
limits the data quality/complexity. Single-cell version of techniques such as scDamID?,
scChIC-seq®!, scCUT&TAG???, that employ genetic or immunological targeting of
enzymatic activity to specific genomic loci, provide the resolution required to resolve cell-
state-specific enrichment of hPTMs?*2, However, normalization and consequent
interpretation of data collected from such techniques gets convoluted by the multiple
sources of noise in single cell measurements®2>3,

While having contributed to the Polycomb and development field, we envision that

spatiotemporal analysis of protein DNA interactions in other biological processes would
benefit from the multiplexing and quantitative essence of MINUTE ChIP.
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