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Abstract

Embryonic stem cells (ESCs) are described as pluripotent, meaning they can differentiate into all
cell lineages. In mouse, FGF/ERK signaling is known to regulate the formation of the primitive
endoderm (PrE) lineage. MED24, a Mediator complex subunit, has an essential role in regulating
ERK-mediated transcription in ESC, with the loss of MED24 compromising the formation of PrE.
In this thesis, I investigated the role for MED24 in ESC transcriptional regulation. I found that a
nuclear hormone receptor (NR) domain in the C-terminus of MED24 is required for nuclear
localization, suggesting there are specific NRs that control MED24 function. I also found that
shortly after MED24 depletion ground state pluripotency is compromised with Nanog expression
being reduced. However, this effect can only be maintained in the presence of FGF/ERK pathway
inhibition. As the Nanog enhancer and other FGF/ERK pluripotency enhancers are dependent on
NR, this result offers a link between MED24 interactions and transcriptional regulation. Moreover,
MED?24 appears to be required for the prolonged assembly of new Mediator complex at the
differentiation enhancers, which is required for PrE maturation.

In conclusion, MED24 regulation of transcription in ESCs requires engagement of a specific NR
domain and its specificity is likely controlled by levels of ERK signaling. Further analysis will
provide us with a better understating of how these mechanisms feed into a bigger picture of ESC

transcription regulation.
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1. Introduction

1.1 Murine embryonic development

1.1.1 From Zygote to Blastocyst — Morphological and potency changes

Murine embryonic development of an organism starts at fertilization with a sperm and an egg
fusing together to form a zygote, a single totipotent cell that has the capacity to produce all cell
lineages and ultimately form a whole organism. Initially the mouse embryo relies on maternal
information prevenient of the oocyte but by embryonic day 1.5 (E1.5), the zygotic genome is
entirely activated; the maternal mRNA starts to be degraded and upon the first division the 2-cell
embryo becomes a fully self-organizing structure (Fig. 1.1). The cell then undergoes a set number
of mitotic cleavage divisions, also known as ‘reductive divisions’; as the number of individual
blastomeres (cells) increases, the size of the embryo remains approximately the same (Lehtonen,
1980). At the 8-cell stage (E2.5), after three rounds of divisions, the cells undergo compaction, a
crucial event for mammalian cleavage (Peyrieras et al., 1983). E-cadherin, a cell adhesion protein
evenly expressed throughout the cell membrane prior to compaction, gets restricted to the
basolateral cell membrane. Cells once loosely arranged form functional adhesion junctions,
resulting in a dense ball of cells (Larue et al., 1994). By this stage, the first lineage specification
begins; cells start to exhibit polarity and form a 16-cell embryo, also known as the morula (E3.0).
Cell polarity is based on structural and functional asymmetric distribution of cellular components
between the two different cell membrane domains, apical and basolateral. The majority of the
apolar internal cells give rise to the inner cell mass (ICM) via symmetric divisions, while the
polarized outer cells, formed by asymmetric divisions, become the extra-embryonic trophectoderm
(TE) (Barlow et al., 1972). Lineage tracing experiments showed that these morphologically
distinct regions have specific transcription factor (TF) expression, with TE marked by CDX2 and
ICM by POUSFI (hereafter referred to as OCT4) (Niwa et al., 2005; Dietrich & Hiiragi, 2007,
Korotkevich et al., 2017).

As mentioned, the initial totipotent cell has the potential to give rise to all cell types in the
organism. This potency decreases as the embryo developments with cell fates becoming restricted.
While ICM cells lose their totipotency, they remain pluripotent and can contribute to all three germ
layers (ectoderm, mesoderm and endoderm). Contrastingly, TE cells lose the capacity to generate
embryonic structures. Instead, TE cells responsible for forming structures that ensure implantation

as well as the support of the embryo: the chorion, the extraembryonic membrane and a portion of
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the placenta. TE cells pump Na* ions into the intracellular spaces through the Na*/K* ATPase ion
channel present in the basal membrane, creating an ionic gradient and causing water to diffuse into
the embryo generating a fluid-filled space denominate ‘blastocoel’. This process, known as
cavitation, occurs between the 32-cell and 64-cell stage. Upon cavitation, the ICM becomes
positioned to one side of the circle of trophoblast cells, producing the hallmark structure of early
mammalian development, the blastocyst (Fig. 1.1). This asymmetrical positioning of the ICM
represents the first axis formation, with the embryonic pole containing the ICM and the opposite
region representing the aembryonic pole. At this point in development (64-128 cells), the ICM
acquires a ‘salt and pepper’ TF expression pattern. The NANOG-expressing epiblast (EPI)
precursor cells will go on to generate the embryo proper and the GATA6-expressing presumptive
primitive endoderm (PrE) cells will go on to form the extraembryonic tissues: parietal endoderm
(PE) and visceral endoderm (VE). At E4.5, this pattern evolves stochastically into two distinct cell
layers, with EPI cells surrounded by TE cells on the outside and PrE cells on the inside. During
these morphological and potency changes, the embryo travels through the oviduct, reaching the
uterus. Finally, the embryo exits the pre-implantation stage by escaping the zona pellucida and

adhering to the uterine wall.
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Figure 1.1 - Murine embryonic development from fertilisation to implantation — Schematic representation of morphological
differences and lineages specification steps of mouse preimplantation embryo. The fertilised egg, zygote, divides into totipotent
blastomeres (E0.0-E2.25). Soon after compaction stage (E2.5), two major segregation events occur: TE and ICM (E3.5); and EPI
and PrE (E4.5). Figure adapted from Riveiro A.R and Brickman J., 2020
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1.2 The role of TFs in fate specification of the pre-implantation embryo

1.2.1 First lineage choice — TE or ICM?

For many years, researchers have been trying to understand the molecular mechanisms involved
in early lineage specification. A set of TFs have been identified as key molecules for this process,
OCT4, NANOG and SOX2. This small but core transcriptional network works through
autoregulation and mutual negative feedback loops, regulating expression of a larger network of
TFs and epigenetic regulators that are implicated in pluripotency maintenance (Loh et al., 2006;
Niwa et al., 2009).

OCT4 is considered a master regulator of pluripotency (Niwa et al., 2005) and is crucial for the
first lineage segregation event involving the trophectoderm TF-specifier CDX2 (Stumpf et al.,
2006). The mutual repression of these TFs leads to the segregation of the first two lineages in the
embryo, cells with high CDX2 expression and loss of OCT4 become TE, whereas in presumptive
ICM cells higher levels of OCT4 expression leads to inhibition of CDX2 (Niwa et al., 2000). TE
specification also relies on the Hippo/YAP pathway, which responds to changes in cell
polarisation. As mentioned before during compaction, the blastomeres divided asymmetrically,
creating two distinct populations, inner and outter cells. Activation of the Hippo/Y AP occurs in
outside polar cells, resulting in the activation of differentiation genes and leading to the formation
of TE cells (Fig. 1.2a). Knockout of Cdx2 results in blastocysts with outer cells that maintain
expression of OCT4 and NANOG (ICM profile) and are not able to activate TE key markers or
upregulate the Hippo/Y AP signalling pathway (Stumpf et al., 2006).

More specifically, YAP, a TF that can shuttle in and out of the nucleus, activates another TF
TEAD4 when nuclear. These proteins can then work together to trigger the expression of TE-
specific genes, like Cdx2 (autoregulatory loop) and Gata3 in the outer cells (Fig. 1.2a, b). In Tead4
null embryos, a functional TE is not formed and upregulation of Cdx2 does not occur (Nishioka et
al., 2008). How cell polarisation is initiated remains unclear but studies have revealed that
angiomotion (Amot) might have a role in tethering YAP at the cell membrane impeding its
movement to the nucleus. Amot is inhibited by polarity, meaning that in TE cells YAP is free to
travel to the nucleus and start the differentiation transcriptional program. In ICM cells, YAP
remains in the cytoplasm and upregulation of Cdx2 does not happen (Nishioka et al., 2008) (Fig.
1.2a). The Hippo/YAP signalling pathway is transitory and terminates when a stable gene
expression pattern is established for the ICM and TE cells (Lorthongpanich et al., 2013).
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1.2.2 Second lineage choice — EPI or PrE?

The next lineage decision in the blastocyst defines the fate of the ICM. It involves a shift from
mutual expression to antagonization of lineage-specific TFs and is not dependent on cell position.
The key factors in this specification are the TFs mentioned earlier, NANOG and GATA6. NANOG
and GATAG are expressed simultaneously from the morula to early blastocyst stage (Guo et al.,
2010; Plusa et al., 2008) (Fig. 1.2c). EPI precursors are characterized by higher expression of
NANOG while PrE precursors lose NANOG expression and are marked by the sequential
expression of GATA6, SOX17, GATA4 and SOX7 (Artus et al., 2011; Chazaud & Yamanaka,
2016; Niakan et al., 2010; Plusa et al., 2008). Nanog null mutants do not form the epiblast
layer(Mitsui et al., 2003) and the ICM cells express Gata6 (Frankenberg et al., 2011). Furthermore,
these studies indicate that NANOG and GATAG6 directly repress each other through mRNA decay,
although there is evidence that this repression might also happen at the transcriptional level(Singh
et al., 2007).

Recent studies revealed that the FGF/ERK pathway might play an essential role in this lineage-
segregation step, more specifically in PrE formation (Fig. 1.2d). An early difference between EPI
and PrE precursors is marked by gene expression of the ligand Fgf4 (EPI) and the membrane
receptor, Fgfr2 (PrE) (Guo et al., 2010). At E3.25, Fgfi2 is expressed widely through all ICM cells
but becomes restricted to PrE cells by E3.5 (Ohnishi et al., 2014). Blocking FGF signalling leads
to the differentiation of ICM cells into EPI, but supplementation with FGF4 pushes ICM cells
toward the PrE fate (Yamanaka et al., 2010). Although, it seems evident that FGF signalling has a
direct role in controlling PrE fate about 70% of Nanog null embryos that were treated with an FGF
inhibitor, retain the expression of GATAG6. Furthermore, Fgf4 expression is lost in Nanog
mutants(Frankenberg et al., 2011). Together these data indicates that FGF promotes PrE fate by
repressing Nanog expression (Frankenberg et al., 2011) (Fig. 1.2d).

OCT4 also plays a role in PrE differentiation by regulating Fgf4 levels (Ambrosetti et al., 1997)
(Fig. 1.2d). In Oct4 null embryos, Fgf4 levels are reduced, resulting in most cells expressing
NANOG and the loss of cells with gene expression profiles characteristic of PrE cells (Frum et al.,
2013). GATAG levels cannot be maintained, and the cascade is not triggered, probably due to the
decrease of Fgf4 levels. When FGF4 ligand was added to Oct4 null embryos, PrE fate was not

13



rescued, indicating that Oct4 has an essential role in PrE segregation downstream of the FGF/ERK
pathway.

During PrE differentiation, TFs such as GATA4, SOX17 and PDGFa (cell surface marker) are
upregulated. This upregulation might be a direct effect of FGF4 or triggered indirectly by GATASG,
SOX2 or OCT4 transcriptional activity. Altogether, these studies point to a network of
transcription factors, NANOG, OCT4 and SOX2 that regulate the levels of FGF4 to promote the
maturation of PrE and EPI cells (Fig. 1.2d).

14



== Polarity domain | Trophectoderm (TE) [ Inner cell mass (ICM) [l Epiblast (EPI) [l Primitive endoderm (PE)

a b

f |

f 1
Cell o Latse 4 TeaddlYap — G'ﬁaS_. 1E

polarity Kinas Ci2

Nanog =Oct3/4
N/ —ICM
Sox2

tarly blastocyst

Figure 1.2 — Fate decision processes and TF networks - a) In the morula stage, differences in Hippo/YAP signalling due to cellular
positioning (polarity) regulates ICM and TE segregation. In apolar cells, YAP remains in the cytoplasm, allowing the expression

of pluripotency factors like NANOG and SOX2. In apical cells, YAP goes to the nucleus where activates the transcription of TE-

factors CDX2 and GATAS3. b) Cell polarity and its downstream effects are the key factors for the feedback network resulting in
segregation of ICM and TE. c) Salt and pepper expression of the TFs involved in the second cell fate decision, NANOG and GATA®G,
which go on to form the EPI and PrE respectively. NANOG induces the expression of Fgf4 ligand whereas GATAG6 leads to the
expression of receptor Fgfrl/2. d) EPI and PrE segregation is regulated by an intricate network of positive and negative loops.
Fgfa production is supported by NANOG, OCT4 and SOX2 expression, while GATA6 expression is induced by FGFR activation.
High levels of GATAG lead to the repression of NANOG. Figure adapted from Zhu M. and Zernicka-Goetz M., 2020.
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1.3 Embryonic stem cells

More than 30 years ago, murine embryonic stem cells (ESCs) from the inner cell mass of a
developing blastocyst were isolated and grown for the first time in vitro(Evans & Kaufman, 1981;
Martin, 1981). These cells maintain the capability to incorporate back into the developing embryo
and can contribute to all the three germ lines, meaning they can maintain their potency outside the
embryo (Bradley et al., 1984). The isolation of ESCs represents a major breakthrough for
developmental biology, providing an in vitro model system to study processes of early embryonic
development and cellular differentiation. While the pluripotent state of ESCs represents a short
period of time in vivo, the power of the system comes from the ability to propagate them
indefinitely in vitro.

The capturing of the undifferentiated state was accomplished by culturing ESCs on a feeder layer
of mitotically inactivated murine embryonic fibroblasts (MEFs) in the presence of calf serum
(Koopman & Cotton, 1984; A. G. Smith & Hooper, 1987; T. A. Smith & Hooper, 1983). Later,
purification of one secreted protein showed to be responsible for the inhibition of differentiation,
the cytokine leukaemia inhibitory factor (LIF)(A. G. Smith & Hooper, 1987; Williams et al.,
1988.). LIF signals through a membrane receptor to activate Janus-associated kinases (JAKs),
phosphorylating the TF STAT3 (Niwa et al., 1998) (Fig. 1.3a). LIF together with serum
(Serum/LIF) allowed ESCs to be maintained and propagated in a feeder-free condition (A. G.
Smith & Hooper, 1987). However, under these culture conditions ESCs appear heterogeneous,
with cells having the tendency to adopt an EPI or a PrE-like state (Torres-Padilla & Chambers,
2014). Withdraw of serum from the culture medium promotes cell differentiation, implying that
serum provides additional signal(s) required to a fully maintain the pluripotent state. Bone
morphogenetic protein 4 (BMP4) can replace serum and sustain self-renewal along with LIF by
inducing inhibitor-differentiation (Id) proteins (Ying et al., 2003).

To understand further the properties of the pluripotent state, studies turned back to investigating
what triggers differentiation. Based on the fate decisions discussed earlier, a promising candidate
was the fibroblast growth factor (FGF) pathway (Fig. 1.3b). As mentioned before, FGF4 plays a
major role in the segregation of PrE and EPI and inhibition of FGF/ERK pathway supports ESC
self-renewal. ESCs express FGFR2 and produce considerable amounts of FGF4, meaning the
signal can act by stimulating the cells that produce the ligand (autocrine signaling) and/or
stimulating neighboring cells (paracrine signaling), which contributes to the heterogeneity

observed in the culture system(Stauber et al., 2000). Inactivation of downstream targets of FGF4,
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like protein kinase ERK?2, showed cells become resistant to differentiation and can be maintained
in LIF alone (Kunath et al., 2007).

Another pathway implicated in ESC self-renewal is the Wnt/B-catenin pathway (Fig.1.3d) The
downstream effector glycogen synthase kinase-3 (GSK23) acts as an antagonist in ESC self-renewal
(Sato et al., 2004). Furthermore, GSK-3alpha/beta double knockout leads to hyperactivation of
this pathway making cells resistant to differentiation (Sato et al., 2004). Similar to ERK?2 ablation,
inhibition of GSK3 along with LIF sustains ESC self-renewal. One the most striking observations
was the clonal expansion of undifferentiated ESCs by combining inhibitors of ERK and GSK3,
PD0325901 and CH99021 respectively, in a defined medium (N2B27) (Ying et al., 2008). Later,
this medium condition would be termed 2i to signify the two inhibitors. In these conditions, the
inhibitors shield ESCs from differentiation signals promoting a homogeneous early epiblast-like
ground state (Nichols et al., 2009; Wray et al., 2012). 2i medium with LIF (21/LIF), supports self-
renewal but also promotes the expansion of trophoblast-like cells, thus resembling the pre-
implantation embryo with totipotent cells present in the culture system (Poehlmann et al., 2005)
(Fig.1.4).

Overall, mouse ESCs are highly plastic and dynamic, making it possible to use defined culture
conditions to mimic different stages of development, from ground state pluripotency, which
resembles the pre-implantation blastocyst, to later stages with primed pluripotency, such as
gastrulation. These dynamic states are mainly controlled in ESCs by activators/inhibitors of
signaling pathways, culminating in TF profiles that produce cell type specific transcriptional
programs (Fig. 1.4). ESCs have been a key factor in unveiling how signal transduction pathways

modulate the activity of many types of TFs, leading to specific cell fate choices.
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Plasma Membrane

Figure 1.3 - Overview of important extrinsic pathways involved in pluripotency in mESCs - a) LIF binds to heterodimeric receptc
complex, that when brought into proximity allows autophosphorylation and autoactivation of JAK molecules. Activated JAKs thel
phosphorylate downstream STATs, that then translocate to the nucleus and activate target genes associated with self-renewa
Alternatively, JAK can activate PI3K pathway, which feeds into the pluripotency network to help maintain the self-renewal state ¢
mMESCs. b) FGF4 binds to FGFR2 receptor, leading to an autophosphorylation event that culminates in the recruiting of a scaffol
protein, GRB2. Consequently, GRB2 recruits SOS, which then activates RAS. RAS activation leads to a several phosphorylatiol
events, culminating with phosphorylation and activation of ERK. ERK translocates to the nucleus to initiate the transcriptionz
programmes associated with differentiation. c) BMP4 binds to a heterotetrameric receptor complex leading to the activation o
SMADs. SMADs then move to the nucleus where they activate target genes associated with self-renewal. d) WNT binds to it
heterodimeric receptor leading to the DVL activation. DVL then mediates the breakdown of the destruction complex that i
responsible for the degradation of B-CATENIN. Therefore, in the presence of WNT, B-CATENIN is not degradated and ca
translocate to the nucleus to activate target genes. Figure adapted from Mossahebi-Mohammadi M. et al., 2020
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Figure 1.4 - Comparison between Serum/LIF and 2i/LIF culture — While 2i/LIF culture contains totipotent cells that resemble
early pre-implantation stages, cells culture in Serum/LIF are reminiscent of late pre-implantation stages, representing a
heterogeneous population of cells that are already restricted to certain cell fates. Morgani S. et al., 2013
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1.4 Regulation of Gene Expression

A fundamental element behind translating environmental cues to the induction of differentiation
pathways 1 and cell identity maturation is gene expression regulation. Gene expression occurs
through transcription, a process that is widely conserved through every branch of life making it
essential for every cell. Transcription controls the production of protein-coding transcripts and
other RNA products. Precise expression of these products is controlled across time and space
through the integration of signals superimposed or encoded in DNA elements. Additionally,
transcription is a highly complex and heavily regulated process that involves a wide range of
proteins, ensuring that the expressed genetic information is precise and suitable to cell necessities.
In eukaryotes, three enzymes are responsible for transcription: RNA polymerase I, transcribes
rRNA precursors; RNA polymerase II (Pol II), transcribes all protein-coding genes and some non-
coding genes, like small nuclear RNAs (snRNAs); and RNA polymerase III (Poll III), transcribes
small non-coding RNAs, like tRNAs. Transcription can be divided into three main phases:
initiation, elongation, and termination; with each phase being subject to regulation. Failures in

these regulatory processes can lead to serious cell abnormalities and diseases.

1.4.1 RNA Polymerase II mediated transcription

The enzyme responsible for transcribing all protein-coding genes in eukaryotes is RNA
polymerase II (Pol II). It is a multiprotein complex composed of 12 subunits, one of which is the
key structural component Rpb1, containing a long carboxyl-terminal domain (CTD) with tandem
heptamer repeats of the consensus sequence, YSPTSPS (Corden et al., 1985). The CTD is a target
of several modifications that affect its conformation and ability to bind to other factors involved
in different transcription processes and regulation.

RNA Pol II is not able to transcribe a gene by itself; it requires a concerted activity of
transcriptional activators and repressors. The core, gene promoter region is the docking site for
general TFs that together with the polymerase form the preinitiation complex (PIC). General TFs
make contacts between themselves, the polymerase and DNA, producing a strong and stable bond
that also presents an impediment to the moving of RNA polymerase. The assembly of the PIC is a

multistep process that starts with Pol II binding to five general TFs, TFIIB, TFIID, TFIIE, TFIIF
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and TFIIH at the promoter site (Matsui et al., 1980) (Fig. 1.5a). TFIID is a complex constituted
by a TATA-binding protein (TBP, Sawadogo & Roeder, 1985), required for transcription in all
promoters, and other 14 TBP-associated factors (TAFs), that have promoter-specific functions.
After the assembly and ATP consumption, the PIC promotes the unravelling of the double-
stranded DNA, creating a transcription bubble where the promoter template strand is positioned in
proximity of the Pol II active site, forming the Open Complex (W. Wang et al., 1992).
Transcription initiates when RNA Pol II CTD is phosphorylated by TFIIH on serine 5
(Komarnitsky et al., 2000), and synthesis of small RNAs (3-10 bp), also known as abortive
products, happens (Luse & Jacob, 1987) (Fig. 1.5a). Then the polymerase breaks its connections
with the core promoter and the rest of the transcriptional machinery and starts transcribing full-
length RNAs, entering the elongation phase (Holstege et al., 1997). After the synthesis of 20-40
bp the RNA Pol II pauses, this phenomenon is called promoter-proximal pausing. It was first
described in Drosophila melanogaster (Rougvie & Lis, 1988) and later shown to be conserved in
mammalian cells (Strobl & Eick, 1992). RNA pol II needs an extra phosphorylation step on serine
2 of the CTD to resume transcription (Komarnitsky et al., 2000). After elongation, RNA pol II
reaches the transcription termination site (TTS), where the transcript is released, and the
polymerase dissociates from the DNA strand.

Normally, genes transcribed by Pol II have different cis-acting elements, such as the proximal
promoter (localized <1kb from the transcription start site (TSS)) and distal enhancers, silencers,
insulators, or locus control regions (>kb from TSS). The exact composition and location of these
elements plays an important role in the establishment of promoter-enhancer interactions and in the

initiation of transcription.

1.4.2 Transcription regulation by TFs and enhancer elements

Transcription in eukaryotic cells is a highly dynamic and heterogeneous process with respect to
specificity and rate, resulting in tight regulation of gene expression. This is achieved through the
regulation of transcription at several key steps, one being the initiation of transcription (Darnell,
1982). This mechanism has different layers of regulation, while the general TFs regulate the
position of RNA pol II on the core promoter region, sequence-specific TFs also have the capacity
to regulate TSS activity. TF activity can be modulated directly by signal transduction pathways
(D.S. Latchman, 1993) acting as nuclear messengers. By binding to DNA regulatory sequences

(promoters and enhancers), TFs can control the rate of transcription. TFs bind gene regulatory
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elements by recognizing sequence motifs, meaning that a specific enhancer or promoter can be
bound by several TFs, depending on the DNA sequence. Besides the sequence-specific DNA
binding domains, TFs also possess regulatory domains that interact with other transcription
regulators.

Enhancers are a crucial regulatory element of gene expression that were first characterised more
than 40 years ago. The first enhancer ever described was SV40 from viral DNA, a 72 bp fragment
that when localized upstream of the 3-globin gene was capable of stimulating its transcription by
more than two orders of magnitude independently of its direction and over distances over than
3000bp (Banerji et al., 1981). In the following years, diverse viral enhancers were described, and
several ones were described in animal genomes (Serfling et al., 1985). Extensively studies have
contributed to the current general definition of enhancers, a DNA sequence that is able to strongly
stimulate gene transcription independently of its genomic orientation, location (upstream or
downstream) and distance to the gene body. As referred to above, enhancers contain short DNA
motifs that act as binding sites for specific TFs, that can recruit co-activators and co-repressors,
chromatin remodelling enzymes and ultimately factors that can bind the transcription initiation
apparatus (Soutourina, 2018). Hence, regulatory cues from all the bound factors are integrated to

determine the enhancer activity (Shlyueva et al., 2014).

1.4.3 Chromatin structure

Normally DNA in eukaryotic cells is found in a complex known as chromatin, meaning that the
DNA is bound to proteins and packed in compacted, dense structures. Dynamic restriction of
chromatin structure of is necessary for processes such as DNA replication and gene expression.
For example, the chromatin at enhancers needs to be open and accessible for the assembly of
diverse proteins, like TFs. Consequently, active enhancers are usually devoid of nucleosomes
making the chromatin very sensitive to DNase I, enabling the use of DNase assays to assess the
chromatin state. Another hallmark of active enhancers is their close proximity to histones
containing specific post-translational modifications, like histone H3 lysine 4 monomethylation
(H3K4mel) and H3K27 acetylation (H3K27ac) at the N-terminus (Heintzman et al., 2007). Lastly,
mapping of enhancers RNA (eRNAs) is also used to identify active enhancers, these molecules
are a result of uni- or bi-directional transcription at the enhancer site by RNA Pol II (Core et al.,

2014).

22



How enhancer regions with bound TFs and cofactors communicate over long distances to regulate
RNA pol II activity on target genes is still poorly understood. More than 20 years ago, in bacteria,
there was evidence suggesting that enhancers activate gene expression by bringing transcription
machinery to the promoter region (Ptashne, M., Gann, 1997). Later, evidence in eukaryotic cells
suggested that distal regulatory elements acted on transcription regulation by looping into close
physical proximity to target promoters, forming a three-dimensional (3D) chromatin structure to
facilitate enhancer-promoter (E-P) communication (Bulger & Groudine, 1999) (Fig. 1.5a)(Bulger
& Groudine, 1999). These long-range chromosomal interactions are further stabilized by binding
of enhancer-bound transcription factors to coactivators, like cohesin and Mediator complex
(Kagey et al., 2010) (Fig. 1.5a). This describes the ‘looping model’, one of the diverse models that
attemps to explain E-P communication. Another model, ‘facilitated-tracking model’, suggests that
the transcriptional machinery first binds to the enhancer and then tracks through the DNA until it
finds the promoter (Vernimmen & Bickmore, 2015).

DNA loops occur at sites delimited by insulator molecules (CTCF) and by the cohesin extruding
factor. While cohesin deletion in mESCs leads to loss of loop domains, similarly to CTCF deletion,
it only has a mild effect upon levels of transcription (Nora et al., 2017; Rao et al., 2017). CTCF
and cohesin may serve as important architectural proteins to establish DNA loop extrusion between
enhancers and promoters, but additional mechanisms must be involved in the maintenance of E-P
communication. While CTCF and cohesion have been shown to be involved in acting on the
chromatin structure the Mediator complex is thought to play a role in the direct communication of

enhancer and promoter regions (El Khattabi et al., 2019).

1.4.4 Mediator complex

Transcription has been a subject of study for many years, with some components of transcription
machinery conserved from single to multi-cellular organisms. They diverge on how RNA
polymerase II is targeted by co-regulators. In bacteria the polymerase is directly regulated by the
binding of activators or repressors, while in eukaryotes intermediary factors like chromatin
modifiers and Mediator play a major role in transcription activation (Kornberg, 2005). While most

studies and information about transcription regulation and its activators, like Mediator, originally
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came from yeast, however, it seems that a high degree of similarity remains throughout eukaryotes
evolution (Asturias et al., 1999; Malik & Roeder, 2000).

Mediator is a multi-subunit complex that was identified 30 years ago as a co-regulator of
transcription in yeast (Kelleher et al.,, 1990; Lue et al., 1991). Mediator subunits were first
identified as thyroid hormone receptor-associated proteins (TRAP); when associated with thyroid
hormone receptor (TR) these proteins were shown to activate transcription from a promoter
containing a T3-response elements (TREs) (Fondell et al., 1996). Later, it was shown that the
complex also interacted with other activators, like sterol-responsive element-binding protein
(SREBP) (Nair et al., 1998) and the vitamin D receptor (Rachez et al., 1999). Since then, several
studies in eukaryotes suggest Mediator acts as a functional bridge between TFs and the basal
machinery, promoting the assembly of the PIC complex (Kagey et al., 2010; Kornberg, 2005;
Malik & Roeder, 2005).

Mediator is composed of 25 subunits in budding yeast cells, while it has up to 30 different subunits
in mammalian cells. In both organisms, this multi-subunit complex is formed by four different
modules: head, middle, tail and CDKS8 (Dotson et al., 2000, Fig. 5b, c). The Mediator structure is
not static, its subunits composition can change affecting the biological function of the complex.
Biochemical studies suggest that Mediator composition changes during cell development,
simplifying throughout differentiation (D’Alessio et al., 2009; Deato et al., 2008). Mediator has
two main isoforms, binding to CDKS8 module or to RNA Pol II (El Khattabi et al., 2019; G. Wang
etal., 2001). Knockout of different mammalian subunits (Med1, Med21, Med23, Med24 and Cdk8)
was shown to be lethal in embryos, revealing that they are required for viability and likely play
essential roles in transcription initiation (Ito et al., 1999, 2002; Stevens et al., 2002a; Tudor et al.,
1999; Westerling et al., 2007). In yeast, MED17 was shown to be required for the expression of
mostly protein-coding genes (Thompson & Young, 1995), indicating that Mediator might be
necessary for Pol II activity and consequently controls gene expression patterns by being an
integrator of signalling cascades.

Mediator conformation can also be affected by the binding of activators and nuclear receptors,
suggesting these conformational changes could be used to regulate transcriptional activity (Taatjes
et al., 2002, 2004). Several studies have reported that Mediator activity is regulated by post-
translational modifications (PTM) of its subunits (Belakavadi et al., 2008; Pandey et al., 2005). In
the last years, it has been shown that binding of TF activation domains was enough to induce

conformational changes in the mammalian Mediator (Ebmeier & Taatjes, 2010; Taatjes et al.,

2002, 2004).
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Mediator interacts with RNA Pol II, forming a stable complex denominated RNA Pol II
holoenzyme (Asturias et al., 1999). This stable complex is based on extensive contacts, most of
them occurring between the head and the middle module of the Mediator and the back surface of
the polymerase (Chadick & Asturias, 2005). The Mediator head module can adopt different
conformations due to a movable jaw (Cai et al.,, 2010), a malleable structure revealed to be
extremely important to accommodate the polymerase (Davis et al., 2002). In human cells, binding
of Pol II CTD to Mediator triggers extensive structural changes in the head module (Bernecky &
Taatjes, 2012; Nédr et al., 2002). Structural analysis of the protein and profiling chromatin binding
(ChIP-seq) data, supports the previous statement that the head module interacts with the RNA Pol
IT while the tail module is in contact with enhancer elements (Petrenko et al., 2016; Plaschka et
al., 2015; Soutourina, 2018).

The specific mechanisms for how Mediator complex regulates E-P communication remains
unclear. Recent studies suggest the complex acts as a functional bridge rather than an architectural
bridge between the elements. Depletion of Med14, an essential Mediator subunit, did not affect
the loops between E-P. While depletion of cohesin abolished DNA loops, Mediator and RNA Pol
IT could still be recruited to enhancer and promoter sites. These findings suggest that cohesin is
essential for the physical formation of loops while Mediator ensures the functionality of E-P
communications (El Khattabi et al., 2019).

Lastly, as mentioned before, Mediator complex can be a target of different PTMs, acting as an
integrator of different signalling pathways that culminate in gene transcription responses.
Phosphorylation led by kinase cascades, like FGF-ERK pathway, has been shown to act as a
regulatory mechanism for the activation of Mediator subunits, like MED1 (Belakavadi et al., 2008;
Pandey et al., 2005). Also, diverse Mediator subunits are involved in differentiation processes. For
example, MED20 subunit is required for adipogenesis while Med23 knockout (KO) enhances
neural differentiation (Tang et al., 2021; Zhu et al., 2015). However how these signalling pathways

control gene transcription and reach specificity remains elusive.
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Figure 1.5 - Mediator complex acts as a bridge between enhancers and promoters - a) Mediator complex interacts with
transcription factors bound to enhancers and with PIC components at promoter sites. These interactions are responsible for the
looping of chromatin, bringing enhancers close to promoters. Mediator interacts with PIC components, as well as other structural
components, like cohesin. Mediator exists mainly in two different conformations, associated with Cdk8 module, or associated
with PIC components and without the CDK8 module. b) Mediator complex is a multisubunit complex that can be divided into 4
modules: Head (red), middle (yellow), tail(blue) CDK kinase (green). Med14 is coloured in orange representing an essential core
subunit for Mediator functionality. c) Cryo-EM structure of Mediator complex, with each subunit color coded. Figure adapted
from Soutourina J., 2018 and Zhao H. et al., 2020.
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1.4.5 FGF/ERK signalling in transcription regulation

Growth factor signalling pathways, modulated by extracellular stimuli or cell intrinsic regulators,
are critical for regulating gene expression, cellular identity and tissue patterning during
development .The fibroblast growth factors (FGFs) are a family of secreted proteins that were first
described in the 1980s. FGFs are involved in many developmental processes such as patterning,
cell proliferation, and differentiation (Fiirthauer et al., 2004; Nutt et al., 2001; Slack et al., 2015).
More specifically, it is involved in proliferation and differentiation of mESCs (Roux & Blenis,
2004; Thisse & Thisse, 2005). Upon binding to their receptors (FGFR, a tyrosine kinase receptor),
FGFs trigger the activation of different effectors including Ras, mitogen-activated protein kinases
(MAPK) and phospholipase-C. Most of these activations occur through a phosphorylation cascade,
the sequential transfer of a phosphoryl group (PO3") to downstream factors (Fig. 1.6). Enzymes,
like kinases, usually carry out these chemical reactions.

In vertebrates, five families of MAPK cascades are extensively described: extracellular signal-
regulated kinases (ERKs) 1 and 2 (ERK 1/2), c-Jun amino-terminal kinases (JNKs) 1, 2, and 3, p38
isoforms a, B, y and 6, ERKs 3 and 4, and ERKS5 (Uhlik et al., 2004). Although each family has
their own characteristics, some features are common throughout all MAPK pathways. Every
pathway is comprised of three kinases that are responsible for establishing a sequential activation
cascade, MAPK kinase kinase (MKKK), MAPK kinase (MKK) and MAPK (Fig. 1.6). The RAF-
MEK-ERK cascade belongs to the MAPK family.

The ERK 1/2 family responds mainly to growth and mitogenic factors, these signals typically
activate tyrosine kinases (RSK) or G protein-coupled receptors present in the cell membrane that
trigger a cascade of phosphorylation. In the RAF-MEK-ERK pathway, proteins of the Raf family
function as MKKK and it has been shown that they phosphorylate and activate MKKSs called
MEKSs, which in turn activate MAPKs, namely ERKs (Fig. 1.6). Furthermore, when ERK (ERK1
and ERK?2) is active it changes location, specifically it moves into the nucleus, where it activates
a set of different targets (TFs), leading to changes in the gene expression.

FGF4 is produced in an autocrine fashion by the ICM cells (Niswander & Martin, 1992). Fgf4
homozygous mutants are present at normal Medelian ratios until E3.5, but after this stage the
survival rate decreases drastically, with embryos showing disorganized structures by E5.5. FGF4
is necessary for peri-implantation development, specifically for survival of ICM cells (Feldman et
al., 1995). However, mESCs cultured in the presence of recombinant FGF4 do not increase in
general cell number but do increase in the number of endoderm-like cells (Rappolee et al., 1994).

ESCs Fgf4 KO cells are viable and do not show any proliferative defect when cultured in self-
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renewal conditions, but when LIF is withdrawn and retinoic acid is added, cells fail to differentiate
and cell survival drops drastically (Wilder et al., 1997). As mentioned before, blocking FGF
signalling leads to the differentiation of ICM cells into EPI, while supplementation with FGF4
pushes ICM cells toward the PrE fate (Yamanaka et al., 2010).These studies indicate that FGF4 is
essential to promoting PrE differentiation.

Therefore, by manipulating FGF/ERK signalling it is possible to support the existence of multiple,
interconvertible cell states. Nichols and colleagues showed that the segregation of the ICM into
PrE and epiblast is dependent on MEK-ERK activity by using small molecules inhibitors of both
FGFR and MEK1/2 (Nichols et al., 2009) (Fig. 1.7). Later, it was shown that segregation of the
PrE layer could be driven in a reversible manner, by treating blastocyst with high doses of
recombinant FGF4 (Yamanaka et al., 2010). On the other hand, it is possible to block PrE fate by
culturing mESCs in the presence of MEK inhibitor (PD0325901) alone or alongside the FGFR
inhibitor (PD173074) (Mohammadi et al., 1998).

Over the past 30 years an intense characterization has improved our understand around what
happens downstream of ERK phosphorylation but the molecular role for ERK in transcription
regulation is far from complete. ERK can directly phosphorylate a number of key pluripotency
TFs: OCT4, NANOG, KLF4 and KLF2, inducing the degradation of the latter two (Fig.1.7)
(Brumbaugh et al., 2014; Dhaliwal et al., 2018; Kim et al., 2012). Furthermore, ERK has been
linked to the recruitment of Polycomb repressive complex 2 (PRC2), a chromatin-modifying
enzyme, and phosphorylation of RNA polymerase II CTD, specifically on developmental genes.
This specific phosphorylation was shown to be associated with poised RNA Pol II, a mechanism
that was suggested to facilitate the interconvertible transcriptional states of ESCs (Tee et al., 2014).
Finally, ERK has a permissive role in lineage specification acting as a licensing factor, by

regulating the transcription response of mESCs.
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Growth Factors Stress, Cytokines Stress, Cytokines

Activators Cytokines Growth Factors, TGF-p Growth Factors, Ceramides
v v v
MAPKKK Raf MEKK -4, MLKs MEKK1/4, MLKs
ASK, TAKI ASK, TAKI
v v v
MAPKK MEKI1/2(MKK1/2) MKK3/6, MKK4 MKK4/7
v v v
MAPK ERK1/2 p38 JNK/SAPK
v v v

Substrates  90%%, MNK1/2 Hsp27, PLA2, MNK1/2,  c-Jun, ATF2
Ets, EIk1, Myc APKAP2, Myc, MSK-1| Elkl. DPC4

STATI1/3,ER EIkl, ATF-2,STATI p53, NFAT4
Cell Responses Proliferation Proliferation Proliferation
Differentiation Differentiation Differentiation
Development Development Apoptosis

Inflammation
Apoptosis

Stress Response

Figure 1.6 - Principal MAP kinase cascades in mammalian cells - Three major pathways constituted by a three-tiered kinase
cascade: MAP kinase kinase kinase (MAPKKK), MAP kinase kinase (MAPKK) and MAPK, which mediates responses to specific
stimuli. MEKK: mitogen-activated kinase kinase kinase; MLK: mixed lineage kinase; TAK: Tat-associated kinase; MTK: mitogen-
activated protein kinase kinase kinase 4; RAF: RAF proto-oncogene serine/threonine kinase; MEK: mitogen-activated protein
kinase kinase; MKK: mitogen-activated protein kinase kinase; ERK: extracellular regulated kinase; JNK: c-Jun N-terminal
kinase. Zhang W. et al., 2002.
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Figure 1.7 - FGF/ERK pathway controls the segregation of EPI and PrE cells - In EPI cells (left), NANOG expression prevails over
GATAS6, upregulating Fgf4 expression and therefore inhibiting FGF signalling and causing low levels of phosphorylated ERK.
However, in PrE cells (right), the FGF receptor binds the Fgf4 secreted by EPI cells, activating ERK pathway. This activation leads
to higher levels of GATA6 and repression of NANOG expression. FGF signalling together with GATA6 upregulation prime cells to
a PrE cell fate by upregulating the expression of Gata4 and Sox17 genes. Chazaud and Yamanaka, 2016
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1.5 Research at the Brickman Laboratory

In the Brickman Laboratory, an inducible gain-of-function system was generated to study the
molecular mechanisms of the ERK pathway transcriptional regulation in ESCs. In this system a
RAF construct missing the ERK repressive domain was engineered to create a constitutively active
form of the protein (cRAFA?39) Additionally, a variant of the ligand binding domain of the
estrogen receptor (ERT?) that binds selectively to 4-hydroxy tamoxifen (4OHT), was fused to the
C-terminus (Fig. 1.8a). The resulting fusion protein allowed for a homogeneous, rapid and
reversible induction of ERK phosphorylation in response to 4OHT treatment (Fig 1.8b).

By combining this system with downstream inhibition of the ERK pathway via a MEK inhibitor
(PDO03), it was shown that this pathway in ESCs is involved in primitive endoderm specification,
while neural differentiation proceeds normally (Hamilton & Brickman, 2014, Fig. 1.8.c).

Furthermore, ERK activation with this system showed an immediate and rapid effect on the
transcriptional response. Within 2 hours of ERK induction, pluripotency genes (Nanog, Thx3,
Klif4/2) were downregulated while endoderm formation and canonical MAPK responses genes
(Myc, Egrl, Spry4, Dusp6) were upregulated (Fig. 1.8d), as shown by nascent RNA-sequencing
((Hamilton et al., 2019). Hamilton et al. 2019 also showed that ERK defines lineage priming by
directly regulating enhancer activity independently of transcription factor binding. ERK triggers
the reversible association and dissociation of different factors of the transcription machinery from
genes and enhancers. ERK-repressed enhancers are enriched for nuclear hormone receptors,
particularly that of oestrogen-related receptor f (ESRRB), whereas activated enhancers were
enriched for ETS and AP-1 motifs (Fig. 1.8e). RNA Pol II binding positively correlates with the
expression state of ERK-regulated genes, indicating that paused RNA Pol II is not the mechanism
by which ERK regulates transcription (Fig.1.9f) (Hamilton et al., 2019). These observations raised
questions about the molecular mechanism of this transcriptional response. If transcription factors
remain bound during repressed and activated states, how does ERK stimulation achieve
specificity? Are there other factors involved in this regulatory response? Extensive analysis of the
ERK phosphoproteome identified several potential factors. One of the factors identified was

MED24, a subunit of the Mediator complex (Fig. 1.8f).

1.5.1 MED24 subunit

Several pathways responsible for cell growth, differentiation or tissue development have been

shown to converge on one or more of Mediator subunits, suggesting that the Mediator might act

31



as a ‘hub’ or ‘integrator’ for transcription regulation (Malik & Roeder, 2010). Since Mediator is
proposed to act as a ‘bridge’ between enhancer-bound TFs and the basal machinery at promoters,
the regulation of its subunits will help us understand better how gene expression specificity is
accomplished.

MED24, also known as TRAP100, is a tail subunit that has extensive contacts with MED23,
MED16, MED15 and MED1 (Fig. 1.9a,b) (Zhao et al., 2020). MED24 plays an important role in
connecting the tail module with the essential core module of Mediator (El Khattabi et al., 2019).
Previously, MED24 knockout was shown to be lethal in mice during an early developmental stage,
specifically mice died with severe cardiac hypoplasia and the development of the central nervous
system was severely impaired (Ito et al., 2002). This lethal phenotype could be partly explained
by the loss of a tail sub-complex MED16-MED24-MED23, which functions as a co-activator for
nuclear hormone receptors and has been implicated in MAPK activity (Ito et al., 2002; Stevens et
al., 2002b).

MED?24 is specifically phosphorylated by ERK (Hamilton et al., 2019) (Hamilton et al 2019) and
is upregulated in early development during EPI and PrE segregation (Boroviak et al., 2015). To
study to role of MED24 in ERK-mediated transcriptional responses a conditional knockout cell
line was generated (Med24 cKO). A FLAG-MED24 sequence under the control of a tetracycline
responsive element (TRE) was inserted randomly into ESCs, followed by CRISPR-mutagenesis
KO of the endogenous MED24 alleles (Fig. 1.9¢). Using this system, FLAG-MED24 expression
can be controlled by the addition of doxycycline, with cells expressing FLAG-MED24 behaving
as wild-type cells (Fig. 1.9d)

Depletion of the MED24 subunit led to a significant attenuation in the transcriptional response to
ERK, with respect to both activation and repression (Fig. 1.9¢) (Hamilton et al., 2019). MED24
responded to ERK signalling, by abandoning repressed enhancers and loading onto induced
enhancers together with other components of the PIC machinery (Fig. 1.9f). Knockout of MED24
showed that it was also essential for PrE differentiation, suggesting that MED24 plays a crucial
role downstream of ERK in PrE maturation (Fig. 1.9.g) (Hamilton et al., 2019) . In contrast,
MED?24 KO did not affect neural differentiation, suggesting specificity of this subunit for PrE
differentiation. Finally, MED24 phospho-mutants showed a slightly attenuated response to ERK
and were unable to fully rescue the WT phenotype for the PrE differentiation. This suggests that
ERK-induced phosphorylation is not the only mechanism by which MED24 is regulated, and other

protein domains might be involved in the subunit functionality.
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1.5.2 MED24 degron system — a rapid and efficient protein depletion system

Murine ESCs are a powerful tool to study the mammalian genome and protein function. The
unlimited proliferative capacity and differentiation potential make them an ideal model for gain-
and loss-of function (LOF) studies. Despite the versatility of ESCs for protein function studies, for
a long-time protein depletion relied on homologous recombination to generate knockouts at the
gene level.

The use of CRISPR-mutagenesis to generate loss of function (LOF) alleles or knock-in specific
tags in the endogenous loci, is a powerful approach that allows for the study of numerous genes,
and consequently proteins, in mammalian cells. Gene knockouts rely on mutation or removal of a
gene or an essential part of a gene that ultimately will result in irreversible loss of protein (Housden
et al., 2016). This issue can be overcome creating conditional KO, by inducing the expression of
the protein of interest at specific time points. However, time required for protein
production/depletion can span a few days and is dependent on mRNA stability and protein half-
life. Long protein depletion times can lead cell lines to adaptation, preventing or hindering the
study of a real loss-of-function phenotype in dynamic cell states like differentiation (Housden et
al., 2016).

Ideally, systems to study the necessity of a target protein for cellular responses requires a rapid
and efficient depletion at the levels of the protein. This allows for immediate and direct assessment
of the depletion effects, without the phenotype being overshadowed by the accumulation of
secondary effects. One of the mostly wide used protein degradation systems is the auxin-inducible
degron technology. This technology co-opts an auxin-dependent degradation pathway from plants,
called the auxin-inducible degron (AID) system to induce rapid and reversible depletion of a
protein of interest in the presence of indole-3-acetic acid (IAA; natural auxin). IAA binds to the
degron tag (AID) and the F-box transport inhibitor response 1 (TIR1) protein to promote the
recruitment of different ubiquitin enzymes. The polyubiquitin IAA/AID complex then induces
rapid degradation of the target protein by the proteosome complex (Nishimura et al., 2009).

To study MED24 function downstream of ERK signalling, the limitation associated with a
conditional KO at the genomic level, taking almost 72 hours to have a total MED24 depletion,
makes it difficult to study the acute effects of LOF. Thus, a reversible MED24-degron system
offers the opportunity to study the acute effects of MED24 depletion.
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Figure 1.8 - ERK Induction system reveals Med24 as potential regulator — a) A schematic representation of the inducible cRAF-
ERT2 construct. b) Immunostaining of ERK phosphorylation after 30 minutes of 40HT treatment in cRAF-ERT2-expressing ES cells
showing homogenous induction of pERK. c) Immunostaining of Oct4 and Gata6 TFs following 5 days of PrE differentiation.
Inhibition of ERK pathway (MEKi) shows the presence of Oct4 positive and Gata6 negative cell population contrasting to the
majority of Gatab positive cells in DMSO treatment. d) Scatter plot comparing repressed and activated nascent transcripts after
8 hours stimulation or reversion with MEKi. ERK stimulation leads to the upregulation of PrE differentiation genes (e.g Egrl and
Dusp6) and downregulation of pluripotency genes (e.g Nanog and Klf4). e) Motif analysis on ERK-regulated enhancers. Activated
enhancers are enrich in motifs of ETA and AP-1 factor while nuclear hormone receptors are enriched repressed enhancers. f)
Venn Diagram showing MED24 as a candidate in three different phosphoproteomes. Figure adapted from Hamilton W. et al.,
2014; 2019

34



MED24 (720-800)

BALr H728
i P )
"Z,' S
one®
, i /_ﬂ
£
A : £ w21
%, N
Al "BoR R761
2R v W79%
o) ) SR |
sgRNA
c |
=1 Ha [ e FEae BELL e
Med24
—# H-# H++H—+H - BH1Him
Rescue > TET-O FLAG-Med24meam IRES e
q . Oh ==2h
EP300
H20 DOX
MED1
MED24
WB:MED24
ESRRB
SOX2
WB:FLAG EPS00
MED1
WB:GAPDH MED24
ESRRB
SOX2
— Dusp5 —
s WT e KO
e e | | DAPI |
10
g i
2 s i I S
g S+l 4i
o
S |Bm Bg
2 04 T —
= e
Tt 44
i [
54 o @)
5 ¥
> O > D
SIS -
QIR
q/‘(\ ‘(“ Q;'\\ ‘\k
v £

Figure 1.9 - MED24 subunit is necessary for a robust ERK response and PrE differentiation — a) Model of Med24 subunit
(left). N-terminal depicted in blue while C-terminus is represented in red. Residues from the model and Cryo-EM structure
are marked (right). b) Structure and organization of the different subunits that composed the lower tail module. Upper tail
module is showed in yellow. c) A schematic overview of the strategy used to make the MED24 conditional KO ES line (MED24
cKO). The arrows represent where single guide RNAs are targeted to induce knockout of endogenous alleles. d) The
expression of Flag-MED24 is maintained by the addition of doxycycline to the culture medium. Withdrawal of doxycycline
creates Knockout MED24 ESCs. e) MED24 subunit is necessary for a robust transcriptional response to ERK in ESCs. f) ChIP-
seq tracks showing the binding of the respective factors to the KIf4 or Dusp5 super-enhancers. Upon ERK activation, the
binding of MED24 and MED1 shifts from repressed (K/f4) to activated (Dusp5) corresponding enhancers. g) Immunostaing of
MED24 cKO cells for GATA6 and GATA4 following five days of PrE differentiation with DOX (WT) or without DOX (KO). Figure
adapted from Hamilton W. et al., 2019 and Zhao et al., 2020.
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1.6 Aims of the project

Our laboratory recently showed that MED24 has an essential role in PrE differentiation, and it is
necessary for a robust ERK-transcriptional response. Thus, the principal aim of this thesis is to
investigate the role of MED24 subunit in the regulation of ESCs transcriptional response.
Additionally, I characterize a protein degradation system (mAID system) that is then used to
deplete MED24 subunit. I hypothesize that regulation of MED24 plays an important role in ESC
transcriptional response. I start by addressing this hypothesis by investigating which domains of
MED24 are required for its functionality. Then, I aim to address this hypothesis by acutely deplete
MED24 in ESCs and investigate how it affects pluripotency maintenance and differential potential.

Further, to address this hypothesis, I specifically ask the following questions:

- Can truncated forms of MED24 protein be stably produced?

- What are the possible domains that are required for MED24 functionality and regulation?
- Determine if truncated versions of MED24 can rescue transcriptional response.

- Is auxin degron system suitable to study acute protein depletion?

- Does MED24 acute depletion affects self-renewal of ESCs?

- How MEK:I affect cells response to MED24 depletion?

- Is PrE differentiation affected by MED24 depletion?
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2. Materials and Methods

2.1 ES cell culture

2.1.1 Cell lines

In this study all cell lines used were derived from E14JU (from hereafter referred as ‘E14’). The
E14 cell line was derived from 129/0la mice at the University of Edinburgh.

ERB cell line
Generated in the laboratory by William Hamilton. A copy of the truncated cRAF (cRAFA26-393.
ER™) (Fig. 1.8a) together with a sequence of the rtTA (reverse tetracycline-controlled

transactivator) were randomly integrated in E14 cells.

TBR cell line
Generated in the laboratory by Christina Schuh using CRISPR/Cas9 mediated homologous
recombination. A copy of the truncated cRAF (cRAFA%6-303_ ERT?) (Fig. 1.8a) was engineered into

the Tigre locus.

MED24-mAID cell line

Generated in the laboratory by Rita Monteiro using CRISPR/Cas9 mediated homologous
recombination. The mAID-GFP sequence was targeted to the Med24 alleles to produce a
homozygous fusion protein. Furthermore, the OSTIR sequence together with the ARF16 sequence
was engineered together with the sequence of the truncated cRAF (cRAFA26-3%3. ER™? )(Fig. 1.8a)

and inserted into the Tigre locus. Three clones were generated: C2B, C7C and F4E.

F4ER cell line
Generated in the laboratory by Maria Clérigo. A sequence of the rtTA (reverse tetracycline-
controlled transactivator) were randomly integrated in MED24-mAID cell line (F4E clone).
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2.1.2 Cell culture

Table 2.1 - Cell culture medium composition

Cell medium

Components (Catalog #)

Serum/LIF

N2B27

2i/LIF

PrE basal medium

RACL

GMEM (Sigma-Aldrich; G5154)

10 % Fetal Bovine Serum (FBS, Gibco; F7524)

1x MEM non-essential amino acids (Gibco; 11140035)
10ng/ml leukaemia inhibitory factor (LIF) (made in house)
2 mM L-glutamine (Gibco, 25030024)

1 mM sodium pyruvate (Gibco; 11360070)

100 uM 2-mercaptoethanol (Sigma-Aldrich, M6250)
1:1 Neurobasal and DMEM/F12 without glutamine (Gibco, 21103049 and
21331020 respectively)

1x B27 (Gibco, 17504044)

1x N2 (made in house)

2 mM L-glutamine (Gibco, 25030081)

100 uM 2-mercaptoethanol (Sigma-Aldrich, M6250)
N2B27 supplemented with:

3 uM CHIR99021 (Axon, 1386)

10 ng/ml LIF (made in house)

1 uM PD0325901 (Sigma-Aldrich, PZ0162)

RPMI 1640 with GlutaMAX (Gibco, 61870044)

1x B27 minus insulin (Gibco, A1895601)

PrE base media supplemented with:

10 ng/ml LIF (made in house)

3 UM CHIR99021 (Axon, 1386)

100 ng/ml Activin A (Peprotech, 120-14E)

Table 2.2 Diverse reagents using during cell culture

Name Working concentration (Catalog #)
Accutase 1x (Sigma-Aldrich; A6964)
Doxycycline 1 pg/ml (Sigma-Aldrich; D9891)
Gelatin 0.1% gelatin in sterile water (Sigma-Aldrich;

Geneticin (G418)
Hygromycin B
IAA
PBS
Penicillin-Streptomycin
Puromycin

Trypsin

100 pg/ml (Sigma-Aldrich; 10131035)
100 pg/ml (Roche; 10843555001)
100 puM (Sigma-Aldrich; 15148)

1x (Sigma-Aldrich; D8537)

5000 U/mL (Gibco, 15070063)

1 pug/ml (Sigma-Aldrich; P962)

1x (Made in house)
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2.1.3 Routine ESC culture

All cell lines were cultured on gelatin (Table 2.2) coated culture flasks or plates (Corning)
containing Serum/LIF medium (see Table 2.1). The cells were grown at 37 °C, 5 % CO2 with 90
% humidity and

passaged every two days or upon reaching approximately 80 % confluency. Cells were washed
with phosphate buffered saline (PBS, Table 2.2) to remove cell debris and old medium, then
accutase (Table 2.2) was added for 2-5 minutes at 37 °C. Cells were collected by adding media.
Cells were centrifuged at 4000 rpm for 2 minutes, the accutase was removed and the pellet was
resuspended in fresh medium. A portion of the cells (1/8 or 1/10) were re-plated into fresh medium.
At certain time points, ESCs were cultured in 2i/LIF medium (see Table 2.1). Cells were kept in
this medium for at least two passages but no more than three passages before being used for

experiments.

2.1.4 Primitive Endoderm differentiation

To differentiate ESCs into primitive endoderm, 3.5x10° cells previously cultured in 2i/LIF
conditions were seeded in 6-well plates in PrE basal Medium (see Table 2.1). The next day, the
medium was changed to RACL (see Table 2.1). For MED24 was degradation, 100 uM IAA (Table
2.2) was added to the Basal Medium and RACL. Cells were allowed to differentiate for seven
days, and the medium was changed every two days. At day 7 cells were collected for flow
cytometry analysis. For immunostaining, 3.5x10* cells were seeded in Ibidi 8-well slides with

IbiTreat (Ramcon) and the same culture conditions were applied.

2.1.5 Neural differentiation

Similar to PrE differentiation, cells were previously cultured in 2i/LIF and 1.0x10* cells were
seeded in Ibidi 8-well plates with IbiTreat (Ramcon) in N2B27 (see Table 2.1) supplemented with
LIF. The next day, the medium was changed to N2B27 (see Table 2.1), and it was replaced every
two days or whenever the medium became acidic. At day 7, cells were fixed and prepared to

immunostaining analysis.

2.1.6 Freezing
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For long-term storage cells were kept at -80 °C, ES cells were dissociated using accutase as
described in 2.1.3 and placed into cryovials (Thermo Scientific) with GMEM supplemented with
10 % DMSO (Sigma-Aldrich) and 40 % FBS. Each cryovials contained approximal 500 k cells.
Cells were thawed by placing the cryovials in the incubator and then transferring the cells into 5
ml pre-warmed medium to wash away DMSO. Then, cells were centrifuged and plated into fresh

medium.

2.2 Vector design and implementation

Table 2.3 - Buffers and reagents used in Molecular Biology

Buffers and reagents for molecular biolc Components (Catalog #)
5x First strand buffer Life Technologies
Cutsmart Buffer NEB (B7204)
dNTPs ThermoFisher (18427013)
DTT Life Technologies (D1532)
Formaldehyde Fisher Scientific (PI1-28906)
Generuler 1kb plus DNA ladder ThermoFisher (SM1332)
KaryoMAX ThermoFisher (15212012)
Lipofectamine 2000 transfection reager ThermoFisher (11668030)
Opti-MEM™ Reduced Serum Medium ThermoFisher (31985062)
Phusion MM High Fidelity NEB (M0531)
Random hexamer primers Invitrogen (N8080127)
RNase OUT ThermoFisher (10777019)
Superscriptlll reverse transcriptase ThermoFisher (18080085)
SYBR Safe DNA gel stain Invitrogen (533102)
TAE 40 mM Tris, 1 mM EDTA, pH 8.0.with glacial acetic acid (Sigma-
Aldrich)
Ultrapure Agarose powder LifeTecnhologies (16500500)

2.2.1 Polymerase Chain Reaction (PCR)

Primers for each truncation were design (Table 2.5) and the sequence of interest was amplified
from pTET_MED24 PAM IN vector using Polymerase Chain Reaction (PCR). 500 ng of DNA
was mixed with 2x Phusion MM High Fidelity (Table 2.3), 10 uM of forward primer, 10 pM of
reverse primer and nuclease free water was added until the volume of 25 ul was reached. The PCR

program (T100™ Thermal Cycler) used was as follows:
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1. 98 °C — 3 minutes

98 °C — 25 seconds

58 °C/63 °C — 25 seconds

72 °C — 45 seconds

Go to step 2 24 times (or 34 times)

A

72 °C — 5 minutes

2.2.2 Agarose gel electrophoresis

For DNA analysis, 0.8 % or 1 % agarose gels were used throughout this study. They were made
by dissolving Ultrapure Agarose powder into TAE buffer, SYBR Safe DNA gel stain was added
to the solution (see Table 2.3). DNA was mixed with 5x Orange loading buffer and loaded onto
the gel. To determine the fragment size, 1 kb plus DNA ladder (Table 2.3) was loaded onto every
gel. DNA was visualized with UV light using a Gel Doc XR+ (BioRad).

2.2.3 DNA extraction

The DNA fragments amplified for each truncation were isolated from the agarose gel and extracted
using ZymoClean DNA recovery kit (Zymo Research) according to the manufacturer’s
instructions. The DNA was extracted from the agarose gel by adding ADB buffer, it was cleaned
on-column with washing buffer, and finally eluted in Nuclease Free Water. The concentration and

purity were measured using the Nanadrop2000 spectrometer (ThermoFisher).

2.2.4 Restriction cloning

The fragments amplified and pTET MED24 PAM IN vector were double digested for 4 hours at
37 °C. The volume of fragments obtained from 2.2.2 were mixed with 10xCutsmart Buffer (NEB),
restriction enzymes 10 U Spel (NEB) and 10 U Agel (NEB) and a volume of nuclease free water
to total 20 ul. For the vector digestion, 5 pg of DNA was added to 10x CutSmart (NEB), 25 U
Spel (NEB), 25 U Agel (NEB) and nuclease free water. The ligation reaction mix was set up using

NEBioCalculator (https://nebiocalculator.neb.com/) and the sequence of interest was ligated to the

backbone vector using T4 DNA ligase enzyme (NEB). The mix was incubated at RT for at least
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30 minutes. Competent bacteria were transformed with the ligation mix and colonies formation
were checked the next day. Colonies from successful ligations were picked and grown overnight,
followed by DNA extracting using QIAprep spin miniprep kit (QIAGEN; #27104).

In order to screen, F4E cells that had insert the rTta sequence a plasmid carrying the mCherry
sequence under the TRE system was creating from the pTET _MED24 PAM IN vector. The result
can see seen on Figure 2.1.

After obtaining the different MED24 truncations plasmids, unexpectedly, between the ampicillin
resistance and the TetO promoter a small fragment that aligned with the enhancer of Tfcp2/1 gene
was found. In order to remove this fragment and to change the selection cassette from Neomycin
to Hygromycin (Table 2.3), three different digestion were set: to remove the Tfcp2/l enhancer
fragment, all the plasmids were digested with 10 U Sphl (NEB) and 10 U Sall (NEB); the
Hygromycin sequence was obtaining by digesting a plasmid made in the house (WBH99) with 10
U Kpnl (NEB) and 10 U Sphl (NEB); the MED24 truncations sequence were obtained by digested
with 10 U Xhol (NEB) and 10 U Kpnl (NEB). The DNA was extracted from the agarose gel and

a ligation reaction was performed as described above. The constructs obtained were sequenced.

Table 2.4 - Different MED24 truncated forms

MED24 Description Fragment Size (bp, Protein Weigh (kDa)
truncations
#1 N-terminus removed 2585 95.69
#2 C-terminus removed 2580 96.25
#3 N-terminus and C-terminus removed 2197 83.29

C-terminus partially removed but with tt
#4 2616 97.44
two ERK-phosphosites

C-terminus partially removed but with
#5 2586 96.42
only one ERK-phosphosite

C-terminus, the two ERK-phosphosites a
#6 2470 91.99
motif 6 removed
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Table 2.5 - Primer pairs used to amplify the different MED24 truncated forms

MED24

Forward Primer Reverse Primer
truncations
#1 ACTAGTCTCCACTGGCTGCTT ACCGGTGAGTGCAGCAATGGC
#2 GGAACTAGTTATGAAGGTGGTGAACCTG CCGCACCGGTTACAGGAGTCGCAT
#3 ACTAGTCTCCACTGGCTGCTT AGCACCGGTCAGGAGTCGGATCAG
#4 GGAACTAGTTATGAAGGTGGTGAACCTG CGCACCGGTTAACTTGACAGGATGT
#5 GGAACTAGTTATGAAGGTGGTGAACCTG CGCACCGGTTAGGAGCTCAGGAGT
#6 ACTAGTTATGAAGGTGGTGAACCTG ACCGGTCTTGTGGGAAGAGTAAG
TR

—HHHEEE D —EE—
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Figure 2.1 - Simplified schematic representation of used plasmids — a) Plasmid containing MED24 wild-type (WT) sequence or the
different MED24 truncation sequences under the control of TRE system. All sequences were tagged with a FLAG tag. The plasmid
had a neomycin (NEO) selection cassette. b) mCherry was cloned into the same vector as the previous one, but a puromycin
selection cassette was used. ¢) MED24 WT and truncations were cloned into a vector without the small fragment belonged to the
enhancer of Tfcp2l1 gene and with a Hygromycin (HygR) resistance. IRES - Internal ribosome entry site; AmpR — Ampicillin
resistance

2.3 Generation of cell lines and validation

2.3.1 Transfection and Electroporation

ES cells were plated in a 6-well plate with a confluency of 500 k cells per well and transfected
with the different vectors. Two different mixes were made, one with 3 pug of DNA and 250 uL of
the Opti-MEM medium, and the other with 3 pL Lipofectamine 2000 transfection reagent with
250 pL Opti-MEM medium (Table 2.3). Before the transfection, the mixes were combined and
incubated for 30 minutes at room temperature. The mix was added to each well and the cells were
incubated at 37°C and 5 % of COa. After 24 hours, the medium was supplemented with the
appropriated selection drug. When performed in 24-well plate, the reactions and cell number were
scale down, 0,8 pg of DNA was mixed with 50 uL of the Opti-MEM medium, and 2 pL
Lipofectamine 2000 transfection reagent with 50 pL Opti-MEM medium. This solution was added
to 125 k cells.

43



For electroporation, 5x10° cells were transfected with the 25 ug of linear DNA. Cells free of
medium were combined with the DNA into a Gene Pulser electroporation cuvette (0.4cm gap,
BioRad). The cuvette containing the mix was inserted in the electroporator (250 V, 500 uF). The
mix was carefully transferred to complete medium and 1x10° cells were plated per 10cm dish.
After 24 hours, fresh medium was added, and selection started with the appropriated selection
drug. The medium was changed every other day. After 10 days of selection, clones were picked
using trypsin into a 48-well. The next day, the medium was changed to fresh medium and the

surviving clones were expanded for further analysis.

2.3.2 Western Blotting

For protein detection, cells were collected and resuspended in laemelli lysis buffer (4 % SDS, 20
% glycerol and 120 mM Tris pH 7.4) and sonicated (40 % amplitude; 10 seconds; Brandelin
Ultrasonic homogenizer mini20). 70 ug — 150 ug of protein sample together with bromophenol
blue solution and DTT were loaded into a 4 %-10 % SDS-PAGE gel (Life Technologies) and the
proteins transferred to nitrocellulose membrane. The membrane was blocked for 1-2 hours using
a 5 % skim milk solution. The membrane was washed several times with TBST (see table 2.3)
before incubating with the respective primary antibodies diluted in a 5 % BSA solution. Primary
antibodies were detected using secondary antibodies that are conjugated with fluorophores (see
Table 2.6). The secondary antibodies diluted in a 5 % skim milk solution were incubated for 2

hours at RT. The membrane was visualised using Chemidoc MP (BioRad).

2.3.3 Immunofluorescence Staining

Cells were fixed with 4 % formaldehyde for 10 minutes at 37 °C, blocked in PBS, 5 % donkey
serum and 0.3 % Triton, for 2 hours at RT.

Primary antibodies were incubated in PBS with 1 % BSA and 0.3 % Triton overnight at 4 °C. On
the next day, plates were washed three times with PBS. Secondary antibodies were incubated for
1-2 hours at RT in the same solution as the primary antibody. The primary antibodies used can be
seen in Table 2.6.

Plates were washed three times with PBS and nuclei were stained with DAPI (1:10000 in PBS)

for 5 minutes. All images were acquired using confocal Zeiss LSM 780.
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2.3.4 Flow cytometry

For flow cytometry analysis, cells were detached with accutase, incubated with the respective
antibody (see table 2.6) in PBS with 10 % FBS for 30 minutes at 4 °C, washed three times. Then
cells were resuspended in PBS with 10 % FBS and 1 pg/ml DAPI. Cells were analyzed using
LSRFortessa (BD Bioscience) and dead cells were excluded based on DAPI inclusion.

Table 2.6 Antibodies used for Western Blot (WB), Immunofluorescence staining (IF) and Flow Cytometry (FACS). Respective
dilutions and suppliers.

Dilution

Antibody Dilution (WB) Dilution (IF) (FACS) Supplier (Catalog #)
ERK total 1:1000 - - Cell Signalling (4696)
FLAG 1:500-1:1000 1:200 - Sigma-Aldrich (F3165)
GFP 1:1000 - - Aves labs (GFP-1020)
H3 1:1000-1:5000 - - Abcam (10799)
MED24 1:500-1:1000 - - Bethyl Laboratories (A301-472)
NANOG 1:1000 1:200 - eBioscience (14-5761)
ocT4 i 1:200 ) SantaCruz Biotechnologies
(sc5279)
PERK 1:1000 - - Cell Signalling (4376)
PERK XP . 1:200 - Cell Signalling (4370)
PECAM - - 1:200 eBioscience (25-0311-82)
PDGF = = 1:200 eBioscience (17-1401-81)
Donkey anti-mouse Alexa Fluor 647 1:2000 1:2000 - ThermoFisher (A-31571)
Donkey anti-rabbit Alexa Fluor 647 1:2000 1:2000 - ThermoFisher (A-31573)
Goat anti-chicken Alexa Fluor 647 1:2000 - ThermoFisher (A-21449)
Donkey anti-rat Alexa Fluor 488 1:2000 1:2000 - ThermoFisher (A-21208)

2.3.5 RNA extraction

Cells were collected in RTL buffer supplemented with B-mercaptethanol and RNA was extracted
using RNeasy Mini Kit (Qiagen, 74104). To remove genomic DNA, on-column DNase digestion
was performed using RNase-Free DNase Set (Qiagen, 79254), following manufacture’s
instruction. RNA was eluted in nuclease free water and concentration determined using a

NanoDrop2000 spectofrometer (Thermo Scientific).
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2.3.6 cDNA synthesis

cDNA was synthesized using Superscriptlll reverse transcriptase according to manufacturer’s
guidelines. 1 pg RNA was incubated at 65 °C for 5 minutes with 1 pg random hexamer primers
and 5 mM dNTPs in a volume of 13 pl. Samples were then incubated at 4 °C for 5 minutes before
adding 5x First strand buffer, 0.1 M DTT, 40,000 U/ml RNaseOUT and SuperscriptIll enzyme
(see Table 2.3). After the synthesis, cDNA was diluted 1:10 in nuclease free water.

2.3.7 Real- Time quantitative PCR

Real-time quantitative PCR (RT-qPCR) was performed by using Universal Probe Library (UPL)
system (Roche), using LightCycler 480 Instrument II (Roche Life Science). Primers were designed

using the UPL assay design center (https://www.lifescience.roche.com). Probes were chosen using

the Roche Probe Library. The level of probe fluorescence corresponds to the level of product
generated in the PCR reaction. cDNA corresponding to 10 ng of RNA was combined with 500 nM
of probes, 450 nM of primers and 2 ul of nuclease-free water. First, a mix containing the primers,
probe and water was pipetted into a 384-well plate, centrifuged for 1 minute, lastly the cDNA was
added in the opposite side of the well to prevent cross-contamination. Standard curves for each
gene assay were generated by making serial dilutions of cDNA containing the gene of interest.
The samples were normalized for the amount of cDNA in each sample by calculating the values
of each gene relative to the housekeeping genes. In each run (?), two housekeeping genes were
used to normalise the data. Details of the primers and probes used in this study can be found in

Table 2.7.

Table 2.7 UPL primer pairs and respective probe

Gene Forward Primer Reverse Primer Probe
Dusp6 CTGGTGGAGAGTCGGTCCT CGGCCTGGAACTTACTGAAG 66
Egrl CCCTATGAGCACCTGACCAC TCGTTTGGCTGGGATAACTC 22
Gapdh GGGTTCCTATAAATACGGACT CCATTTTGTCTACGGGACGA 52
Kif4 GAGTTCCTCACGCCAACG CGGGAAGGGAGAAGACACT 62
Nanog CCTCCAGCAGATGCAAGAA GCTTGCACTTCATCCTTTGG 25
Pbgd AAAGTTCCCCAACCTGGA CCAGGACAATGGCACTGAAT 42
Sdha TGTTCAGTTCCACCCCACA TCTCCACGACACCCTTCTG 71
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Spry4 GTGGAGCGATGCTTGTGAC CACCAAGGGACAGGCTTCTA 17

Tbx3 TTGCAAAGGGTTTTCGAGAC TGCAGTGTGAGCTGCTTTCT 51

2.3.8 Karyotyping

A quick method to check if cell lines have the right karyotype is chromosome counting. To do this,
ESCs were expanded until they reached 70-80 % of confluency in a 25 c¢cm? plate. Cells were
washed with PBS and to arrest cells in metaphase they were incubated in cell medium containing
0.1 ug/ml KaryoMAX for 2 hours at 37 °C. After, cells were washed with PBS and trypsin was
added for 30 seconds. The cells were collected by adding medium and centrifuged at 1300 rpm for
5 minutes. The supernatant was removed, 2.5 ml of 0.56 % (w/v) KCI was added and incubated
for exactly 6 minutes at RT. After slowly adding 1ml fixative solution (75 % (v/v) methanol and
25 % (v/v) acetic acid), the cells were centrifuged at 1300 rpm for 3 min. The supernatant was
replaced with 1 ml fresh fixative and incubated at 4 °C for ON. After washing the cells another
time with fresh fixative without disturbing the pellet, the supernatant was carefully removed, and
the cells were resuspended in 200 pl fixative. Single drops were tipped down onto polylysine
coated glass slides. After air drying, chromosomes were stained with 10 % Giemsa solution for 30
min. The final chromosome counting was done with a regular light microscope. The chromosomes

of at least 10 randomly chosen cells were counted for each cell line.

2.3.9 Alkaline Phosphatase Staining

The undifferentiated state of ES cells can be characterized by a high level of expression of Alkaline
Phosphatase (AP). Cells were cultured in the different media for at least one passage and then 600
cells were plate into a gelatin-coated 6-well plate. Cells were allowed to expand for 5 days and
then fixed and stained using an Alkaline Phosphatase Detection Kit (Sigma-Aldrich). Cells were
washed with PBS and fixed for approximately 1 minute. After being washed with MiliQ water,

cells were stained for 1 hour and the plates were allowed to dry for one day before colony counting.

2.3.10 Alphafold

Alphafold was used to model a 3D structure of MED24 WT. Appendix 1

47



3. Results

3.1 C-terminal NR region of MED24 is necessary for nuclear localization of the protein

Before 2020, little was known about MED24 structure and function or its specific interactions with
different Mediator subunits. Therefore, one of the aims for this project was to investigate which
specific part of the protein is essential for ESC transcriptional regulation and PrE differentiation.
To characterize the protein regions and to understand how the subunit responds to ERK activation,
different MED24 truncations were designed. The N-terminus and C-terminus represent large
regulatory regions carrying important signals and residues. These regions can be targets of post-
translational modifications and used for binding to other proteins, ultimately affecting protein
structure and function (Fig. 3.1.1a,b). These important domains were removed, with AMED24 1
missing the N-terminus, AMED24 2 missing C-terminus and AMED24 3 missing both N-
terminus and C-terminus (Fig. 3.1.1c). It is also known that MED24 protein has six different
LxxLL motifs along with the two ERK-phosphosites, S860 and S870 (Fig.3.1.1b). Of note,
Hamilton et al. showed that while the two phosphosites of MED24 were extensively
phosphorylated by ERK, corresponding phosphomutants had only a minimal effect on ERK-
regulated transcription. Therefore, in order to eliminate the possibility of alternative proximal
phosphosites, differing portions of the C-terminus were deleted: a section containing the two
phosphosites together with the remaining C-terminus (AMED24 4), a section missing only one
phosphosite and the C-terminus (AMED24 5) and a section missing the two phosphosites and the
C-terminal LxxLL motif (AMED24 6) (Fig. 3.1.1c).

All truncations were cloned using a vector containing a FLAG-tagged cDNA sequence of Med24
under a TRE transactivator system (rtTA-dependent) and a Neomycin selection cassette (Fig.
3.1.2a). Primers for each truncation were designed and a restriction cloning strategy was used to
obtain the truncation vectors (see section 2.2). All truncations vectors, along with MED24 WT
vector, were inserted into an ERB cell line that constitutively expresses rtTA (Fig. 3.1.2a). Western
Blot analysis confirmed that the truncations were being expressed with the expected size, except
for AMED24 2 which was smaller than expected and AMED24 3 which showed no expression
(Fig. 3.1.2b). Since MED24 subunit is a nuclear protein; localization of the truncated subunits was
assessed. Stable cell lines were generated for MED24 WT, AMED24 1, and AMED24 4-6.
Immunostaining for the FLAG tag was used to detect MED24 and the truncations. Most of the
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truncated proteins retained a nuclear localization, except for AMED24 6 which appears to have

lost its nuclear localization signal (NLS) and is exclusively cytoplasmatic (Fig. 3.1.3).
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Figure 3.1.1 — Schematic representation of MED24 WT and truncations - a) Cryo-EM structure from Zhao H. et al., 2020,
N-terminus and C-terminus are marked with red circles. b) MED24 WT sequence. The six LxxLL motifs are indicated by blue
boxes.ERK phosphorylation sites are indicated by yellow vertical bars. c) The six diffrent truncations are represented along with
the predicted size. 50
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Figure 3.1.3 - C-terminal NR region of MED24 is necessary for nuclear localization of the protein - Immunostaing against FLAG tag in ERB
cell lines containing the mentioned vector without dox a) and with 3 days of dox treatment. Scale bars equal to 100 um.

51


Maria Clérigo
52

Maria Clérigo
51


3.2 The mAID system can be used to induce rapid depletion of MED24 in ESCs

To investigate the role of MED24 in ESCs, the Brickman Laboratory generated a conditional
MED24 KO cell line(Hamilton et al., 2019). Unfortunately, this cell line had limitations, like total
protein degradation taking up to 72 hours, making it impossible to induce MED24 depletion in a
time-sensitive manner in order to study acute effects.

The addition of an auxin-inducible degron (AID) system, which destabilizes expression of the
target protein, has been shown to be applicable for mESC (mAID) (Nishimura et al., 2009).
Additionally, Mediator subunits have been successfully targeted with mAID system or similar
protein degradation systems (El Khattabi et al., 2019; Jaeger et al., 2020). Therefore, this system
for acute protein depletion was used for the generation of a homozygous MED24-GFP-mAID cell
line (Fig. 3.2.1a) and an extensive characterization was performed. This line contains the Oryza
sativa TIR1 (OsTIR1) sequence, the auxin-response transcription factor (ARF16) sequence and
the cRAFA26-303. ERT? sequence all in one allele of Tigre locus (Fig. 3.2.1b). Consequently, auxin-
binding to the OsTIR1 receptor targets the mAID-tagged MED24-GFP for degradation by the
proteasome complex (Fig. 3.2.1¢). ARF16 represents a second layer of regulation for this system
after it was found that some proteins tagged with the mAID were degraded in the absence of auxin
(IAA) (Sathyan et al., 2019; Yesbolatova et al., 2020). ARF16 interacts with the mAID tag in the
absence of IAA, repressing the constitutive degradation of tagged proteins.

Rita Monteiro generated this cell line and based on flow cytometry analysis of the GFP signal from
the fusion protein (MED24-GFP), three isogenic clones were chosen: C2B, C7C and F4E (data
not shown). These clones were then used for characterization of this system. Since this line
underwent extensive genetic modifications, I assessed if the cells maintained a normal karyotype
and an ESCs phenotype under normal culture conditions (2iL). Chromosome counting was
performed, and the karyotyping revealed that two of the three clones were chromosomally normal
(n=40) (Fig. 3.1.2). The ESC phenotype (pluripotency state) was assessed using an Alkaline
Phosphate (AP) assay. All three clones showed a large number of AP* colonies (Fig. 3.1.3).
Then, to determine the optimal IAA concentration for inducing rapid degradation of MED24-GFP,
a titration of TAA treatment was performed (1 pM, 1 nM, 100 nM, 1 uM, 100 uM, 250 uM and
500 uM) (Fig. 3.2.4a). After 24 hours of 100 pM IAA treatment the GFP signal was no longer
detected. TBR, a cell line that does not respond to IAA treatment was used as a control (see 2.1.1).
Next, a time-course to assess the duration of MED24-GFP degradation in this system was

performed. After 30 minutes of [AA treatment, the MED24-GFP signal was reduced by half, while
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after 3 hours the signal was barely above background in all three clones (Fig. 3.2.4b). Western
Blot analysis confirms that 24 hours after 100 uM TAA treatment, the MED24-GFP signal was
undetectable in all three clones (Fig. 3.2.4c). Unfortunately, unlike TBR cells, no signal was
detected in the MED24-GFP-mAID line when the MED24 antibody was used for detection.
However, a GFP antibody showed a clean and strong signal.

To probe the cellular response to ERK activation with or without MED24, cells were cultured with
PD17 (FGFR1), preventing extracellular signals, and treated with IAA, for MED24 degradation,
48 hours prior to ERK induction (Fig. 3.2.5a, b). Then, cells were treated with 4OHT for 8 hours
to induce ERK and RNA was collected for analysis (Fig. 3.2.5b). Hamilton et al. observed that
ERK response was impaired with MED24 depletion, specifically the repression of pluripotency
genes, Nanog and Thx3 was attenuated. However, depletion of MED24 in ERK-induced MED24-
GFP-mAID clones did not appear to affect the downregulation of pluripotency genes (Fig. 3.2.5¢).
This result was supported by Western Blot analysis of NANOG protein with also showed no
difference (Fig. 3.2.6). Upon ERK induction for 8 hours, NANOG was still present in all MED24-
GFP-mAID clones treated with IAA, while in the control cell line TBR, a visible degradation of
the protein occured. The lower levels of pERK protein might explain the weak downregulation of
pluripotency genes (Fig. 3.2.5¢). Even though the total levels of pan-ERK were similar in all cell
lines, the pERK levels observed upon 4OHT treatment appeared different between TBR and
MED24-GFP-mAID cell lines (Fig. 3.2.6). This result was supported by the pERK
immunostaining, with TBR cells showing a strong homogeneous signal while MED24-GFP-mAID
clones showed a weak and heterogenous signal (Fig. 3.2.7). Even with heterogeneous induction,
MED24 depleted cells showed a reduced upregulation of differentiation genes, Egr/ and Spry4, as
compared to controls, although this effect was less pronounced in MED24-GFP-mAID clones
when compared to the MED24 KO cell line (Fig. 3.2.6d). Several attempts to insert an extra copy
of cRAFA?6-35. ERT? _rtTa to have a more homogenous induction of pERK were made using
different transfection techniques but to date none of them was successful.

Although, ERK induction in this cell line was not ideal, I showed that the degron lines could be
used for functional studies, such as differentiation assays, since the cells maintained normal ESC
qualities. I showed that FAE behaved most similarly to control cells and showed a better potential
for ERK induction than the other two clones; for that reason further analysis proceed with just the

F4E clone.
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Figure 3.2.1 — Strategy of inducible MED24-GFP-mAID protein degradation — a) Schematic illustration of how

MED24-GFP-mAID cell line was generated. Firstly, both alleles of Med24 gene were targeted using CRISPR/Cas9 mediated
homologous recombination to generate a fusion protein. b) The same technique was used to target an allele of Tigre locus with

the following sequences: OsTIR1 (auxin binding element), ARF16 (auxin-responsive transcription factor) and cRAFa?-3%3- ER™,

c¢) Schematic representation of mAID system. The fusion protein exists in the cell as the WT in the absence of IAA. When IAA is added
to the culture medium, it will bind the degron tag together with OsTIR1 protein, therefore this binding promotes the recruitment

of proteasomal complex leading to the degradation of the target protein, in this case, degradation of MED24 protein.
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Figure 3.2.2 — Kayrotyping of three different MED24- GFP-mAID clones. a. Bar charts show the percentage of chromosomes present in
the sample of analyzed cells from images. b. Representative images of cells that were used to count chromosomes for each clone.
c. Tables show the number of chromosomes in cell from the images taken.
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Figure 3.2.3 - AP staining for TBR cell line and MED24-GFP-mAID cell line - Cells were cultured in 2iL and expanded for 5 days before
the staining. No significant difference was observed between control and IAA treatment. Images are representative of 3 biological replicated.
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Figure 3.2.2 — MED24- GFP-mAID cell line shows a rapid and inducible protein degradation — a) IAA concentration titration on
MED24-GFP-mAID cell line. IAA was added and cells were collected 24 hours after treatment. GFP signal was measured by

flow cytometry analysis. b) Time course of GFP degradation using 100 uM of IAA. After 3 hours most of GFP signal is gone in

all three clones. c) Western Blot analysis of GFP and MED24 signal in cells treated and not treated with IAA. No signal was obtained
for MED24 antibody.
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Figure 3.2.5 - Induction of ERK pathway in MED24-GFP-mAID cell line — a) Schematic illustration on where PD17 inhibitor acts and
where 40HT (tamoxifen) acts to activate the pathway. b) Timeline of ERK induction. Cells are plated in medium supplemented with
PD17, the next day IAA was added to the cell. At day 2, 4OHT was added to the cells and 8 hours later cells were collected, and
RNA or protein were extracted in all four conditions indicated. Expression levels of differentiation genes, Egr? and Spry4 (c), and
pluripotency genes, Nanog and Thx3 (d) in TBR and MED24-GFP-mAID clones were evaluated by gPCR. Bar plots show the
relative expression normalized to -4OHT-IAA in each cell line.
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Figure 3.2.6- Western Blot analysis for the expression levels of GFP, ERK, pERK and NANOG in the TBR and MED24-GFP-mAID
clones after MED24 depletion and ERK induction. Histone H3 was used as loading control.
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Figure 3.2.7 - Immunostaining of pERK (citrine) in the TBR and MED24-GFP-mAID clones following 2 hours of 40OHT treatment,
including DAPI (magenta). Scale bars equal to 100um.
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3.3 Nanog expression in ground state ESCs is regulated by MED24 and MEKi

PDO03 (MEK:i) is known to be a potent inhibitor of the FGF/ERK pathway and is used to keep ESCs
in a more pluripotent state. To investigate the interplay between MED24 depletion, MEKi and
pluripotency maintenance I cultured cells in defined mediums: 2iL. and ChirL (only CHIR99021
and LIF were added to the medium) and performed a self-renewal assay (AP staining). Depletion
of MED24 in cells cultured in 2iL did not seem to affect the pluripotent state with most cells being
AP" (Fig.3.3.1a, b). However, when cells were cultured in ChirL a difference in cell survival was
noticeable and cells without MED24 appeared AP, indicating that they exited the ground state
(Fig.3.3.1a, b).

Furthermore, to assess expression of pluripotency genes, MED24 was degraded at different time
points and gene transcription was measured. After 3 and 6 hours of MED24 depletion in 2iL a
downregulation of Nanog gene transcription was observed, with this downregulation disappearing
after 24 hours of treatment (Fig. 3.3.1c¢)). This result explains why no difference was observed in
the self-renewal assay.

Then, to assess crosstalk between MED24 and the FGF/ERK pathway cells, were first adapted to
ChirL medium and then MED24 was depleted. Gene expression analysis revealed that without
MEKi, cells seem to lose the ability to recover Nanog expression after 24 hours of IAA treatment
(Fig. 3.3.1c). Again, the self-renewal assay supported this result, showing that cells could not
maintain the pluripotent state when MED24 loss was coupled with FGF/ERK signaling (removal
of MEKi).
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Figure 3.3.1 — MED24 and MEKi are necessary to keep Nanog expression in ground state cells - a) Alkaline Phosphatase (AP) staining
shows that the MEF24-GFP-mAID cell line (F4E) keep the pluripotent stage when cultured in 2iL, no difference is observed when I1AA is
added to the culture medium. In the right panel, a difference in the number of AP+ colonies between control and cells treated with IAA
is visible. b) Quantification of AP+ colonies in the medium indicated. Data shown is representative of 3 biological replicates. c) RT-qPCR
analysis of Nanog expression in different time points for MED24 depletion in the presense and absence of MEKi. 62


Maria Clérigo
62


3.4 MED24 is essential for PrE endoderm but not Neural differentiation

As mentioned earlier, Hamilton et al. showed that the MED24 subunit is essential for normal PrE
differentiation while it is dispensable for Q%ural differentiation. To confirm that the same
phenotype could be observed using a cleaner degradation system, differentiation potential of the
MED24-GFP-mAID cell line was tested. Neural differentiation (cells cultured in N2B27 for 7
days) did not appear to be affected by MED24 removal (100 uM TAA treatment), with both treated
and non-treated cells upregulating TUJ1, a neural marker (Fig. 3.4.1). Alternatively, by day 7 of
PrE differentiation (cells cultured in RACL) (see Table 2.1), cell morphology analysis showed that
PrE differentiation was compromised in MED24 depleted cells, while TBR cells formed the
characteristic PrE patches (experimental schematic, Fig. 3.4.2a; Fig. 3.4.2b). MED24 loss was
confirmed by GFP expression, showing a diminished signal in the MED24-GFP-mAID line at day
5 (Fig 3.4.2¢). A difference in the expression of a PrE cell surface marker (PDGFRa) between
treated and non-treated cells was also observed (Fig. 3.4.2d). Immunostaining at day 5 further
supported that MED24 depleted cells failed to differentiate to PrE since they were unable to
upregulate GATAG6 (Fig. 3.4.3). These results indicate that this system presents a similar
phenotype as the previously described for the MED24 cKO line, reinforcing that MED24 is

necessary for PrE but not neural differentiation.

63


Maria Clérigo
62


+ H20 + |AA

TBR FAE TBR FAE

TUJ1

DAPI

Figure 3.4.1 - Expression of TUJ1 is not affected in MED24-depleted cells undergoing neural differentiation. Immunostaining
of TUJ1 (green) of TBR and MED24-GFP-mAID clones at day 5 of neural differentiation, in the absence or presence of IAA
(100uM), including DAPI (grey). Scale bars equal to 100um.
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Primitive Endoderm (PrE) differentiation of MED24-GFP-mAID mES cells
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Figure 3.4.2 - MED24 is essential for PrE differentiation — a) A schematic diagram for Primitive Endoderm (PrE) differentiation of
MED24-GFP-mAID mES cells. b) Brightfield images of TBR and MED24-GFP-mAID clones at day 7 of PrE differentiation in the absence

or presence of IAA (100uM). Scale bar equals to 100um.
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Figure 3.4.3 - Expression of GATAG is reduced in MED24-depleted PrE. Immunostaining of GATAG6 (cyan) of TBR and
MED24-GFP-mAID clones at day 5 of PrE differentiation, in the absence (a) or presence of IAA (100uM) (b), including DAPI (grey).
Scale bars equal to 100um.
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5. Discussion

In this thesis, I addressed the hypothesis that regulation of MED24 plays an important role in ESC
transcriptional response.

First, I set out to investigate which domains of MED24 are required for its functionality, beginning
with a general analysis of structural components and motifs. Different LxxLL motifs were
identified, which have been described as necessary to mediate the binding of proteins to nuclear
hormone receptors (NRs) (Heery et al., 1997). Furthermore, adjacent to one of the LxxLL motifs,
MED?24 has two serine residues that have been shown to be specifically phosphorylated by ERK
(Hamilton et al., 2019). I designed six different truncations of the MED24 protein to decipher how
crucial the regions around the phosphosites were for function as well as assess potential crosstalk
with NR binding (Fig. 2.1 and Fig. 3.1.1c). I showed that the truncated forms were stably produced
and could be used to investigate MED24 structure. | found that AMED24 6, deletion of the NR-
binding motif adjacent to the ERK-phosphosites, lost its nuclear localization, resulting in a protein
mainly expressed in the cytoplasm (Fig. 3.1.3). Of note, motif analysis on ERK-repressed
enhancers, such as Nanog, showed an enrichment for proteins with nuclear hormone receptor
motifs, which are part of the NR superfamily (Hamilton et al., 2019). Specifically, oestrogen-
related receptor f (ESRRB) binding motifs were enriched in ERK-repressed enhancers, coinciding
with MED24 binding sites. Therefore, the interaction of ESRRB with MED24 through the NR
motif might be necessary for MED24 nuclear localization. I could test this hypothesis by assessing
MED24 localization in an Esrrb KO cell line. Of course, other NRs, such as Nr5a2, could
compensate for Esrrb loss, therefore it would also be beneficial to characterize co-binding of NRs
(ESRRB and NR5A?2) with the MED24 truncated proteins. The co-binding assays could also
address the importance of the adjacent phosphosites, with the possibility of reduced binding with
truncation missing these sites. This analysis could be improved by the addition of a MED24 mutant
harboring a specific mutation in the NR binding motif and specific phospho-mutants.

The protein structure field is advancing quickly with the implementation of new technology such
as CryoEM and AI modeling, resulting in novel information about protein structures coming out
every day. As an example, at the start of this project very little was known about MED24 structure
and about the mammalian Mediator complex. This reality changed during just the last year, with
novel information about the Mediator structure and its subunits becoming known (El Khattabi et

al., 2019; Zhao et al., 2020).These new analyses revealed critical residues in the mediator subunits,
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offering even more possibilities for potential mutations to assess MED24 function. Furthermore, I
was able to visualize MED24 using the brand new Al AlphaFold software database (Jumper, J et
al. Nature (2021); https://alphafold.ebi.ac.uk/), which provides 3D structures of proteins based on
sequence alone (Appendix 1). I believe that this tool offers a novel way to model my MED24
truncations, producing a more comprehensive analysis of how the loss of specific regions and
residues affects the overall structure of MED24, providing more information about how it binds

other TFs or how it fits into the mediator complex as a whole.

Secondly, I demonstrated that the MED24-GFP-mAID cell line can be used as a time-sensitive
system to study the effects of MED24 loss (Fig. 3.1a, b). I showed that an efficient and rapid
degradation of MED24 occurs after IAA addition, with 30 minutes reducing the GFP signal by
half and loss of a detectable signal achieved after 3 hours (Fig 3.2.4). Depletion of MED24 protein
was confirmed by Western Blot analysis of GFP levels (Fig. 3.2.6). A specific MED24 antibody
was also used to detect the protein but unfortunately, no signal was obtained. Addition of a tag,
like GFP-mAID, to proteins might interfere with stability of the protein leading to a possible

decrease in the levels of protein expression, making it difficult to obtain a signal.

Moreover, the MED24-GFP-mAID cell line contained a cRAFA?%303. ERT? sequence, but
unfortunately its activity was heterogeneous and not being ideal for studying ERK induction. A
possible explanation for reduced ERK induction could be the difference in how the cRAFA26-303.
ER™ sequence was inserted into the genome. As explained earlier, the Tigre locus was targeted
with a piece of DNA containing the OsTIR1, ARF16 and cRAFA?6-3%3. ERT?, Consequently, poor
cleavage efficiency from the two different self-cleavage peptides sites (T2A and P2A; Fig.3.2.1b)
could be leading to instability of the cRAFA26-303. ERT? protein, resulting in a reduced ERK cell
induction. Solutions to address this issue include increasing the concentration of tamoxifen
(40HT) or re-targeting the Tigre locus with a different approach, where the OsTIR and ARF16
sequence are integrated in one allele and the cRAFA?6-393. ERT? sequence into the other allele.
Additionally, I inserted in the MED24-GFP-mAID cell line with an rtTA sequence (TRE
transactivator) and showed that this cell line can express all the MED24 truncations vectors
(Appendix 2). Together this suggests that it is possible to obtain a cell line where I can acutely
deplete the endogenous MED24 protein, induce ERK phosphorylation homogeneously and
conditionally express specific MED24 truncations. This tool will allow me to investigate the role

of different MED24 domains in the context of FGF/ERK signaling. For example, do MED24
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structural changes affect ERK-dependent enhancer activity? A new technique implemented in the
Brickman Laboratory, Cut&Run, could be used to build a comprehensive map of TF binding and
chromatin marks, like the active enhancer marker H3K27ac. This method would allow me to
determine if specific domains of MED24 are necessary for enhancer activation. Specifically I
could look at ERK activated and repressed enhancers and see how its activity (H3K27ac levels) is

affected by the different MED24 truncations.

Next, I looked at the importance of MED24 for maintaining ground state pluripotency, in other
words in the presence of MEK inhibition. I showed that in the absence of MED24, MEKi is
required to maintain pluripotency. More specifically, MED24 depletion in 2iL showed that short
term loss (3-6 hours) resulted in downregulation of Nanog expression while a longer depletion (24
hours) recovered levels (Fig. 3.3.1¢). AP staining of ESC colonies grown in 2iL also showed no
detectable difference between depleted and non-depleted cells, supporting the Nanog expression
observation. What possible mechanism could cells possess to overcome the loss of MED24?
MED?24 has been described as part of a tail sub-complex with MED23 and MEDI16, that is
implicated in MAPK activity (Ito et al., 2002; Stevens et al., 2002b). As mentioned, recent cryo-
EM structures revealed extensive binding sites between these three subunits, supporting the
possibility of an intricate relation between this sub-complex. Additional protein structures revealed
a high degree of similarity between MED24 and MED23 subunits (Zhao et al., 2020). This
information leads me to hypothesize that Mediator complex is destabilized upon short depletion
of MED24 in 2iL conditions, but when this loss is maintained for longer periods, Mediator adapts,
forming an alternative complex to resume expression of pluripotency genes. To determine if the
MED23 subunit could replace MED24 in this alternative complex I could make double knockouts
of these subunits and additionally of MED16 and assess the transcriptional response in the ground
state. However, when cells were released from MEK], the recovery of Nanog expression was not
detected. Could this mean that in the presence of FGF signals, Mediator complex cannot recover
from the MED24 loss? This could possibly be explained by the presence of basal levels of FGF
signaling, producing enough phosphorylation to sufficiently destabilize the Mediator complex,
blocking the formation of an alternative structure. Therefore, loss of MED24 leads to the

amplification of the FGF repressing effect.

Finally, I challenged cells to differentiate into neurons or primitive endoderm in the presence or
absence of MED24, using my time-sensitive system for MED24 depletion. I showed that while

MED24 was not necessary for neural differentiation it was required for PrE differentiation,
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validating what Hamilton et al showed previously. Therefore, acute depletion of MED24 had the
same effect on differentiation potential as long-term loss that was necessary in the previous system.
These observations show that while Mediator at pluripotency enhancers in the ground state can
recover from MED24 loss, MED24 appears to be required for the prolonged assembly of new

Mediator complex at the differentiation enhancers, which is required for PrE maturation.

These observations lead me to propose a model (Figure 4.1):

e In 2iL conditions: short-term loss of MED24 destabilizes the Mediator complex causing
it to fall off chromatin. Longer-term loss of MED24 gives the cells time to adopt an
alternative structure that is functional and able to recover Nanog levels (Fig. 4.1a).

e  When cells are released from MEKi, MED24 is necessary to keep the holoenzyme at
nuclear hormone enhancers. Basal phosphorylation levels, as a result of FGF signaling,
are sufficient to fully destabilize the Mediator complex, blocking recovery of Nanog
expression (Fig. 4.1a).

¢ In differentiation conditions, where high levels of FGF are involved, activated genes are
not able to be transcribed in the absence of MED24. Mediator complex cannot assembly

de novo in MED24 is absence (Fig.4.1b).

I could validate aspects of this model using RIME (Rapid Immunoprecipitation Mass spectrometry
of Endogenous proteins), a method recently implemented in the laboratory. This would be done
by pulling down a core protein (i.e. MED1) and characterizing Mediator complex composition in
the presence or absence of MED24. [s stability of the complex affected or is the connection to the
core module loss leading to a non-functional complex? (El Khattabi et al., 2019). How is the
binding of PIC components affected, specifically RNA Pol II? Furthermore, by using a method
based in mass spectrometry analysis I have the opportunity to assess phosphorylation levels of
residues within the subunits, with or without FGF/ERK signaling. Finally, this technique could be
applied to cells expressing MED24 truncations, in order to test if the integration of MED24 into
the core module and/or the tail module is dependent on specific domains. Where do TFs bind
MED24? Additionally, using this technique with the different MED24 truncations will give us a
better understanding of how MED24 interacts with other subunits, TFs and cofactors of the PIC
complex. In the context of ERK-mediated response, we known that MED24 is present at activated
and repressed genes but the motifs differ, with ESRRB and NR motifs more specific to ERK-
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repressed enhancers. So how is specificity accomplished? Do activators bind to a specific domain
of MED24 while repressors prefer a different domain?

For a broader analysis of how depletion of MED24 affects E-P interactions, we could compare
chromatin confirmation using Hi-C analysis or Micro-C for fine structures. Does acute depletion
of MED24 have a strong effect on chromatin structure? Are the loops maintained with acute
depletion and destroyed with long-term depletion? Do the loops change to accommodate a possible
alternative Mediator complex? Overall, this could provide a better understanding of how Mediator

complex composition affects chromatin structures at specific regions of the genome.
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Figure 4.1 — Model proposed to explain MED24 requirement in the gene transcription - a) In 2iL (top) short-term loss of MED24
causes the complex to fall off of chromatin. Longer periods of MED24 depletion leads to the formation of an alternative complex
that allows the recovery of Nanog. In the presence of FGF (lower), phosphorylation causes instability in the Mediator complex
and consequently it leaves the pluripotency genes. b) In differentiation conditions, the PIC complex leaves the pluripotency genes.
Differentiation genes are not able to be transcribed in the absence of MED24. Mediator complex cannot assembly de novo in
MED24 is absence.
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1. Conclusion

Gene transcription is a complex and intricate mechanism that is extensively investigated. Different
factors involve in the regulation have been identified. Thus, a good system to study these factors
is necessary. LOF systems represent a functional tool that allows us to understand better the role
of specific genes and proteins. MED24 was identify as a co-factor involved in ERK-mediated
transcriptional response. In this thesis, I showed that study MED24 structure has the potential to
give us great comprehension about protein function and regulation. This knowledge will also allow
us to understand better regulation of gene transcription. I also show that an auxin-inducible degron
(AID) system can be used to study protein depletion. Specifically, I show that MED24-GFP-mAID
cell line can be used to study acute protein depletion. This tool combine with MED24 truncations
will allow us to get an insight about MED24 structure and how MED24 is regulated by ERK
signaling. Here, I explored the effects of MED24 acute depletion in pluripotency maintenance and
differential potential. I showed that in a ground state, Nanog, a pluripotency transcription factor is
regulated by MED24 and MEKIi. I show that while Mediator at pluripotency enhancers in the
ground state can recover from MED24 loss, MED24 appears to be required for the prolonged
assembly of new Mediator complex at the differentiation enhancers, which is required for PrE
maturation.

Concluding, MED24 seems to be a major player in transcription regulation in ESCs and more

analysis will provide us with better understating about this subunit acting mechanism.
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Appendix 1

Aligned residue

Scored residue
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Appendix 1 - 3D structure predicted based on AAs sequences by AlphaFold. Predicted aligned error The color at position (x, y) indicates
AlphaFold’s expected error at residue x, when the predicted and true structures are aligned on residue y.
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Appendix 2

pCAGGs HTA IRES

¢ Lipofection

MED24-GFP-mAID cell line F4E

Puro® |——

¢ Puromycin selection
Stable and clonal cell line FAER

* Lipofection

TRE
@ + DOX

Reporter assay

with DOX without DOX

Appendix 2 — a) Strategy used to generate F4ER cell line - a) tT A sequence was insert in F4E clone of MED24-GFP-mAID cell
line. Three different clones were screen using the expression of a mCherry plasmid under a TRE system. b) mCherry expression
was confirmed using live imaging. Scale bars equal to 100 mm
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Appendix 3

a FLAG

TRE
———| |Med24-WT, T1-T6 cDNA | —RES

¢ Lipofection
MED24-GFP-mAID cell line F4ER

v

Stable and clonal cell line

F4E F4ER.1 F4E F4ER.1 F4E F4ER.1
MED24 WT MED24 T1 MED24 T2 MED24 T3 MED24 T4 MED24 T5 MED24 T6
! ! I +IAA ! 1 +IAA ! I +IAA / ! 1 +IAA ! I +IAA ! I +IAA / ! I +IAA
i | +Dox +Dox / +Dox +Dox ! +Dox +Dox 1 I +Dox +Dox | +Dox +Dox / +Dox +Dox / I +Dox +Dox
a-GFP |\ o S : ———

a-FLAG

a-H3 “ ” V

C
MED24

F4ER.2 / WT T1 T2 T3 T4 T5 T6

FLAG

Appendix 3 - a) Linearized vectors containing the MED24 WT sequence and the six different truncations were transfected to FAER
cell line. b) Western Blot analysis for GPF and FLAG-tag confirm the functionality of the mAID system and the expression of
AMED24_2, AMED24_4, AMED24_5 and AMED24_6. c) Immunostaining against FLAG shows positive cells in all truncations,
These results indicate that a stable cell line expressing all 6 truncations is possible
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