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ABSTRACT

The discovery of the contribution of alterations in the epigenome to genetic diseases has
driven research into epidrugs that target such alterations. 22ql11.2 deletion syndrome, also
called DiGeorge syndrome, is a rare genetic disease that is primarily a disease of TBXI
haploinsufficiency. Studies conducted in animal models of 22q11.2DS, and especially in 7hx/
mutant mice, suggest that epigenetic changes at the 7hx! locus might contribute to disease
pathogenesis. Therefore, epidrugs capable of modulating 7BX/ expression are of particular
mterest because of their potential to increase our understanding of the mechanisms by which
ThxI 1s regulated during embryogenesis, which are largely unknown. They may also have
therapeutic value for treating some of the signs and symptoms of 22q11.2DS, although many of
these are congenital anomalies and therefore not amenable to pharmacological intervention.

The major goal of this research project was to identify epigenetic changes in the form of
histone modifications that are 7bx/-activating in cell cultures and in embryonic tissues. For
this, T used two different approaches; the first was a candidate drug approach for which I
selected epidrugs that target histone modifications that are generally associated with gene
activation. I then tested the ability of single and combined epidrug treatments to increase 7bx/
expression in two cell culture systems. The second was a bioinformatics-based approach, in
which a newly developed algorithm was applied to extract information about histone
modifications across the mouse genome from large datasets of gene expression and chromatin
organization deposited in public databases and integrate it with the sequence of newly
identified putative 7bx/ enhancers. This novel approach allowed me to identify the most highly
represented histone modifications associated with activation of the 7hx/ locus.

The goals of the project were largely met, as each approach identified two putative
ThxI-activating histone modifications. In addition, I identified a combination of epidrug
treatment that targets these modifications and increases 7hx/ expression in cells. In future
experiments, the combined epidrug treatment regime will be used to determine the in vivo
relevance of these 7bx/-activating histone modifications through phenotypic rescue
experiments in 7hx/ mutant mice.



1. INTRODUCTION

1.1 T-BOX GENE FAMILY

The T-box gene family comprises transcription factors involved in morphogenesis and
organogenesis in early vertebrate development. The first gene of this family to be identified,
Brachyury (T), was cloned from the mouse no tail mutant in 1990 (Herrmann et al., 1990), and
the subsequent identification of orthologues in different species led to the formation of the
family known as the "T-box" family (Bollag et al., 1994). The members of this family are
characterized by the presence of a highly conserved sequence of about 200 amino acids, known
as the “T domain”, which binds specific DNA sequences to regulate gene transcription, in
particular transcription factors that are essential for normal embryogenesis.

In humans, 17 T-box genes involved in embryonic development have been identified.
The majority of mutations identified in T-box genes are missense mutations, deletions,
msertions, and splice site copy number variations. Few mutations have been identified in the
regulatory regions, therefore little is known about the transcriptional regulation of many T-box
genes. Mutations in T-box genes commonly disrupt the morphological processes that are
critical for early embryonic development, leading to congenital anatomical anomalies (Fig.1).
(Ghosh et al., 2017)
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Figure 1. Clinical features associated with disorders related to mutations in TBX genes.

The figure highlights various organs and tissues that exhibit anomalies or dysfunction, including the brain.
endocrine glands (thyroid and adrenal glands), heart, upper limbs, palate and spine. Specific examples of
pathological conditions are shown. such as congenital heart defects, hypoplasia of radial and ulnar bones and
abnormalities in the immune and renal systems. These conditions are often associated with chromosomal deletion
syndromes, such as TBX1 deletion is associated with Di George syndrome (22q11.2 deletion syndrome). Figure
modified from Ghosh et al., 2017.



1.1.1. 7BX GENES AND PROTEINS STRUCTURE
AND FUNCTION

The T-BOX transcription factor family has ancient origins, with its various members
mvolved in many fundamental processes related to growth and development (Naiche et al.,
2005). The first member of this family to be identified, named Brachyury (from the Greek
"short tail"), was described in 1927 following observations of a mouse with a mutation that
reduced tail length and affected embryonic development (Dobrovolskaia-Zavadskaia, 1927).
Brachyury, also known as T or TBXT, was rapidly recognized as a classical developmental
gene due to its critical role in the formation of the notochord and posterior mesoderm.
Homozygous mutations in TBXT are lethal, while heterozygous mutations result in a truncated
tail (Papaioannou, 2001). T-BOX genes are transcriptional activators or repressors. They
exhibit a high degree of evolutionary conservation and share a characteristic protein motif with
TBXT, known as the T-domain, comprising 180-200 amino acid residues, which enables
specific DNA binding (Bollag et al., 1994). In humans, 17 transcription factors belonging to
this family have been identified. The relationships among T-BOX genes are reflected in the
homology of their DNA-binding domains, based on which they are classified into five
subfamilies: T subfamily (TBXT and TBX19), TBX1 subfamily (TBX1, TBX10, TBXI5,
TBX18, TBX20, and TBX22), TBX2 subfamily (TBX2, TBX3, TBX4, and TBXS5), TBX6
subfamily (TBX6 and MGA), and TBR1 subfamily (TBR1, EOMES, and T-BET) (Naiche et
al., 2005; Papaioannou and Goldin, 2008) (Figure 2).
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Figure 2. Domain structure and binding profile of human T-BOX transcription factors.
T-BOX family members are classified into five subfamilies that have a similar T-BOX domain sequence, which is
an evolutionarily conserved DNA-binding motif and a representative signature of the T-BOX family. In addition
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to the shared T-BOX domain, T-BOX members have specific structural domains that result in functional
differences. The diagram shows the DNA-binding domain (T-BOX, blue box). inhibitory domains (grey box).
activation domain (red box). +2a splicing variant (green box), and nuclear localization sequence (black box). The
chromosomal positions and the domain structures of T-BOX family members have been ascertained. The
predicted T-BOX binding profiles were obtained from the JASPAR public database. Figure modified from Li et
al., 2024.

Thanks to their structural characteristics, which combine common and specific elements, T-
BOX factors play a crucial role in multiple aspects of embryonic development. The proteins
encoded by these genes have two functional domains: a DNA-binding domain, called the T-
domain or T-box, which binds to a specific DNA region known as the T-box Binding Element
(TBE) (Figure 3), and a transcriptional activation or repression domain located in the C-
terminal region of the protein (Wilson and Conlon, 2002).
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Figure 3. Domain structure of T-box proteins and crystal structure of T-domains bound to DNA.

(A) The domain structure of three T-box proteins [T (Kispert et al., 1995), Tbx20a (Stennard et al., 2005) and
Tbx5 (Zaragoza et al., 2004)] illustrating the location of the DNA-binding domain in the N-terminal portion and
either a transcriptional activation domain or activation and repression domains in the C-terminal region. The
domain involved in nuclear localization has not yet been determined for Tbx20. (B) Crystal structure of T-domains
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from Xenopus laevis T (Xbra) bound to a palindromic T-box binding element derived from the in vifro selected
consensus sequence (Miiller and Herrmann, 1997) and from human TBXS5 bound to a natural T-box binding site
from the ANF promoter (Stirnimann et al., 2010). Images are from the RCSB Protein Data Bank (www.rcsb.org):

ID numbers 1XBR (Xbra) and 2X6V (TBX5).

Crystallographic studies have identified the TBE sequence bound by various T-BOX
proteins. Although the DNA-binding domain is highly conserved, the different effects of
activators or repressors may depend on the TBE sequence with which they interact and the
manner in which they bind DNA (Conlon et al., 2001). For example, Brachyury (TBXT) binds
the palindromic sequence TCACACCTAGGTGTGA, whereas Eomesodermin (Eomes) binds
two direct repeats of the central motif separated by four nucleotides (Kispert and Herrmann,
1993).

In model organisms, including mouse, fish and ascidians, T-BOX genes play essential
roles in embryonic development, cellular differentiation, and the regulation of numerous
physiological processes (the roles attributed to TBX1 are described in section 1.1.2). Most
T-BOX genes are expressed early in embryonic development and regulate the development of
the posterior mesoderm and primitive streak, as in the case of TBXT. In mice, the absence of
TBXT results in severe abnormalities in the notochord, allantois, and primitive streak formation
(Beddington et al., 1992; Naiche et al., 2005; Wehn et al., 2020). Similarly, TBX4 is crucial for
allantois development, and its loss causes impaired differentiation and disrupted umbilical cord
connections, leading to embryonic lethality (Naiche et al., 2011; Naiche and Papaioannou,
2003). TBX6 1is involved in somite formation, while TBXI18 regulates somatic
compartmentalization through Mesp2 and Delta/Notch signalling (Bussen et al., 2004; Naiche
et al., 2011). EOMES, on the other hand, is critical for trophoblast growth and differentiation
(Russ et al., 2000). Many members of the T-BOX family are critical for heart development and
mutations or variants are associated with congenital heart defects. For example, TBXT, TBX1,
TBX2, TBX3, TBXS, TBX6, TBX18, and TBX20 are implicated in the development of the
ventricular chambers of the heart, valves, septa, outflow tract and the cardiac conduction
system (Papaioannou, 2014). TBX2, for example, interacts with other transcription factors,
such as Nkx2.5, to inhibit ANF gene expression in the atrioventricular canal during cardiac
chamber formation (Habets et al., 2002). TBXS haploinsufficiency causes conduction
abnormalities, while TBX20 mutations are linked to dilated cardiomyopathy and arrhythmias
through alterations in Kv11.1 ion channels and ventricular repolarization (Bosada et al., 2023;
Caballero et al., 2017; Cai et al., 2013; Chen et al., 2021; van Ouwerkerk et al., 2022; Zhu et
al., 2008). T-BOX genes are also essential for limb and craniofacial development. They
regulate somatic region development during limb budding and maintain active expression until
late developmental stages (Papaioannou, 2014). Mutations in TBX4 and LMXI1B, part of the
PITX1/TBX4 cascade, cause small patella syndrome, characterized by anomalies of the pelvis,
patella and foot (Bongers et al., 2004; Kerstjens-Frederikse et al., 2013). TBX1 regulates
pharyngeal growth factors and contributes to craniofacial muscle development (Baldini, 2003;
Liao et al., 2004). TBX2 and TBX3 are essential for correct formation of the palate, and their
mutation causes cleft palate, as do mutations in TBX22 (Braybrook et al., 2001; Zirzow et al.,
2009). Beyond their role in development, T-BOX factors are involved in critical cellular
processes. TBX3, for instance, maintains embryonic stem cell pluripotency by promoting self-
renewal, and inhibits differentiation (Dong et al., 2019) and can activate genes essential for
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mesodermal and extraembryonic differentiation, such as Eomes, T, Sox17, and Gata6 (Lu et al.,
2011; Weidgang et al., 2013). Simultaneously, TBX3 acts as a transcriptional repressor of
genes such as pl4ARF, p21WAFI1, and E-cadherin, influencing cell proliferation and cell
migration (Willmer et al., 2016). TBX2, as a transcriptional repressor, suppresses p21 and
contributes to bypassing cellular senescence, with implications in tumorigenesis (Prince et al.,
2004). TBX4 is crucial for lung morphogenesis, while TBXS is involved in the development of
the visual system by regulating vertical image stability (Al-Khindi et al., 2022; Prapa et al.,
2022). In the urinary system, TBX18 is necessary for kidney development, and its absence
causes anomalies such as hydro ureter and hydro nephrosis (Airik et al., 2006; Xu et al., 2014).
Finally, TBR1 regulates neuronal migration and axonal connection formation, with mutations
associated with neurological disorders (Co et al., 2022; Papaioannou, 2014). Recent single cell
sequencing studies have revealed additional roles for T-BOX factors, such as the spatial
heterogeneity of TBX3 expression during the transition between different trophoblast cell lines
(S. Lietal., 2024).

1.1.2. TBX1: MOLECULAR AND DEVELOPMENTAL
FUNCTIONS

1.1.2.1 TBX1 gene structure: The human 7BX1 gene has three potential isoforms, composed of
9 or 10 exons, generated through alternative splicing. These isoforms differ in the position of
the stop codon. The T-box domain is conserved across all isoforms and spans exons 3 to 7
(Figure 4) (Conti et al., 2003; Ogata et al., 2014; Yagi et al., 2003). The gene 1s located on the
proximal long arm of human chromosome 22 (22q11.2), while its murine homolog is found on
chromosome 16 (Chieffo et al., 1997; Gao et al., 2013). Due to the sequence identity of
approximately 93% to 98% between the murine 7hx/ gene and its human counterpart, the
mouse has been used as a model organism to study the potential effects of mutations in the
human gene (Garg et al., 2001).
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Figure 4. TBX1 isoforms visualized using the UCSC Genome Browser.

The isoforms A, B, and C are shown in blue, while an in silico-derived isoform D is represented in light blue, The
T-box domain, which is conserved across all isoforms, is depicted in red. The UCSC Genome Browser platform
allows visualisation of introns (lines with arrows), exons (thick segments), and non-coding regions (narrower
segments). Arrows indicates the transcriptional orientation of the gene. At the top of the figure, the chromosomal
ideogram is displayed. http://genome.ucsc.edu Assembly: Human (GRCh38/hg38)

Comparative studies of human and murine genomic sequences revealed that the
terminal exons of isoforms TBXI1A (exon 9A) and TBXIB (exons 9B and 10) are not
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conserved, suggesting that the C isoform is the functional isoform. A conserved 1 kb region
located 400 bp downstream of exon 8 with 67% identity to the murine sequence has been
identified. This region has been proposed as a new exon, designated as 9C, which defines the
TBXI1C isoform (Gong et al., 2001). Expression analysis via RT-PCR confirmed the presence
of TBX1C 1in adult skeletal muscle, adult testis and fetal lung, tissues already known to express
TBX1. Moreover, comparison between the transcription levels of the TBX1A, TBXI1B, and
TBX1C demonstrated that TBX1C is the predominant isoform.

1.1.2.2 DNA-binding properties of TBXI: The linear domain structure and crystallographic
structure of the TBX1 protein are shown in Figures 2 and 5 respectively. T-BOX proteins bind
a highly conserved consensus sequence, termed the T-half site, corresponding to the sequence
5-AGGTGTGAAATT-3' (Kispert and Herrmann, 1993). The optimal consensus binding
sequence for TBX1 has been determined as AGGTGT[G/T][A/T] (Fulcoli et al., 2016).
Comparative crystallographic studies among family members revealed that, like TBX3, TBX1
binds DNA as two monomers, each monomer binding to a single half-site (Figure 5).
Additionally, as observed with other T-BOX family members (Xbra, TBX3, and TBX5), the
two monomers are stabilized in position through interaction with the major and minor grooves
of the DNA (El Omari et al., 2012). Only a few amino acid residues directly contact the DNA.
Specifically, in the major groove, arginine 137 (R137), and in the minor groove tyrosine 176
(Y176), asparagine 289 (N289) and phenylalanine 291 and 295 (F291, F295).

Figure 5. Structure of the DNA-bound T-box domain of human TBX1 protein
Cartoon of the TBX1-DNA complex. The TBX1 protein monomers (green and amber) bind DNA (red and blue) in
the major and minor grooves. Image from the RCSB PDB (RCSB.org) of PDB ID 4A04 (El Omari et al.. 2012)

1.1.2.3. Protein and chromatin interactions: TBX1 function does not depend exclusively on
DNA binding; it has been shown to bind SMADI1 in a DNA-independent manner, which
mdirectly disrupts BMP-signalling (Fulcoli et al., 2009), and also SRF (Chen et al., 2009).
However, most other known interactions are related to transcriptional functions, and in
particular with histone modifiers and chromatin remodelling complexes (CRC). For example, it
mteracts with methyltransferases Setd7 and Ash2l. The latter is required for the methylation of
histone lysine residues (Fulcoli et al., 2016; Stoller et al., 2010), and it co-localizes with the
lysine demethylase LSD1/KDM1A. Through the interactions TBX1 has been shown to regulate
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(promote) H3K4 mono-methylation of target genes (Fulcoli, 2016), thereby activating their
expression. TBX1 also interacts with Smarcdl, a subunit of the SWI-SNF CRC, which it
recruits to chromatin (Chen et al., 2012). These data provide evidence that TBX1 regulates
transcription of targets genes through epigenetic mechanisms. More recently, studies of TBX1
expression and binding across the genome support the notion that TBX1 functions to prime
(prepare) target enhancers and thereby render them accessible to other transcription factors,
which may be activators or repressors (Cirino et al., 2020; Fulcoli et al., 2016).

1.1.2.4 Developmental role of TBXI: The phenotypic consequences of 7bxI loss of function
the mouse are broad but they primarily affect the embryonic pharyngeal apparatus (PA) and the
structures that derive from it, namely the cardiac outflow tract (OFT), thymus, parathyroid
glands and some skeletal muscles and bones of the lower face. Additional, structures affected
are the ear, lymphatic vasculature, brain cortex and brain vasculature. As will be described in
the following section (1.1.2.5) the structures affected largely reflect where the gene is
expressed in mid-term mouse embryos.

Due to the high incidence of congenital heart defects in 22q11.2DS patients, the heart
and great arteries are the most well studied structures in 7hx/ mutant mice and fish. 7bx/
expression defines a region within the PA known as the second heart field (SHF) from which
the cardiac OFT, right ventricle (RV) and parts of the great arteries derive (Huynh et al., 2007,
Kelly, 2012) (Figure 6).

A
A-SHF
P-SHF
E10.5
B
D
s
V. cc
Il Second heart field and derivatives Pharyngeal endoderm
Early heart tube and derivatives " Neural crest derived mesenchyme

Figure 6. Topography of the second heart field.

(A) Cartoons showing the stages of mouse heart development during which second heart field progenitors are
added to the heart. From left to right: embryonic day (E) 7.5 (cardiac crescent, ventral view). E8.5 (early heart
tube, ventral view). E9.5 (looped heart, left lateral view), and E10.5 (ventral view). Second heart field progenitor
cells and their contribution to the heart are shown in dark blue and the early heart tube-giving rise to the left
ventricle in pink. Anterior (A) posterior (P) and medial (M) lateral (L) embryonic axes are indicated. (B)
Schematized histological sections showing the location of second heart field cells and their myocardial derivatives
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(dark blue) at the stages shown in (A) relative to pharyngeal endoderm (vellow). myocytes derived from the early
heart tube (pink). and neural crest-derived mesenchyme (orange). The first three panels show transverse sections at
the levels indicated by the dotted lines in (A). The right-hand panel shows a mid-sagittal E9.5 section. Dorsal (D)
ventral (V) and medial (M) lateral (L) embryonic axes are indicated. CC, cardiac crescent: SHF. second heart
field; HF, head fold; HT, heart tube, AP, arterial pole; VP, venous pole: OFT, outflow tract: LV, left ventricle; LA,
left atrium; RV, right ventricle; RA, right atrium; A-SHF, anterior component of the second heart field; P-SHF,
posterior component of the second heart field; NT, neural tube; PH, pharynx; PC, pericardial cavity; DM, dorsal
mesocardium; EN, endocardium; MC, myocardium. Figure modified from Kelly et al., 2012.

As embryogenesis progresses, 7bx/-expressing cardiac progenitors within the SHF are
deployed towards the OFT and pharyngeal arch arteries (PAA), where they are required for
their formation and growth. 7hx/ is thought to be required to maintain SHF progenitors in a
proliferative state and to prevent their premature differentiation. Thus, in its’ absence, an
msufficient number of SHF-derived cells reaches its’ destination leading to the observed
hypoplasia or absence of the aforementioned structures (Chen et al., 2009; Rana et al., 2014;
Xu et al, 2005). Although TBXI1 i1s primarily a transcriptional activator, inhibition of
differentiation involves suppressive interactions with cardiac transcription factors such as
Gata4, Mef2C, Smadl and Srf (Chen et al., 2009; Fulcoli et al., 2016; Liao et al., 2008; Pane et
al., 2012).

In the PA, TBX1 is also expressed the surface ectoderm, pharyngeal endoderm, and
pharyngeal mesoderm. Tissue-specific inactivation of TBXI1 has revealed distinct
developmental roles in different tissues, as well as cell autonomous and non-autonomous roles
(Arnold et al., 2006; Flore et al., 2017; Lania et al., 2009; Xu et al., 2005; 2007; Zhang et al.,
2005).

However, while the regulation exerted by this gene is well characterized, the
mechanisms governing its regulation remain poorly understood. Literature studies have
identified a potential gene regulation mechanism for 7bx/ in cancer cells that depends on the
activation of the Wnit/f-catenin pathway (Verdelli et al., 2017). Furthermore, a potential cis-
regulatory element upstream of the Tbx1 gene has been identified. This element is recognized
by transcription factors of the forkhead box (Fox) family, including FOXA2, FOXCI, and
FOXC2, and is essential for the regulation of Tbxl in the pharyngeal endoderm and head
mesenchyme (Yamagishi et al., 2003). Recent findings have demonstrated that a chromatin
modifier, the zinc finger protein of monocytic leukemia (MOZ/MYST3/KAT6A), regulates
acetylation on lysine 9 residues of histone H3 (H3K9ac), leading to transcriptional activation of
the 7hxI locus. This activation plays a role in the development of structures such as the cardiac
aortic arch, thymus, and palate (Vanyai et al., 2015; Voss et al., 2012). A study conducted in
2023 by Zhao et al., using whole-genome sequence (WGS), confirmed a possible epigenetic
regulation mediated by protein complexes of the MYST family, such as the MOZ
acetyltransferase complex and the NuA4 histone acetyltransferase complex (NuA4)(Zhao et al.,
2023).

1.1.2.5 TBXI expression_in_the mouse: Studies conducted during various stages of mouse
embryonic development have revealed expression in the following tissues; pharyngeal
apparatus, including the second heart field, cardiac outflow tract, jugular lymph sacs,
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pulmonary epithelium, otic vesicle, and in some brain blood vessels (Chapman et al., 1996;
Chen et al., 2010, 2009; Lindsay et al., 2001; Xu et al., 2007, 2004; Zhang et al., 2006). TBX1
1s activated at embryonic day (E) 7.5 in the anterior mesoderm, after which it is rapidly
activated in the aforementioned tissues. From E13.5 onwards its’ expression is downregulated,
and postnatally it 1s limited to the hair follicles, including the vibrissae, the tongue and some
brain blood vessels. Reactivation of TBX1 has been reported after injury. In particular, ligation-
immduced myocardial infarction induced its’ expression in endothelial cells of newly formed
Iymphatic vessels (Wang et al., 2023).

Engineered mutation of 7hx/ in the mouse has revealed its’ critical function in most of
the tissues and organs that express the gene during mouse embryogenesis. In particular.
heterozygous mutation impairs development of the 4= pharyngeal arch artery (Jerome and
Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) and mild abnormalities in the
embryonic brain cortex (Flore et al., 2017) and cerebellum (Eom et al., 2024). while
homozygous mutation is associated with severe congenital heart defects, a failure of ear
development (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) and
the loss of most lymphatic vessels (Chen et al., 2010). As 7bx! loss of function is lethal
postnatally its’ role, if any, in the adult mouse is largely unknown.

1.1.3. 22q11.2 DELETION SYNDROME: A disease of
T'BX1 haploinsufficiency

TBX1I is the major gene involved in 22qll1.2 deletion syndrome (22q11.2DS), also
known as DiGeorge syndrome and velocardiofacial syndrome. This condition is the most
common chromosome microdeletion syndrome, with an estimated incidence of 1 in 2,500 live
births (McDonald-McGinn et al., 2015; Ryan et al., 1997). Phenotypic variability is a hallmark
of this syndrome, with clinical manifestations ranging from cardiovascular anomalies and
mmmune defects to neurological developmental disorders and facial dysmorphism (Cillo et al.,
2024). The clinical severity, which is characterized by incomplete penetrance, is probably
attributable at least in part to the genetic complexity of the affected region. Among the most
significant clinical anomalies observed in patients, facial dysmorphism and congenital heart
defects (CHD) are the most frequent, with a penetrance of 100% and 75% respectively. CHD
mclude interrupted aortic arch type-B, tetralogy of Fallot and persistent truncus arteriosus,
reflecting abnormal formation of the pharyngeal arches and arch arteries during fetal
development (Merscher et al., 2001; Ryan et al., 1997). Other abnormalities include thymic
hypoplasia, and parathyroid aplasia, which lead to T cell-related immunodeficiency and
hypoparathyroidism, respectively and imbalance of calcium homeostasis (Morsheimer et al.,
2017). Developmental biology studies have shown that many of these anomalies likely arise
from the anomalous deployment of neural crest cells, which play a crucial role in
cardiovascular and craniofacial morphogenesis (reviewed in Baldini et al., 2017 and Scambler
et al., 2000). Children and adults affected by 22q11.2DS also suffer from learning and memory
deficits, anxiety-related behavioural anomalies and they have a greatly increased risk for
developing psychiatric diseases, including schizophrenia.

The common 22ql11.2 deletion, which occurs in >90% of cases, spans a region of
approximately 3 Mb of DNA and encompasses approximately sixty genes, including 7BX].
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However, substantial evidence suggests that 7BX/ plays a central role in the pathogenesis of
the syndrome. This i1s because individuals who carry rare 7BX/ point mutations manifest the
same clinical signs and symptoms as those with the chromosomal microdeletion (Ogata et al.,
2014; Paylor et al., 2006; Torres-Juan et al., 2007; Yagi et al., 2003). In addition, prior to these
human studies, the development of genetically modified murine models had demonstrated that
mutation of 7hx/ replicated many of the physical defects observed in 22q11.2DS patients,
mcluding cardiovascular anomalies and pharyngeal arch and arch artery defects (Jerome and
Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001). Less than 10% of patients
carries a smaller deletion spanning approximately 1.5 Mb of DNA that includes TBX1. The
clinical phenotype observed in these patients 1s not distinguishable from those with the 3 Mb
microdeletion. Patients with 22q11.2 microdeletion syndrome are at an increased risk of
developing neuropsychiatric disorders, such as schizophrenia, anxiety, Autism Spectrum
Disorder, ADHD (Bassett and Chow, 1999; Biswas and Furniss, 2016; Campbell et al., 2015;
Caterino et al., 2025; McDonald-McGinn et al., 2015; Murphy et al., 1999; Niarchou et al.,
2015; Niklasson et al., 2001; Schneider et al., 2014; Vangkilde et al., 2016; Vorstman et al.,
2015).

Beyond the direct contribution of 7BX] heterozygosity to the clinical manifestations of
22q11.2DS, studies have suggested that epigenetic regulation of the remaining functional allele
might also contribute. Modifications such as DNA methylation, histone acetylation, and
mteractions with non-coding RNA may significantly influence TBX1 activity, contributing to
the phenotypic variability observed in patients (Bassett et al., 2011; McDonald-McGinn et al.,
2015).

In conclusion, the evidence that TBX1 represents a central node in the pathogenesis of
22q11.2DS, combined with the growing understanding of the epigenetic mechanisms
modulating 7BX] gene expression, emphasises the need for further studies in this area. A
greater understanding of the epigenetic mechanisms underlying 7BX/ regulation could not only
clarify the biological basis of the phenotypic variability of 22q11.2DS but also pave the way for
targeted therapeutic interventions, with significant implications for the clinical management of
the syndrome.

1.2. EPIGENETIC REGULATION OF TRANSCRIPTION

The term epigenetics was coined in 1942 by Conrad Waddington, a British scientist, who
defined it as the basis of changes in phenotype without underlying genotypic changes
(Waddington, 1942). Now, we know that epigenetics is one of the main mechanisms of gene
regulation through which the heritable phenotype is modified without altering the structure of
the DNA (Allis, 2016). Epigenetic mechanisms work fogether with the DNA template to
modify gene expression programs and, consequently, the identity of the cell type (Allis and
Jenuwein, 2016). Over time, it has been recognized that they are involved in a wide range of
biological processes as growing evidence suggests that epigenetic changes can occur
independently of alterations in somatic cells and their state of differentiation (Bird, 2007).

Gene regulation is directly correlated to DNA structure and different mechanisms can
regulate gene expression through chemical modifications of DNA bases and changes to
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chromatin in which DNA i1s packaged. In eukaryotic cells, the DNA wraps approximately 1.5
times around an octamer of four core histones (H2A, H2B, H3, H4), thus forming the
nucleosome (Quina et al., 2006). The portion of DNA that 1s in contact with the histones is
sterically inaccessible. Furthermore, the N-terminal tail of histone H4, which extends from the
nucleosome core, interacts with a specific acidic zone of the histone group of the adjacent
nucleosome, stabilizing interactions between nucleosomes and promoting local chromatin
condensation. The binding between nucleosomes is further stabilized by the linker histone, HI,
which binds to DNA entry and exit points on the nucleosome and limits the action of
nucleosome remodels (Pepenella et al., 2014; Ramachandran et al., 2003). To date, numerous
epigenetic regulatory mechanisms have been identified, such as DNA/RNA methylation,
histone modifications, nucleosome localization, non-coding RNA (ncRNA) expression and 3D
chromatin structure, all of which are involved in cell growth, development and differentiation
(Allis and Jenuwein, 2016).

DNA methylation, which is the most extensively studied epigenetic mechanism, is
catalysed by DNA methyltransferase enzymes and involves the addition of a methyl group to a
cytosine nucleotide within a cytosine-guanine sequence (CpG). These dinucleotides are often
clustered into CpG islands (CpGIs) that represent a principal target for DNA methylation and
are preferentially located at the 5* promoter region in more than 50% of human genes (Saxonov
et al., 2006). CpG dinucleotides are dispersed across the genome and most are heavily
methylated. In contrast, CpGIs remain largely unmethylated, especially in promoter regions
(Lin et al., 2020). Methylated cytosines within promoters recruit gene suppressor proteins and
mhibit interactions between DNA and transcription factors (Moore et al., 2013). Additionally,
cytosine methylation promotes heterochromatin formation, resulting in nucleosome compaction
that prevents the transcriptional machinery from accessing DNA (McMahon et al., 2017). DNA
methylation plays a central role in embryonic development, chromosome X inactivation,
genomic imprinting, in the establishment of cell identity and lineage specification
(Gopalakrishnan et al., 2008; Jin et al., 2008; Robertson, 2005).

Three major DNA methyltransferases (DNMTs), DNMT1, DNMT3a and DNMT3b, have
been identified as being involved in DNA methylation. DNMT]1 is the main one due to its
major catalytic activity i favouring the methylation of hemi-methylated DNA during
replication and in favouring the maintenance of the methylation state (Goyal et al., 2006;
Pradhan et al., 1997). On the contrary, DNMT3a and DNMT3b are the main "de novo"
methyltransferases, able to structure the precise methylation state of DNA starting from
unmethylated residues independently of the cellular replication process (Liang et al., 2002).
Conversely, DNA demethylation reverses the effects of DNMTs, restoring the expression of
silenced genes. A family of Ten-eleven translocation methyl cytosine dioxygenases, including
TETI1, TET2, and TET3, mediates this process. These enzymes facilitate the conversion of 5-
methylcytosine (SmC) fto S-hydroxymethylcytosine (5-hmC), which can then be further
oxidized to S-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) (Scourzic et al., 2015).
The balance between DNA methylation and demethylation operates as a dynamic regulatory
mechanism that governs gene expression in many cell types.

The second major epigenetic mechanism involves post-translational modifications of
histones, including acetylation, methylation, phosphorylation, and ubiquitylation. Histone
acetylation typically occurs at lysine residues, reducing DNA-histone interactions, thereby
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loosening chromatin structure and promoting transcription (Bannister and Kouzarides, 2011).
Histone methylation is more complex, involving the addition of one to three methyl groups to
lysine residues, or one to two methyl groups to arginine residues (Bannister and Kouzarides,
2011). Methylation of lysine 4 on histone H3 (H3K4me) is associated with transcriptional
activation, while trimethylation of lysines 9 and 27 (H3K9me3 and H3K27me3) is linked to
transcriptional repression (Esteller Manel, 2008).

Histone phosphorylation, which is less well understood, involves adding phosphate groups
to histone tails. Phosphorylation of histone H2A(X) is implicated in the DNA damage response
and repair processes (Rossetto et al., 2012). Ubiquitylation, involving the attachment of a
ubiquitin molecule to lysine residues, has diverse effects. For example, H2AK119ub is
associated with gene silencing, while H2BK123ub facilitates transcription (Bannister and
Kouzarides, 2011). Though histone acetylation directly influences gene expression, the effects
of other modifications are complex and highly context-dependent. The most recently
characterised epigenetic mechanism is ncRNA-associated gene silencing. NcRNAs are small
RNA molecules that do not code for protein and include microRNAs (miRNAs) and small
mterfering RNAs (siRNAs), which are fewer than 30 nucleotides in length, and long non-
coding RNAs (IncRNAs), exceeding 200 nucleotides. While the full scope of their epigenetic
roles remains under investigation, ncRNAs have been shown to mediate DNA methylation,
histone modifications, and gene silencing (Wei et al., 2017). For example, both siRNAs and
IncRNAs contribute to heterochromatin formation and subsequent gene expression regulation
(Chisholm et al., 2012).

1.3. EPIDRUGS AS TOOLS TO STUDY TBXI1
REGULATION

The increasing knowledge of epigenetic mechanisms and their role in disease pathogenesis
has favoured the development of therapies aimed at modulating epigenetic regulatory
processes. Due to the chemical reversibility of DNA methylation and post-translational
modifications of histones, epigenetic proteins are attractive drug targets. In particular, small
molecule enzyme inhibitors have been developed to restore aberrant epigenetic mechanisms
and potentially reverse pathological epigenetic signatures (Ganesan et al., 2019). Epigenetic
drugs (epidrugs) are molecules that act at the level of DNA and histones mainly by acting on
enzymes responsible for the creation and maintenance of the epigenetic modification, thereby
modifying gene expression. For example, by reactivating silenced genes mvolved in cellular
repair and homeostasis, epidrugs demonstrate their therapeutic potential in various pathological
conditions (Salarinia et al., 2016). The United States Food and Drug Administration (FDA) has
approved several epigenetic therapies, paving the way for their expanded use in the
management of non-oncological diseases (Berdasco and Esteller, 2019; Hailu et al., 2017). This
evolving field underscores the potential of epigenetic therapy to address unmet medical needs
by targeting fundamental regulatory mechanisms of gene expression.

In the case of 22q11.2DS, which is primarily a disease of 7hx/ haploinsufficiency, epidrugs
are of interest because of the possibility of increasing expression from the remaining healthy
Thbx1 allele. However, for my Ph.D project, my primary goal was to use them to gain insights
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mto the epigenetic regulation of TBX1. Of course, having identified epidrugs that fulfil this
role they could, indeed should, be tested for therapeutic efficacy.

Historically, it was found that molecules designed to act at the epigenetic level not only
reduced the targeted enzymatic activity, but frequently caused indirect (and undesirable)
transcriptional changes in multiple genes (Nebbioso et al., 2012). The search for epigenetic
mhibitors led to the development of the first generation of epidrugs, which were characterized
by a low degree of selectivity (Cartron et al., 2019). In this category were various DNA
methyltransferase inhibitors (DNMTis) and histone deacetylase inhibitors (HDACis), some of
which have been approved for the treatment of different cancers (Bennett and Licht, 2018).
First generation of DNMTis, such as pyrimidine analogues, are incorporated into DNA during
replication, activating DNA damage response pathways and inducing apoptosis of cancerous
cells. However, this was associated with significant cytotoxic effects on normal cells (Kelly et
al., 2010; Morel et al., 2020). In contrast, first-generation HDACis inhibit Zn?*-dependent
histone deacetylases (HDACSs), with the exception of sirtuin inhibitors, which specifically
target a class of NAD*dependent histone deacetylases (HDACs) (Morel et al., 2020). Both
mhibitors exhibited numerous unfavourable pharmacokinetic properties and poor target
selectivity, necessitating the development of second-generation epidrugs (Morel et al., 2020).

Second-generation epidrugs, including DNMTis such as zebularine and guadecitabine, and
HDACis such as hydroxamic acids, belinostat, panobinostat, tucidinostat, and valproic acid,
were developed with improved pharmacological properties (Morel et al., 2020). These drugs
were the result of intensive academic research and industrial drug discovery efforts aimed at
designing molecules with greater inhibitory potency and fewer side effects. One significant
challenge with the first-generation compounds was their poor pharmacokinetics, characterised
by low bioavailability, activity limited to non-physiological pH ranges, and susceptibility to
cellular deaminases, leading to short half-lives.

The third generation of epidrugs emerged from a deeper understanding of the role of
epigenetic factors in reading, writing and erasing epigenetic marks within the context of protein
complexes. Consequently, designing highly selective epidrugs required a comprehensive
analysis of the epigenetic protein interactome (Cartron et al., 2019). These epidrugs include
mhibitors of histone methyltransferases (HMTs), histone demethylases (HDMs), and
bromodomain and extra-terminal domain inhibitors (BETis) (Morel et al., 2020). These
advances reflect the increasing precision in identifying molecules especially from the classes of
histone acetylases and methylases increasingly targeted to hit specific epigenetic regulators,
minimizing unwanted side-effects and expanding their functions in the medical field.

The following section presents essential information about the epidrugs that I used in my
project. Each was selected as representative of one of the major classes of epidrugs, given that
my objective was not to evaluate their potential therapeutic efficacy, but rather as tools to
identify histone marks that are potentially relevant for activating or increasing 7BXI
expression.

1.3.1. Histone Deacetylase Inhibitors (HDIs): SAHA

Two classes of enzymes, histone acetyltransferases (HATs) and histone deacetylases
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(HDACs), regulate the reversible addition or removal of acetyl groups on the amino acid
residues of histone tails (Figure 7) (Selvi and Kundu, 2009). Following the addition or removal
of acetyl groups, the enzymatic activity of HATs and HDACs is associated with gene activation
and silencing respectively (Keppler and Archer, 2008a, 2008b).
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Figure 7. Reversible posttranslational lysine residues acetylation of histones is maintained by HATs and
HDACs.

Removal of acetyl group by HDACsS leads fo condensation of chromatin and its inactivation. Figure modified from
(Wawruszak et al., 2021).

HDACSs function as transcriptional repressors by facilitating chromatin condensation
through histone deacetylation, a process that reduces DNA accessibility to transcription factors.
HDAC inhibitors (HDIs) are therefore of interest to me because blocking the removal of acetyl
groups from lysine residues on histones H2A, H2B, H3, and H4 (Turner, 2000) could,
potentially, increase TBX1 expression. In general terms, HDIs exert their effects by selectively
altering the structure of the enzyme involved in the epigenetic modification, thus influencing
the dynamics of epigenetic regulation (Eckschlager et al., 2017; Takai et al., 2004b, 2004a). For
this reason, specific HDAC inhibitors (HDACI) are under investigation for their therapeutic
potential in the contest of neurodegenerative and cardiac diseases due to their ability to enhance
the transcription of genes involved in these diseases (Guan et al., 2009; Webster et al., 2013).

The HDAC family consists of 18 members divided into four classes, based on their
evolutionary characteristics (homology with yeast proteins) and functional properties
(mechanisms and catalytic requirements). The first class shares homology with yeast RPD3 and
includes four members: HDAC1, HDAC2, HDAC3, and HDACS. The second class 1s further
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classified into two subclasses: IIa, based on homology with yeast HDA1, comprising HDAC4,
HDACS, HDAC7, and HDAC9; and IIb, which includes HDAC6 and HDAC10, characterized
by members with two catalytic sites. The third class, known as the sirtuin family, consists of
seven members (SIRT1-SIRT7) and shares homology with yeast Sir2. Finally, the fourth class
mcludes a single member, HDAC11, which has conserved residues in its catalytic centre shared
by both class I and class II deacetylases (Bolden et al., 2006; Marks et al., 2001; Seto and
Yoshida, 2014). The HDACs of class I and II differ in their activity. For example, class I
HDACSs are primarily nuclear in localization and ubiquitous. Class I HDAC expression is more
tissue restricted; these HDACSs shuttle between the nucleus and the cytoplasm, and some are
primarily cytoplasmic proteins. Class I HDACs play a role in cell proliferation and death,
whereas class I HDACs appear to have tissue-specific developmental activity (Marks and
Breslow, 2007). All the aforementioned HDACSs depend on the presence of a zinc ion in their
catalytic site for their activity, except for the sirtuin group. Unlike other members of the HDAC
family, sirtuins require nicotinamide adenine dinucleotide (NAD®) as a cofactor for their
catalytic activity (Hai et al., 2021).

In 2006, the FDA approved Vorinostat, also known as SAHA, as the first HDI for the
treatment of cutaneous T-cell lymphoma (CTCL) (Mann et al., 2007). Among the HDAC
mhibitors currently in clinical trials, this epidrug has been tested for its therapeutic potential in
the context of genetic disorders, like Fragile X syndrome (FXS) (Ding et al., 2022)
Suberoylanilide hydroxamic acid (Vorinostat, SAHA; Ci14H20N203) is a dicarboxylic diamide
composed of suberic acid (octanedioic acid) coupled with aniline and hydroxylamine (Figure
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Figure 8. Structure of vorinostat (suberoylanilide hydroxamic acid, SAHA).

Image from PubChem. Like other HADACi we can recognize in SAHA a zinc-binding group (ZBG), a linker
domain and a hydrophobic cap group (CAP). The CAP group interacts with the rim of the enzyme binding pocket;
the linker group connects the CAP and the ZBG; the ZBG chelates the zn++ in the active site. The cap, linker and
the Zn?* binding group are represented in blue, green and red. respectively.

SAHA 1s a first-generation pan-inhibitor of HDACS, belonging to the class of histone
deacetylase inhibitors (HDIs) based on hydroxamic acids (Bubna, 2015). The mechanism of
action of SAHA involves the inhibition of the catalytic activity of class I and II HDACs
(Antoniou and Easton, 2006; Sung et al., 2021) through direct binding to the zinc ion in the
enzyme's catalytic site (Ataollahi et al., 2015; De Souza and Chatterji, 2015; Eckschlager et al.,
2017). Specifically, its structure is characterized by three domains: the cap region (CAP), the
linker domain, and the zinc-binding group (ZBG) (Sangwan et al., 2018). The CAP and linker
domains interact with residues within the HDAC active site, promoting ligand-receptor
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mteractions and modulating selectivity toward specific HDACs. The inhibitory activity of the
compound is mediated by the ZBG, which establishes bonds with the zinc 1on in the active site
and surrounding residues, thereby facilitating HDAC inhibition (Manal et al., 2016) (Figure 9).
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Figure 9. 3D structure of the enzyme with the SAHA compound bound in the active pocket to highlight the
interaction mechanism between the inhibitor (SAHA) and the target enzyme (HDAC).

The image shows the enzyme pocket: The enzyme pocket (in light blue) represents the active site of the enzyme,
where SAHA stably binds. The SAHA: Chemical Structure Model (Space-Filling) shown in yellow and red.
represents the inhibitor compound with a conformation suitable for the active site. Linker domain and CAP: The
long narrow chain of SAHA and the CAP at the end allows interaction with the enzyme pocket, optimizing
binding. ZBE (hydroxamic acid): The end of the SAHA containing the hydroxamic group (in red and blue) is
critical for coordination with the zinc ion in the active site. Zinc: The zinc ion (in violet) is an essential cofactor for
the activity of the enzyme. Its interaction with the hydroxamic group contributes to the inhibition of the enzyme.

Figure modified from Marks and Breslow. 2007.

1.3.2. Lysine Demethylase Inhibitors: GSKLSD1 and
GSK2879552

Unlike DNA methylation, which silences gene expression, the methylation of certain
H3 and H4 lysine residues is an activating histone mark, for example, mono-, di- and
trimethylation of H3K4. Therefore, lysine demethylase inhibitors that target such residues are
of interest to me because blocking demethylation could, potentially, increase ITBXI
expression.

Since the 2000s, the study of lysine methylation has garnered increasing interest
(Hayward and Cole, 2016). Lysine methylation can occur as mono-, di-, or trimethylation.
Before the discovery of the LSD1 (Lysine-Specific Demethylase 1) enzyme in 2004, the
reversibility of lysine methylation was debated. This uncertainty was resolved with the work of
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Shi et al. (2004), which demonstrated LSD1’s ability to demethylate lysine residues. Currently,
18 lysine demethylases are recognized, which can be divided into 2 main families; the LSD
family, which includes two flavin-dependent enzymes, LSD1 (KDM1A) and LSD2 (KDM1B),
and the JmjC domain-containing family (JmjC-KDM), which rely on non-heme iron and o-
ketoglutarate for their catalytic activity (Culhane and Cole, 2007; Thinnes et al., 2014).
LSDI/KDMI1A and LSD2/KDMIB feature N-terminal SWIRM domains (Swi3p, Rsc8p,
Moira), a flavin adenine dinucleotide (FAD)-binding motif, and a C-terminal amine oxidase
domain responsible for FAD-dependent activity (Maiques-Diaz and Somervaille, 2016). These
enzymes catalyse the N-demethylation of mono- or demethylated lysine residues on H3K4,
primarily acting as transcriptional corepressors (Hoffmann et al., 2012; Shi et al., 2007;
Kaniskan, 2017 ). However, LSD1 acts as a co-activator of the androgen receptor by
demethylating H3K9mel/me2 (Metzger et al., 2005). Since H3K4 methylation is associated
with gene activation, LSD1 activity is generally linked to gene silencing (Shi et al., 2004).

The discovery of the reversible nature of histone methylation paved the way for the
study of drugs targeting this epigenetic modification (Zhang et al., 2021). The identification of
tranylcypromine (TCP) as an LSDI1 inhibitor spurred the development of new irreversible and
more selective ihibitors, including GSK2879552, used in this study. Mechanistically, TCP-
based inhibitors inactivate LSDI1 through a single-electron reduction reaction and subsequent
cyclopropyl ring cleavage, generating covalent complexes between FAD and the inhibitor
compound (Forneris et al., 2006). However, they also inactivate monoamine oxidase (MAO)
enzymes, which are structurally similar. GSK2879552 was identified through a screening of 2.5
million compounds and demonstrated high selectivity for LSD1 (Mohammad et al., 2015),
irreversibly inactivating LSD1 without disturbing MAO activity (Tan et al., 2019). Despite its
selectivity, GSK2879552 exhibited reversible toxicity in preclinical studies, including
thrombocytopenia and neutropenia (Hou at al_, 2015).

1.3.3. Polycomb Inhibitors: GSK126

HMTs are categorized into three families: SET-domain-containing enzymes and Dot1-
like proteins that act on lysines (KMTs) (Black et al., 2012), and protein arginine N-
methyltransferases (PRMTs), which methylate arginine residues (Bedford and Clarke, 2009;
Yang and Bedford, 2013). Methylation predominantly occurs at lysine residues K4, K9, K27,
K36, and K79 of histone H3 and K20 of histone H4 (Hon et al., 2009). Generally, methylation
at H3K9, H3K27, and H4K20 is associated with transcriptional repression, while methylation
at H3K4, H3K36, and H3K79 is associated with gene activation (Vermeulen et al., 2010).
H3K9me2/me3, H3K27me2/me3, and H4K20me3 are typically found in heterochromatin
regions, where genes are transcriptionally silent (Vermeulen et al., 2010). Unlike histone
acetylation, the effect of histone methylation depends on the specific residues targeted. For
mstance, methylation of H3K4/36/79 contributes to active transcriptional states, whereas
H3K9/27 and H4K20 methylation are predominantly associated with repressive epigenetic
marks (Barski et al., 2007; Bernstein et al., 2006; Wiles and Selker, 2017). Trimethylation of
histone H3 at lysine 27 (H3K27me3) is particularly associated with gene silencing (Cao et al.,
2002)., in particular of genes critical for embryonic development (Bernstein, 2006), stem cell
self-renewal (Kamminga et al., 2006), and cancer progression (Wilson et al., 2016). The
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Polycomb repressive complex 2 (PRC2) is an essential chromatin modifier that specifically
catalyses H3K27 methylation through its catalytic subunit enhancer of zeste homolog 2 (EZH2)
(O’Meara and Simon, 2012). Additionally, previous studies have shown that EZH2 is involved
m regulating 7BX/ expression in human embryonic stem cells (Caprio et al., 2021; Collinson et
al., 2016).

GSK126 (Fig. 10), a potent inhibitor of EZH2, exhibits Ki values (the equilibrium
constant for the binding of an inhibitor to an enzyme, reflecting the inhibitor's potency; lower
K1 values indicate stronger binding affinity) ranging from 0.5 to 3 nM for both wild-type and
mutant forms of EZH2, demonstrating its efficacy irrespective of the substrate utilized.

Figure 10. GSK126 structure

Mechanistically, GSK126 functions as a competitive inhibitor for S-adenosylmethionine
(SAM) while remaining non-competitive with peptide substrates. The compound shows high
specificity, being over 1,000-fold more selective for EZH2 compared to 20 other human
methyltransferases, including those with and without the SET domain. Notably, EZH1, which
shares 96% sequence identity with EZH2 within the SET domain, is inhibited with significantly
lower potency of Ki 89 nM (McCabe et al., 2012). Structural docking analyses indicate that
GSK126 binds within the SAM-binding pocket, where it establishes extensive interactions with
the post-SET domain. This unique interaction profile likely contributes to its exceptional
selectivity for EZH2 over EZHI. In functional assays, GSKI126 effectively diminishes
H3K27me3 levels, achieving the most pronounced reduction at H3K27me3, followed by
H3K27me2. However, its effect on H3K27mel is minimal, even at the highest tested
concentrations of the inhibitor. This differential impact on histone methylation states
underscores GSK126's potential as a precise epigenetic modulator (McCabe et al., 2012).

Table 1 provides a summary of the major epigenetic modifications of histones and their
potential biological effects.
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Modification Regions Activity Level Epidrugs

H3K4me3 promoters active, poised

: " : . GSKLSD1, GSK2879552
H3K4me?2 promoters, enhancers active, poised (LSDIi)

: . GSKLSD1, GSK2879552

H3K4mel enhancers active, poised (LSDIi)
H3K27ac promoters, enhancers active SAHA (HDACI)
H3K9%ac promoters, enhancers active SAHA (HDACI)
H3K36me3 exons active
H3K27me3 introns, intergenic repressed GSK126 (EZH21)
H3K9me3 heterochromatin repressed

Table 1. Table of Epigenetic Modifications and Their Potential Effects in Different Genomic Regions.

In the table. the first column lists the epigenetic markers. The second column indicates the genomic regions that

can be affected by these modifications. The third column classifies the modifications as either activating or
repressive marks. The last column includes the epidrugs used in this study.
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2. AIMS OF THE PROJECT

2.1 Reasons for the study / investigation

As a classical transcription factor, TBX1 activates target genes that are involved in the
development of diverse embryonic tissues, including the pharyngeal apparatus, ear and vascular
systems (introduction section 1.1.2.4). TBX1 has also been hypothesized to act as a pioneer
transcription factor (Cirino et al., 2020; Fulcoli et al., 2016), i.e., one that is able to bind
chromatin in a closed (condensed) conformation and prime enhancers which are then activated
by tissue-specific transcription factors. In both cases, most research attention has focused on
the genes and /or biological processes that are activated as a result of TBX1 binding, whereas
almost nothing is known about the genes and proteins that regulate 7hx/ gene expression
(section 1.1.2.4). The latter is the only known epigenetic regulator of 7hxI. It 1s likely that
other histone modifications are associated with the activation of 7bx/ expression, but this is not
known. This project seeks to address this issue using experimental (wet lab) and bioinformatic
approaches.

2.2 Goals of the project

The main objective of my project is to gain insights into the histone modifications that promote
ThxI gene expression and to determine whether epidrugs that target these modifications have
therapeutic potential in mouse models of DiGeorge syndrome. I propose three specific aims to
achieve this objective.

Aim 1. To identify histone modifications that increase Tbhx1 gene expression in cultured cells

Rationale: Epigenetic regulation of gene expression is commonly a combinatorial process, 1.e.,
mvolving more than a single histone modification, and it can involve increasing activating
histone marks while at the same time reducing repressive ones. As we do not know a priori
which histone modifications activate 7hx/ expression, I will take a pharmacological approach
to investigate this. By using epidrugs that target specific candidate histone modifications I
expect to discover those that alone or in combination increase 7hx/ gene expression.

Aim 2. To test a novel bioinformatic approach for identifying Tbx1-activating histone
modifications

Rationale: Public databases such as ENCODE and the UCSC Genome Browser house a wealth
of genomics data relating to gene expression and chromatin organization in diverse organisms
and cell lines. In this Aim, I will use a bioinformatics approach to integrate such data with our
current knowledge of 7hx/ enhancers (murine) in order to identify histone modifications
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present at 14 newly identified putative enhancers. Through this approach I expect to obtain
information about the epigenetic profile associated with 7hx/ activation and, potentially, gain
msights mnto the most effective combinatorial epidrug treatments that could be used to increase
Thbx1 expression in cases of 7bx! insufficiency, as a result of 7bx/ mutation.

Aim 3. To investigate the therapeutic potential of TbxI-activating epidrugs using phenoftypic
rescue in Thx1 mutant mice.

Rationale: DiGeorge syndrome (DGS) is primarily a 7BX7 haploinsufficiency disorder. In the
mouse, gene haploinsufficiency i1s less common, and in the case of mouse models of DGS,
cardiovascular development seems to be the only morphogenetic process that requires two
functional copies of the 7hx/ gene. In particular, >90% of Thx/*- embryos have hypoplasia or
absence of the 4™ pharyngeal arch artery, 4PAA (Lindsay et al., 2001). Thus, this phenotype is
suitable for phenotypic rescue experiments in treated versus non-treated animals. In this Aim, I
will test the most promising epidrug treatments identified in Aim 1 in 7bx/ mutant embryos.
The readout of these experiments will be the ability of the epidrug/s to rescue (normalize)
4PAA development in ThxI*- embryos.

2.3 Choice of the experimental systems and methods

Aim 1.

As I might need to test many epidrugs and/or combinations of epidrugs, it is important
to select a simple cell-based system for initial drug testing. An additional consideration
mfluencing the selection i1s that 7hx/ expression is undetectable in many of the available
murine cell lines. Two cell lines that have been used in Prof. Illingworth’s lab for gene
expression studies are C2C12 cells and mouse embryonic stem cells (mESC). C2C12 cells are
undifferentiated mouse myoblasts that express low levels of 7hx/, thus they are suitable for
studies that aim to increase 7bx/ expression. They also have developmental relevance because
in mouse embryos, 7hx/-expressing progenitors in anterior mesoderm differentiate into muscle
cells, as well as other cell lineages (Lescroart , et al., 2014 ) (Diogo, et al., 2015). Mouse ESC
cells on the other hand do not express ThxI, but it’s expression can be activated by inducing
cell differentiation (Chen et al., 2009). This has particular relevance for my project because the
induced differentiation activates 7bhx/ expression for the first time, which is a different
biological context compared to increasing 7bx] expression in cells that already express the
gene. Whether the epigenetic regulation of 7hx/ in these two contexts is the same or different is
not known. As mESC are not a very homogeneous cell population, and the growth factors
required to induce their differentiation are costly, I envisage using them to validate key results
obtained in C2C12 cells.

Aim 2.

The identification of enhancer sequences and histone modifications associated with
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activation of the 7bx/ gene is a challenging task because the epigenetic mechanisms promoting
Thx1 expression are not yet fully characterized. The primary goal here is to integrate genomic
data obtained from largescale sequencing studies of gene expression and chromatin
organization that are deposited in public databases with data (sequences) on putative TBX1
enhancers. The latter were identified by extraction of the genomic coordinates derived from a
single-cell multi-omic dataset that included ATAC-seq and RNA-seq integrated data. Through
a collaboration with Dr. Olga Lanzetta and Prof. Antonio Baldini, I will apply an algorithm that
leverages the extensive genomic data available in the UCSC Genome Browser and ENCODE
databases, to identify epigenetic profiles associated with 7hx/ activation. This tool relies on the
cross-analysis of ChIP-seq datasets to identify histone modifications at the putative 7bhxI
enhancers and RNA-seq datasets that report 7hx/ expression levels across different tissues and
embryonic stages. The algorithm 1s designed to correlate the putative enhancers with their
characteristic epigenetic modifications and 7hx/ expression levels in tissues expressing high vs
low levels of 7hxI. This will enable us to identify the histone modifications associated with
active Thx! enhancers and provide a bioinformatic model to guide validation experiments.
Furthermore, the model will serve to identify potentially effective epidrugs, or combinations of
epidrugs, that modulate 7hx] expression, thereby contributing to a deeper understanding of the
epigenetic regulation of this gene.

Aim 3:

Phenotypic rescue experiments are commonly used in studies involving animal models
of human diseases as a way to demonstrate the potential efficacy of drug treatments for
correcting specific abnormalities. I have selected this approach because of its’ proven
efficiency and because it is a frequently used approach in Prof. Illingworth’s lab. Thus, I will
have the necessary technical support for my experimental work. In the mouse, the approach can
be applied postnatally by direct administration of the drug of interest to pups or adult animals.
It can also be applied to the analysis of embryonic phenotypes by administering the drug to
pregnant dams, with subsequent sacrifice of the dams and collection of treated and untreated
embryos at the appropriate embryonic stage(s). The phenotype to be evaluated here is the
formation of the 4= pharyngeal arch artery (4PAA). In ThxI*" embryos, hypoplasia o absence
of the 4PAA is highly penetrant (>90%) in midterm embryos (E10.5) and as it occurs in a
heterozygous animal, it is likely to be more amenable to correction than phenotypes found in
ThxI homozygotes. That is, even a small increase in 7hx] expression might be sufficient to
normalize 4PPA formation. For some murine embryonic structures, the precise dosage of
TBX1 necessary for their development is known (Xu et al., 2005).

I will perform dose-response experiments based on published data on the specific
epidrug to be tested in mice, if available. Epidrug- and vehicle- (control) treated embryos will
be collected at E10.5 and intracardiac ink injection will be performed immediately after
collection as described by Lindsay et al., 1999.
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3. MATERIALS AND METHODS

3.1 MAINTENANCE OF C2C12 CELL LINE IN CULTURE

The C2C12 cell line originates from a subclone of the C2 line isolated by Yaffe and Saxel
(1977) from satellite cells of thigh muscle derived from a 2-month-old female C3H mouse
donor, 70 hours after a crush injury. Subsequently, in the laboratories of Blau, Chiu, and
Webster (1983), the C2C12 cells were cloned and subjected to karyotypic characterization.
Therefore, this cell line is not a tumour-derived line but rather an immortalized cell line.

Culture Medium

C2C12 cells were maintained in a growth medium composed of Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin (P/S), and 1% L-glutamine. The medium was prepared under sterile conditions
and pre-warmed to 37°C prior to each use.

Thawing

Frozen cells were retrieved from liquid nitrogen and rapidly thawed in a 37°C water bath for 2-
3 minutes. The vial contents were transferred into a 15 mL conical tube containing 8 mL of pre-
warmed growth medium. After centrifugation at 1000 rpm for 5 minutes, the supernatant was
discarded, and the cell pellet was resuspended in 1 mL of fresh medium. Cells were then seeded
mto a P100 plate containing 9 mL of growth medium and incubated at 37°C with 95%
humidity and 5% COa.

Cell Passage

Cell passaging was performed regularly upon reaching 70-80% confluence to ensure
continuous proliferation and optimal growth conditions. After removing the culture medium,
cells were washed twice with 2 mL of 1X PBS to eliminate serum residues and dead cells.
Trypsin/EDTA (0.25%) was then added and incubated at 37°C for 3-5 minutes to facilitate the
detachment of adherent cells. The resulting cell suspension was neutralized with 4 mL of
growth medium and transferred into a 15 mL conical tube, followed by centrifugation at 1000
rpm for 5 minutes. The supernatant was discarded, and the cell pellet was resuspended in fresh
medium. An appropriate fraction of the cell suspension was seeded into new P100 plates
containing 10 mL of growth medium to continue the culture. Plates were incubated at 37°C
with 95% humidity and 5% CO..

Freezing

Cells were cryopreserved at the end of the active growth phase. Following medium removal,
cells were washed with 1X PBS and detached using trypsin/EDTA (0,25%). The cell
suspension was centrifuged at 1000 rpm for 5 minutes, and the pellet was resuspended in
cryopreservation medium consisting of DMEM supplemented with 10% FBS and 10%
dimethyl sulfoxide (DMSO). Aliquots of 1 mL of the suspension were transferred into 2 mL
cryovials and gradually frozen at -80°C for 24 hours before being stored in liquid nitrogen at -
196°C for long-term preservation.

26



3.2 DRUG TREATMENT OF C2C12 CELLS

After at least two passages following thawing, C2C12 cells were detached from the parent plate
upon reaching 70-80% confluence. Following the removal of the culture medium, cells were
treated with trypsin/EDTA (0.25%) to facilitate detachment and neutralized with fresh culture
medium containing DMEM, 10% fetal bovine serum (FBS), 1% penicillin-streptomycin (P/S),
and 1% L-glutamine. The cell suspension was centrifuged at 1000 rpm for 5 minutes, the pellet
resuspended in fresh medium, and the cells were counted using a Biirker chamber. A total of
7.5 x 10% cells was seeded into each well of a 6-well plate, with 2 mL of culture medium per
well.

After 24 hours of incubation, the culture medium was replaced with 3 mL of fresh medium
containing the appropriate concentration of the epigenetic drug (epidrug) for each specific
treatment. The concentrations and types of epidrugs used were determined according to the
experimental objectives.

At the end of the defined incubation period for each treatment, cells were processed for RNA
extraction.

The epidrugs were dissolved in DMSO to prepare a stock solution at the concentration of 50
mM (for SAHA, GSK2879552, GSK LSD1), 10 mM (for GSK126). Next, serial dilutions of
the stock solution in DMSO were prepared to generate intermediate stock solutions at desired
concentrations. For all experimental conditions, the same volume of each stock intermediate
solution was added to the culture medium to obtain the final concentrations of the drug to be
tested. The final concentration of DMSO was maintained constant under all conditions,
mcluding controls treated with the vehicle alone, and did not exceed 0.1% (v/v). The control
samples were treated with an equivalent volume of DMSO (vehicle only) to account for any
solvent-related effects. The final concentration of DMSO in the treatment medium was
maintained at 0.1% (v/v) for SAHA and GSK126, 0.05% (v/v) for GSKLSDI, 0.02% (v/v) for
GSK2879552.

3.3 CELL PROLIFERATION ASSAYS

Cell proliferation in C2C12 cells was evaluated using the Enhanced Cell Counting Kit 8 (WST-
8/CCK-8, Elabscience, Cat. No: E-CK-A362) following the manufacturer’s instructions. Cells
were seeded in 96-well plates with 100 pL of cell suspension containing approximately 1,500
cells per well. After an incubation period of approximately 24 hours to allow cell adhesion and
proliferation, treatment with various epidrugs was performed according to the specified
parameters. At the end of the treatment period (18 hours), 10 pL. of CCK-8 reagent was added
to each well. Samples were then incubated at 37 °C for approximately 1.5 hours, ensuring no
bubbles formed. Following incubation, absorbance was measured at 450 nm using a microplate
reader. Absorbance values were corrected by subtracting the reading obtained from wells
containing only culture medium. The percentage of cell viability was calculated using the
following formula:
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ODsam le — ODblank
Cell Survival Rate (%) = 2
ODanml = ODblauk

OD¢ontro1 — ODsample
ODcunLro] i ODbiank

x 100%

Inhibition Rate = x 100%

All samples were analysed in triplicate.

34 RNA EXTRACTION AND PURIFICATION FROM
C2C12 CELLS

Total RNA extraction was performed using TRIzol™ reagent (Thermo Fisher Scientific). For
adherent cultures (C2C12), the cell culture medium was removed and the cells washed with
PBS. Subsequently, 1 mL of TRIzol™ was added directly to each well of a 6-well plate. The
lysis was completed by repeatedly pipetting the lysate, followed by scraping to ensure uniform
homogenization. For suspension cultures (mESC E14), cells were harvested by centrifugation
at 1,500 x g for 5 minutes, the supernatant discarded, and the cell pellet washed twice with PBS
before being treated with 0.75 mL of TRIzol™ per cell quantity collected from a single P60
plate. The lysate was homogenized thoroughly by pipetting. Phase separation was carried out
by adding 0.2 mL of chloroform for each 1 mL of TRIzol™ used. After vigorous manual
shaking and a 3-minute incubation at room temperature (RT), samples were centrifuged at
12,000 x g for 15 minutes at 4°C. This process yielded three distinct phases:

e An upper clear aqueous phase containing RNA,
e A white proteine interphase,
e A pink organic phase rich in DNA and lipids.

The aqueous phase was carefully collected to avoid contamination with the interphase or
organic phase. RNA precipitation from the aqueous phase was achieved by adding 0.5 mL of
1sopropanol per 1 mL of TRIzol™ used, followed by a 10-minute incubation at RT and
overnight precipitation at -20°C. After centrifugation at 12,000 x g for 10 minutes at 4°C, the
resulting RNA pellet appeared as a white gel-like deposit. The pellet was washed with 1 mL of
75% ethanol (prepared with RNase-free or DEPC-treated water) per 1 mL of TRIzol™ used
and centrifuged again at 7,500 x g for 5 minutes at 4°C. To optimize the sample, the pellet was
air-dried for 5-10 minutes, ensuring it did not over-dry to preserve solubility. The RNA was
then resuspended in 50 pL of RNase-free water and incubated at 55°C for 10 minutes to
facilitate dissolution. To further purify the RNA, an additional overnight precipitation step was
performed at -20°C by adding 1/10 volume of 3M sodium acetate (pH 5.2) and 2.5 volumes of
cold 100% ethanol. After centrifugation at 13,000 rpm for 10 minutes, the pellet was washed
with 0.5 mL of 70% cold ethanol, followed by centrifugation at 7,500 x g for 10 minutes. The
RNA pellet was air-dried and resuspended in approximately 30 uL of RNase-free water. RNA
purity and concentration were assessed spectrophotometrically using the NanoDrop 2000c
(Thermo Fisher Scientific).
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34.1. ASSESSMENT OF RNA QUALITY AND
QUANTITY

The quantification of total extracted RNA was determined using a NanoDrop 2000c UV-Vis
microvolume spectrophotometer. The NanoDrop software is then accessed, and the "Nucleic
Acid" option is selected, followed by "RNA". A blank reading was performed by applying 2 uL
of deionised H-O onto the lower optical surface and closing the lever arm. Subsequently, the
sample of interest was measured by placing 2 pL of the extracted RNA onto the same surface.
For the quantification of multiple samples, the device was cleaned with 2 puL of deionised H20
after each measurement. The software automatically calculates the sample concentration in
ng/uL and provides the characteristic absorption spectrum with a peak at 260 nm. Additionally,
the software generates specific ratios, such as A260/A280 and A260/A230, to evaluate the
quality of the sample and detect any potential contaminants.

3.5 REVERSE TRANSCRIPTION OF RNA

Total RNA extracted from the cells was retrotranscribed using the QuantiTect® Reverse
Transcription Kit (QIAGEN, cat. no.: 205310) according to the manufacturer's instructions. In
this kit genomic DNA is removed using a reaction mix (Wipeout buffer) containing DNAsel:
14 pL of reaction mix, including 2 pL. gDNA Wipeout Buffer (7x), RNA (up to 1 pg), and
nuclease-free water, were incubated at 42°C for 2 minutes, then cooled immediately on ice.
Next, a reverse transcription master mix was prepared, containing 1 pl Quantiscript reverse
transcriptase, 4 pul Quantiscript RT buffer (5x), and 1 pl RT primer mix for each reaction. The
genomic DNA knockout mix (14 pl) was added to the master mix (6 pl) to a final volume of 20
il. The reaction was incubated at 42°C for 15 minutes to allow first-strand cDNA synthesis,
followed by treatment at 95°C for 3 minutes to inactivate Quantiscript reverse transcriptase.
cDNA samples were stored at —20°C until use in RT-PCR or quantitative real-time PCR
reactions.

3.6 RT-PCR

PCR was performed using a BioRad “Thermal Cycler T100” thermocycler. The protocol varies
and 1s specific to the gene bemng amplified. The process begins by preparing the reaction mix
on ice, following the specific protocol guidelines. The mix is then aliquoted into pre-numbered
Eppendorf tubes containing 19 pl of the reaction mix and 1 pl of cDNA. The samples are
placed in the thermocycler, and the program set according to the protocol instructions. Upon
completion, the program is stopped, and the samples are placed on ice for subsequent use or
stored at -20°C. PCR products were analysed by gel electrophoresis.

PCR conditions for 7bx1, GAPDH and other genes
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PCR Reaction Mix for 1 Sample (Invifrogen Taq DNA Polymerase Kit)

REAGENTS [Ci] FINAL
CONCENTRATION
MgCI2 [50mM] [1.5mM] 0.6 ul
Buffer [10X] [1X] 2ul.
Reverse primer [10 uM] [0.5 uM] 1l
Forward primer [10 uM] [0.5m pM] 1l
Mixed dNTPs [20mM] [0.2 mM] 02l
Taq DNA Pol. [1000-5 U/10 pl] [0.075 U/10 pl] 0.3 ul

Make up to volume with 12.9 pl of deionized and autoclaved H»O.

Add 2 pl of DNA [5ng/ul] to be amplified

Primer sequences

QUANTITY Vol=20pL

Gene Forward primer Reverse primer bp
Pecaml TGGTTGTCATTGGAGTGGTC TTCTCGCTGTTGGAGTTCAG 136bp
Kdi/Vegfi2 | GTCGACATAGCCTCCACTGTTT GTGATGTACACGATGCCATGCT 95bp
VE-Cadh. TCATCAAACCCACGAAGTCC GGTCTGTGGCCTCAATGTAGA 72bp
CD-34 CTGCCTGGAACTAAGTGAAGC AGCCTCCTCCTTTTCACACA 94bp
Mespl GCGACATGCTGGCTCTTCTA TGGTATCACTGCCGCCTCTTCC 175bp
Mef2c AGATACCCACAACACACCACGCGCC ATCCTTCAGAGAGTCGCATGCGCTT 196bp
Gatad CTGTCATCTCACTATGGGCA CCAAGTCCGAGCAGGAATTT 250bp
Isll GCCTCAGTCCCAGAGTCATC AGAGCCTGGTCCTCCTTICTG 308bp
Toxl TTTGTGCCCGTAGATGACAA AATCGGGGCTGATATCTGTG 239bp
GAPDH TGCACCACCAACTGCTTAGC TCTTCTGGGTGGCAGTGATG 106bp
Oct3/4 TCAGCTTGGGCTAGAGAAGG TGACGGGAACAGAGGGAAAG 254bp
Pdgfra CTGGTGCCTGCCTCCTATGAC CACGATCGTTTCTCCTGCCTTAT 198bp
Nanog AAGTACCTCAGCCTCCAGCA GTGCTGAGCCCTTCTGAATC 163bp
cTnt2 GAAGTTCGACCTGCAGGAAA TICCCACGAGTTTTGGAGAC 102bp
Eng GTGTTCCTGGTCCTCGTTTC TCTTGGCTGTCCTTGGAAGA 114bp

Amplification conditions for Tbx1 and other genes

94°C 10 min

94°C 30 sec

60°C 30 sec

72°C 30 sec
72°C 10min

x 30 cycles
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Amplification conditions for GAPDH
94°C 5 min
94°C 45 sec

60°C 30 sec
72°C 1 min e 30 sec

X 26 cycles

72°C 10min

3.7 REAL TIME qPCR

This technique allows the relative quantification of transcripts of interest to be determined.
Gene expression is normalized compared to that of a ubiquitously expressed control gene, such
as GAPDH (Glyceraldehyde-3-phosphate dehydrogenase).

Real Time qPCR was performed using the iTaq Universal SYBR Green Supermix (Biorad)
which contains 1Taq DNA polymerase, dNTPs, MgCI2, SYBR Green I dye, enhancers,
stabilizers and a mixture of reference dyes (ROX and fluorescein). To evaluate the expression
level of Thx1 and other genes compared to GAPDH, I prepare two different reaction mixes,
each containing the two primers (forward and reverse) specific for the gene of interest. The
reaction mix was prepared based on the number of samples to be amplified (in triplicate). For
each sample, 16 pl of reaction mix was prepared with the following reagents:

» 1Taq Universal SYBR Green Supermix 2X 10 ul
* Forward primer [10 pM] 0.3 ul
* Reverse primer [10 nM] 0.3 ul
* H20 (deionized and autoclaved) 54l

The following primers were used for 7bx1:
*  TIbxl F: 5'-GGACGACAACGGCCACAT-3'

*  TIbxl R: 5-CGGCATATTTCTCGCTATCTTTG-3'
The following primers were used for G4PDH-:

* GAPDH F: 5-TGCACCACCAACTGCTTAGC-3'
* GAPDH R:5-TCTTCTGGGTGGCAGTGATG-3'

Results were download in Excel format which reports the Ct (Cycle threshold) for each sample,
1.e. the point on the curve in which the quantity of fluorescence (SYBR Green) begins to
increase exponentially. 7hx/ expression was normalized with respect to GAPDH. In
experiments using epidrugs, samples were also normalized compared to a DMSO control (drug
solvent). Changes in gene expression are reported as fold change (using the 224" method).
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3.8 BIOINFORMATIC ANALYSIS

DATASET FOR EPIGENETIC DATA ACQUISITION

The bioinformatics analysis was conducted using publicly available data from the ENCODE
(Encyclopedia of DNA Elements) database, version v134.0-patch08d7deb [ENCODE portal
(arxiv; PMID: 31713622; PMCID: PMC7061942]. ChIP-seq data for 8 histone modifications
from 12 embryonic mouse tissues at 8 different developmental stages were downloaded. These
tracks, uploaded to the portal, result from a comprehensive study of chromatin states during
embryonic development from E10.5 to PO, based on 1,128 ChIP-seq analyses of 8 histone
modifications across 12 tissues, performed by Bing Ren's laboratory as part of the ENCODE
consortium.

We selected to use data from a single source and operational protocol to reduce heterogeneity.
The histone modifications analyzed include:

e Activating modifications: H3K4mel, H3K4me2, H3K4me3, H3K9ac, H3K27ac,
H3K36me3
e  Repressive modifications: H3K27me3, H3K9me3

ChIP-seq data were retrieved using the UCSC Genome Browser platform
(http://genome.ucsc.edu). Specifically, using an R-based algorithm, 563 BigBed files were
downloaded and analyzed. The BigBed file format is an efficient, compact binary file used for
genome-wide datasets and includes the genomic coordinates of each statistically confirmed
ChIP-seq peaks.

DATASET FOR GENE EXPRESSION DATA ACQUISITION ACROSS
DIFFERENT TISSUES AND EMBRYONIC STAGES

Thx1 gene expression RNA-seq data were retrieved from the ENCODE database (Lab: Barbara
Wold, Caltech, CA), using a bulk polyA RNA-seq dataset. We downloaded a total of 72
tabulated files listing genes and their expression values indicated in transcript per million
mapped reads (TPM). Tissues encompassing multiple developmental stages were classified into
two groups based on expression levels

e Low 7bxI expression (n=53, TPM < 3)
e High 7bx] expression (n=19, TPM > 3)

Data normalization was performed relative to the Gapdh gene, used as an endogenous control.

BIOINFORMATIC WORKFLOW

Biomformatics analyses were conducted using using Rstudio and R version 4.2.0
(https://www r-project.org/).

The analyses was further refined using unpublished data generated by Prof. Antonio Baldini
and Dr. Olga Lanzetta at IGB-CNR, Naples. Through the combined analysis of ATAC-seq and
scRNA-seq data, a machine learning algorithm based on L1-penalized logistic regression was
employed to identify significant scores associated with 14 potential enhancers of the 7hx/ gene.
Differentiated mESCs were harvested at d2 and d4 to extract RNA or DNA used for RNA-seq
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and ATAC-seq techniques, respectively. The machine-learning procedure applied to enhancer
identification has been previously reported (Aurigemma et al., 2024).

RNA-seq data covering the entire transcriptome were analyzed, and 7bx/ expression levels
were extracted for all tissues and developmental stages. Based on TPM values, these data were
subsequently categorized into two groups: Low 7hx! expression levels and Medium-high 7bx!
expression levels.

The genomic locations of the 14 putative enhancers was intersected with the ChIP-seq data
from the downloaded datasets (subdivided according to Tbx1 gene expression). To this end, we
used the Findoverlaps function from the GenomicRanges R package (v1.52.0)
(https://bioconductor.org/packages/release/bioc/html/GenomicRanges.html), with the

command:

o <- findOverlaps(tbx1_gr, bb, type="any', maxgap = 100)

The algorithm developed by Dr. Lanzetta generated an Excel matrix, where a value of “1” was
assigned to regions where an overlap occurred and “0” where it did not. This matrix,
comprising 372 observations, was used to extract histone modifications occurrence and
frequency for each putative 7bx/ enhancer.

Histone modifications H3K36me3 and H3K9me3 were excluded from the analysis because
they returned very few overlaps with the 14 putative enhancers.

Download enh.
Putative Thx1 Sequence
enhancers (size enh.
600Kb-1Mb)

— Score selection n

Download data
5 histone marks (6) Peak selection b Find overlaps
ENCODE: (Big Bed file)

Histone marks at

ChiP-seq. data =
-Activating
-Repressive

RNA-seq. data
Download
(polyA bulk) TS"{’,",E_J;?G A
ENCODE 2) Tissues Tbx1 low,
TPM <3, n=53

Summary of the workflow followed for the bicinformatics analysis.

3.9 MAINTENANCE OF THE MURINE EMBRYONIC STEM
CELL LINE E14TG2a

Culture Medium

Murine embryonic stem cells (E14TG2a) were maintained in culture using a specific medium

to preserve their pluripotent characteristics. The medium was prepared by mixing 161.6 mL of
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GMEM supplemented with 15% fetal bovine serum (FBS for ES, 30 mL), 1% L-glutamine (2
mL), 1% penicillin-streptomycin (P/S, 2 mL), 1% sodium pyruvate (NaP, 2 mL), 1% non-
essential amino acids (NeAA, 2 mL), and 400 pL of B-mercaptoethanol. Before use, leukemia
mhibitory factor (LIF) was added at a concentration of 5 puL per 50 mL of medium to maintain
the cells in an undifferentiated state. The medium was prepared and stored under sterile
conditions and pre-warmed to 37°C prior to use to ensure optimal cell growth.

Cells were plated on dishes pre-treated with 0.1% gelatine, applied evenly to each well and
aspirated just before adding fresh medium and cells. The medium was replaced daily, and
passaging was performed approximately every two days.

Gelatine Coating for Multiwell Plates

Multiwell plates used for the maintenance of E14 embryonic stem cells were pretreated with
0.1% gelatine, prepared by diluting 2% gelatine in sterile PBS. To prepare 2% gelatine, 4 g of
gelatine were dissolved in 200 mL of PBS under a biological safety hood using a designated
pipette. The solution was sterilized by autoclaving, cooled to room temperature, and stored at
4°C. Before use, the 2% gelatine solution was warmed in a water bath and diluted in sterile
PBS to a final concentration of 0.1%. The diluted gelatine solution was filtered through a sterile
filtration system. For coating, 3 mL of 0.1% gelatine were applied to each well of a 6-well
plate, ensuring even coverage of the entire surface. Plates were briefly incubated to facilitate
cell adhesion and subsequently prepared for use with the specific culture medium.

Thawing

Cells were retrieved from liquid nitrogen and rapidly thawed in a 37°C water bath for 2-3
minutes. The cryovial contents were transferred into a 15-mL tube containing 8 mL of pre-
warmed ES medium supplemented with LIF. Following centrifugation at 800 rpm for 5
minutes, the supernatant was discarded, and the cell pellet was resuspended in 2 mL of ES
medium. Cells were then plated on pre-gelatinized dishes and incubated at 37°C with 95%
humidity and 5% COe..

Cell Passage

Cell passaging was performed upon reaching 70-80% confluence. After removing the culture
medium, cells were washed twice with 2 mL of 1X PBS to remove serum residues and dead
cells. A volume of 300 pL of 0.25% Trypsin-EDTA (diluted 1:5) was added and incubated at
37°C for up to 1 minute to detach the cells. Trypsin activity was neutralized by adding 2 mL of
ES medium supplemented with LIF. The cell suspension was transferred into a 15-mL Falcon
tube and centrifuged at 800 rpm for 5 minutes. After discarding the supernatant, the cell pellet
was resuspended in 1 mL of ES+LIF medium, and an appropriate volume of cells was plated in
2 mL of fresh ES+LIF medium in new gelatinized dishes to continue the culture.

Freezing

At the end of the growth phase, cells were prepared for freezing. Following cell passaging, the
cells were counted, and the suspension was diluted in a freezing medium consisting of 40% ES
medium, 40% FBS for ES, and 20% DMSO. A total of 1 x 10¢ cells per vial was aliquoted into
2-mL cryovials. The cryovials were gradually frozen at -80°C for 24 hours before being
transferred to liquid nitrogen at -196°C for long-term storage.
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3.10 DIFFERENTIATION OF MURINE EMBRYONIC STEM CELL
LINE E14TG2a

Serum-Free Defined medium (SFD medium)

The SFD Medimum used throughout the protocol was prepared by mixing 178.7 mL of IMDM,
62.5 mL of HamF12, 1.25 mL of 10% BSA, 1.9 mL of glutamine, and 1.9 mL of penicillin-
streptomycin. The mixture was filtered and supplemented with 2.5 mL of B27 supplement and
1.25 mL of N2 supplement. The medium was used fresh and pre-warmed to 37°C for each
phase of the protocol.

3.10.1. Differentiation Protocol

The differentiation of the murine embryonic stem cell line E14TG2a was conducted following
Andersen's protocol, which is structured into multiple temporal phases. On day 0 (DO0), the
standard culture medium was removed from the E14TG2a cells, and the cells were washed
once with 1X PBS. Subsequently, 300 pL of trypsin diluted 1:5 was added, and the cells were
incubated for up to 1 minute at 37°C. The reaction was neutralized by adding 2 mL of complete
embryonic stem (ES) medium supplemented with leukemia inhibitory factor (LIF). The cell
suspension was transferred into a 15-mL Falcon tube, centrifuged at 800 rpm for 5 minutes, and
washed twice with IMDM. The cells were then resuspended in SFD Medium, counted, and
plated at a density of 100,000 cells/mL in Petri dishes containing SFD Medium supplemented
with ascorbic acid (100 pL of a 5 mg/mL stock) and MTG (30 pL of a 1:100 dilution in
IMDM).

On day 2 (D2), embryoid bodies (EBs) were collected from the Petri dishes and washed
thoroughly with IMDM, allowing them to settle by gravity for 4-5 minutes between washes.
After two washes, the EBs were resuspended and replated in SFD Medium supplemented with
ascorbic acid (100 pL), MTG (30 pL), Activin A (1 ng/mL), and BMP4 (1 ng/mL).

On day 4 (D4), the EBs were collected again and subjected to a cycle of washes in IMDM,
following the same procedure as on day 2. After washing, the EBs were resuspended and plated
in SFD Medium supplemented with the same factors as on day 2.

On day 6 (D6) and day 8 (DS8), the EBs were manually detached from the bottom of the Petri
dishes to ensure all cells remained in suspension.

On day 8 (D8), the differentiation process was concluded.

For each key time point (D0, D2, D4, D6, DS8), one Petri dish of cells was harvested for RNA
extraction to be used in subsequent analyses.

3.11. EMBRYO COLLECTION AND INTRACARDIAC INK
INJECTION

These experiments will be conducted in the laboratory of our collaborator Prof. Antonio
Baldini at the IGB-CNR, Naples and with the technical assistance of the staff of the mouse
facility. Embryos from the intercross Tbx1+/- x wild type will be collected at E10.5. Freshly
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isolated embryos will be injected intracardially with India ink (approximately 100 [I1) in order
to visualize the pharyngeal arch arteries. Injected embryos will be fixed in 70% ethanol
immediately after injection in order to prevent diffusion of ink away from the heart and arch
arteries. After 24 hr in 70% ethanol embryos will be clarified in 50:50 methyl salicylate :
benzyl benzoate. PAAs will be examined at a stereomicroscope and the phenotype of the
bilateral 4th PAA scored manually (normal, hypoplastic or aplastic). At the time of embryo
collection, the yolk sac of individual embryos will be collected for DNA preparation and,
subsequently, genotyping of the embryos.
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4 RESULTS

My project initially focused on the development of a cellular system that would be
suitable for evaluating changes in 7hx/ expression, and the optimization of the experimental
conditions to evaluate the efficacy of epigenetic drugs (epidrugs) in modulating 7bx!
expression. Subsequently, I took a bioinformatics approach to identify the histone
modifications associated with high and low levels of 7hx/ expression, which I then used to
prioritize the selection of epidrugs of greatest potential interest to my study. The findings were
tested in two cellular models, namely immortalized murine myoblasts (C2C12) and murine
embryonic stem cells (mESC).

4.1 EPIDRUG ASSAYS IN C2C12 CELLS

41,1, OPTIMIZATION OF C2C12 CELL CULTURE
CONDITIONS

To achieve the first experimental objective of my project, which was to identify histone
modifications that increase 7hx/ gene expression, it was first necessary to optimize the cell
culture conditions for maintaining C2C12 cells in an undifferentiated state (Fig 10, panel C-D),
so as to preserve their cellular properties and to avoid gene expression changes associated with
differentiation (Diokmetzidou et al., 2016). In particular, it is known that conditions that
facilitate differentiation into myotubes (Fig 11, panel E-P) reduce or eliminate 7bx/ expression
(Diokmetzidou et al., 2016).

I first tested different plating densities and culture times (Table 2) in order to identify
the conditions that prevented the cells from reaching confluence, a condition that can trigger
spontaneous differentiation into myotubes , associated with a morphological change with cells
resembling long pins in some cases multinucleated (Fig 11, panel I-P ). This was first
determined in P100 plates and subsequently in 6-well plates; the latter were used for epidrugs
assays in order to contain the costs of media and drugs.

In P100 plates, the ideal seeding density for this cell line was determined to be 1.2 x 10°
cells per 55 cm?, with re-plating approximately every three days.

In 6-well plates, I tested the following cell densities: 1.2 x 10%, 7.5 x 104, and 5 x 10°
cells per well. I determined that a density of 7.5 x 10* cells/9.40 cm? was the optimal density
for maintaining the cells in a proliferative state without inducing differentiation. Optimizing the
culture conditions proved to be crucial for ensuring the reproducibility of subsequent
experiments.
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Density Differentiation observed after
(cells/cm?) Cell State 48/72 hours

1.2 x 10* Proliferative | No

7.5x10* Proliferative | No

5x10° Confluent Yes

Table 2. Effect of cell density on the growth of C2C12 cells in 6-well plates
The table summarizes the behaviour of C2C12 cells as a function of their initial seeding density. 48 hours after

seeding. Proliferating cells had sufficient space and resources for growth while maintaining an undifferentiated
phenotype. In contrast, confluent or near-confluent cells showed a differentiated phenotype (morphological
changes in some cells, see panels I - P in Figure 11) and cell mortality (panel G-H in Figure 11).
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Figure 11. Images of C2C12 cells in culture at various seeding densities observed at 48 hours post-seeding
(A-E) and after 48 hours (F-P).

In 6 well plates Panels A and B show low-confluence cells in a proliferative state. Panels C and D depict cells at
optimal confluence, still proliferative and suitable for collection. Panel E shows cells at near confluence. showing
early signs of differentiation in the areas of the plate with higher cell density. Panels A, B, C, D. and E were
observed under the "Motic AE20" optical microscope at 4X magnification. Panels F, G, and H display cells seeded
at high densities after 48 hours, showing signs of differentiation into spindle-like shapes; cells observed at 4X
magnification. Panels I, L, and M show differentiated cells observed at 10X magnification. Panels N, O, and P
provide a close-up of differentiated cells observed at 20X magnification.

4.1.2. EPIDRUGS AND EPIDRUG ASSAYS

4.1.2.1. The major classes of epidrugs

Among the various classes of epidrugs known to date (see Introduction 1.3), this study
focused on molecules that act by modulating the methylation or acetylation of lysine residues
on histone tails (H3 and H4). Specifically, the selected classes were histone deacetylase inhibi-
tors (HDAC:is), histone demethylase inhibitors (HDMis), and histone methyltransferase inhibi-
tors (HMTis). For the HDAC!s class, suberoylanilide hydroxamic acid (SAHA) was selected.
This molecule interacts with the HDAC enzyme, inhibiting the deacetylation of lysine residues
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on histones H2A, H2B, H3, and H4 (Turner, 2000). By maintaining a non-condensed chromatin
state, SAHA facilitates active gene transcription. For the HDMis class, two compounds were
selected: GSKLSD1 and GSK2879552. Both compounds inhibit the activity of LSD1, prevent-
ing the demethylation of lysine 4 on histone H3 (H3K4). The maintenance of the methylated
state 1s associated with gene activation mechanisms. For the HMTis class, GSK126 was cho-
sen. This epidrug inhibits the activity of EZH2, a member of the Polycomb Repressive Com-
plex 2 (PRC2). By blocking the trimethylation of lysine 27 on histone H3 (H3K27me3) carried
out by EZH2, GSK126 promotes gene transcription activation.

I collaborated with EPI-C Epigenetic Compounds (EPI-C s.r.l.) to obtain epidrugs from
each major class. Additionally, EPI-C provided guidance on the selection of specific com-
pounds within each class.

4.1.2.2. SAHA

I performed my first experiments using SAHA. Cell-based studies indicate that SAHA
mhibits class I and II HDACSs at a dose of approximately 50 nM (Butler et al., 2002; Gui et al.,
2004; O. Moradei et al., 2005; Richon et al., 2000). Additionally, it arrests the growth of a wide
variety of transformed cells in culture at doses ranging from 2.5 to 5.0 pM (Marks and Bres-
low, 2007; Ungerstedt et al., 2005). Based on these observations, I selected doses of 1. 2, 3, and
5 puM, which have been used in clinical studies and shown to affect transcription (Marks and
Breslow, 2007; Ungerstedt et al., 2005) in line with its” HDAC inhibitor activity.

To evaluate the effect of these drug concentrations on 7hx/ expression, I conducted bio-
logical triplicate experiments by plating C2C12 cells in 6-well plates. Twenty-four hours after
plating, SAHA at the selected concentrations was added in fresh media to the different wells,
while cells in one well were treated with DMSO (dimethyl sulfoxide) as a control, as the drug
1s resuspended in this solvent at this concentration. (Fig. 12). In this case, for all the treatments
shown, in 3 ml of fresh growth medium per well, 0.1% of treatment was added on the total vol-
ume.

Figure 12. Schematic representation of the SAHA treatment experiment conducted in 6-well plates.
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Twenty-four and forty-eight hours after the mitiation of treatment, I lysed the cells in TRI-
zol and extracted, purified and quantified the total RNA. RNA extraction and purification were
performed using a protocol that included cell lysis with TRIzol reagent followed by phase sepa-
ration with chloroform and precipitation with isopropanol (materials and methods 3.4). The
quality and quantity of the RNA samples was assessed using a NanoDrop spectrophotometer.
This allowed me to measure the RNA yield for each sample and assess the quality through puri-
ty ratios. Specifically:

e A260/280 ratio: Optimal values are between 1.8 and 2.0. Values outside this range indi-
cate the presence of protein contamination.

e A260/230 ratio: Optimal values are ~2.0. Values above or below 2.0 are indicative of
carbohydrate or solvent (phenol) contamination.

Subsequently, expression of 7hx!/ was evaluated by quantitative real-time PCR (qPCR, Ma-
terials & Methods, 3.7). For this, RNA samples (1 pg) of good quality were retro-transcribed
using the QuantiTect Reverse Transcription Kit (Materials & Methods, 3.5). 40 ng of cDNA
was used for each reaction and experiments were performed i triplicate. 7hx/ expression in
each sample was normalized relative to the ubiquitously expressed control gene, GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase). Relative expression levels were calculated as
the Fold Change between samples treated with various concentrations of SAHA compared to
control samples treated with DMSO.

The results obtained from three experiments revealed a reduction in 7hx] expression at
all of the tested doses of SAHA compared to DMSO-treated controls, and at both 24 hours and
48 hours of treatment (Fig. 13). This finding suggests that SAHA could exert a dose-dependent
suppressive effect on the expression of 7bx/ in the shorter treatment conditions initially tested.
This result is the opposite to that expected, given that SAHA inhibits histone deacetylation.
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Figure 13. Thx1 expression in C2C12 myoblasts treated with SAHA at different concentrations (RTqPCR)
The 24-hour treatment shows a significant reduction in Tbx1 expression for all concentrations. B) The 48-hour
treatment shows a reduction in Tbx1 expression for three out of four concentrations (1, 2. 5 uM). The experiments
were conducted at 0.1% v/v (drug/vehicle in the treatment solution). Control cells were treated with DMSO at the
same final concentration used in drug treatments. Results are the mean of three experiments. Statistical analysis
was performed using the one-way ANOVA method with multiple comparison tests.

Given the unexpected results, I considered several potential technical problems that
might have caused these effects:
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1. Treatment timing
2. Toxicity of DMSO (the drug solvent)
3. Cytotoxic effects of SAHA

To address these concerns, I evaluated each possibility in separate experiments.

1. Treatment Timing;

To test whether reduced expression of 7hx/ was due to inappropriate treatment timing, I
selected the highest dose (2 uM) of SAHA that, according to clinical studies, does not induce
cell death (Ungerstedt et al., 2005) and then varied the treatment times (8, 13, 18, 24, 30, and
48 hours), while repeating the same experimental conditions described above, for three repli-
cates. This ensured that any observed under-expression of 7hx/ could not be attributed to cyto-
toxic effects of the drug. The results confirmed a reduction in 7bx/ expression across all time
points analysed (Fig. 14). This outcome suggests that treatment timing is not a contributing fac-
tor to the observed reduction in 7hx/ expression.
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Figure 14. Effect of SAHA (2uM) on Tbx1 expression at different treatment times.

The results confirmed decreased Tbx1 expression at all treatment times. Results are the mean of three experiments.
Statistical analysis was performed using the one-way ANOVA method with multiple comparison tests. The exper-
iments were conducted at 0.1% v/v (drug/vehicle in the treatment solution). Control cells were treated with DMSO
at the same final concentration used in drug treatments.

2. Toxicity of DMSO (the drug solvent)

Dimethyl sulfoxide (DMSO) is a polar aprotic organic compound commonly used as a sol-
vent for hydrophobic small molecules due to its amphipathic nature (Szmant, 1975). For this
reason, it 1s widely used as a control in both in vive and in vitro studies that use compounds dis-
solved in this solvent (F. R. Li et al., 2024; Sankpal et al., 2012). However, numerous studies
have highlighted the toxic nature of DMSO (Julien et al., 2012). In vitro toxicity has been re-
ported at concentrations above 10% (de Ménorval et al., 2012; Galvao et al., 2014; Notman et
al., 2006) while in vivo toxicity has been reported at concentrations as low as 0.1% v/v (Galvao
etal., 2014).
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To test whether the concentration of DMSO used in my original experiments (0.1%)
had a negative impact on 7hx] expression, I compared untreated C2C12 cells (media only) with
SAHA-treated cells with DMSO at concentrations of 0.1% and 0.02% v/v. Results showed that
Tbx1 expression was reduced in SAHA-treated cell samples, even with the lower DMSO con-
centration (Fig. 15) This suggests that DMSO toxicity was not responsible for the reduction in
Thx1 expression in SAHA-treated cells.

Tbx1 expression levels after 18 hours of treatment

ns
| |
1.5 x

= r . I e NTC2C12

< B _T_ = DMSO0,1%
S S 1.0- oo % T s SAHA 2uM0,1%
il
g 8 T v DMSO 0,02%
- £ .J.El SAHA 2uM 0,02%
S 2 05 I

©

f_

=
()

Figure 15. Lowering DMSO concentration did not improve Tbx1 expression in C2C12 cells freated with
SAHA.

C2C12 cells were treated with SAHA using a standard concentration of diluent (DMSO 0.1%). SAHA treatment
with standard and low conc. DMSO (0.02%) both led to reduced Tbx1 expression. NT, not treated. Results are the
mean of three experiments Statistical analysis was performed using the one-way ANOVA method with multiple
comparison tests.

The experiments in this project were conducted using varying %v/v volumes of drug or
vehicle (DMSO, in which the drugs were dissolved in the total treatment volume, selecting the
lowest possible %v/v. This variability depended on the different initial concentrations of the
drugs (SAHA 50 mM, GSK126 10 mM, GSKLSD1 50 mM, GSK2879552 50 mM) and the
specific final concentrations selected for each treatment.

3. Cytotoxic effects of SAHA

To evaluate potential cytotoxic effect of SAHA, I used the CCK-8 kit (Enhanced Cell
Counting Kit 8 (WST-8/CCKS), (E-CK-A362), a colorimetric kit designed to assess cell viabil-
ity and cell proliferation (Materials & Methods 3.3). The kit uses a water-soluble tetrazolium
salt, WST-8, which is reduced by dehydrogenase enzymes present in living cells to produce a
stained compound, formazan. The intensity of the resulting orange colour, which 1s measured
by absorbance at 450 nm, is proportional to the number of viable cells that have metabolized
the reagent. Compared to other tetrazolium-based assays such as MTT, XTT, or MTS, CCK-8
offers higher sensitivity in detecting viable cells. Moreover, the low cytotoxicity of the reagent
allows for extended incubations (up to 48 hours), enabling the monitoring of long-term effects
of cell manipulations.

43



In brief, I adapted the kit's protocol to my cell line by testing different cell seeding den-
sities (5 x 103, 2.5 x 10, 1.5 x 10%) and selected the most suitable density for C2C12 cells.
Specifically, I prepared a cell suspension, and 1,500 cells (1.5 x 10%) were plated into the wells
of 96-well plates and, after 24 hours, the cells were treated with various concentrations of SA-

HA (1uM — 5uM) for 18 hours. Finally, the absorbance was measured at 450 nm using a mi-
croplate reader.

Results showed no reduction in cell survival across the range of SAHA doses tested (Fig. 16)
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Figure 16. SAHA treatment (1uM- SuM) did not induce cytotoxicity in C2C12 cells.

Potential cytotoxic effects of SAHA were evaluated in the CCKS assay in C2C12 cells treated with different
epidrug concentrations. The experiments were conducted at 0.1% v/v (drug/vehicle in the treatment solution).
Control cells were treated with DMSO at the same final concentration used in drug treatments. Results are the
mean of two experiments. Statistical analysis was performed using the one-way ANOVA method with multiple
comparison tests.

With these studies, I excluded that reduced 7hxI expression in SAHA-treated C2C12
cells was caused by technical problems rather than a specific effect of the epidrug. Previous
studies, conducted in vivo on gastric carcinoma cells and on primary murine tumor cells
derived from satellite cells and myoblasts, have observed a repressive effect of SAHA on genes
mcluding MYB, APOCI1, CBX5, PLA2G24 and Pax3:Foxol(Abraham et al., 2014; Claerhout
et al., 2011)), suggesting that the unexpected result may be associated with complex
transcriptional regulatory mechanisms. Both authors describe a SAHA-dependent repressive
effect that varies according to the cell line (Abraham et al., 2014; Claerhout et al., 2011).
Specifically, in the study on alveolar rhabdomyosarcoma, repression at the Pax3:Foxol locus is
linked to epigenetic modifications that regulate the potential conversion of tumor cells into a
less aggressive phenotype (Abraham et al., 2014). In gastric carcinoma, on the other hand, the
reduction in oncogene expression is accompanied by different cellular responses, including the
activation of autophagy, which may influence the therapeutic efficacy of the treatment
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(Claerhout et al., 2011). Further studies would be necessary to elucidate the molecular
mechanisms underlying these differential responses.

4.1.2.3. GSKLSDI
I next tested the LSD1-specific histone demethylase inhibitor GSKLSDI.

LSDI1 is involved in multiple regulatory cellular processes, and studies have evaluated
the effects of LSDI inhibition in different cell types, demonstrating only minimal effects on
cell viability (Jingjing et al., 2021). A 2023 study demonstrated that inhibition of LSDI1 in
certain tumour cell subtypes using GSK-LSDI1 at a dose of 10 pM for four days, increased the
levels of H3K4me2 and H3K9me2 (He et al., 2023), which as activating histone marks might
increase gene expression. Therefore, I tested the following concentrations 2, 5, 10, and 20 pyM
of GSK-LSDI1. C2C12 cells were treated for 18 hours and experiments were conducted in
triplicate. Results showed a modest reduction in 7hx/ gene expression at concentrations of
10uM and 20uM (Fig. 17). Thus, also in this case, the result obtained was the opposite to that
expected given the pharmacological effect of this epidrug (increases activating histone marks
H3K4me2 and H3K9me?2).
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Figure 17. Treatment of C2C12 cells with GSK LSD1 reduces Tbx1 expression at high concentrations.

After 18 hours of treatment. a reduction in Thx1 expression was observed at higher concentrations tested across all
three biological replicates. These experiments were conducted using 0.05% as the %v/v of drug/vehicle volume in
the total treatment medium. Control cells were treated with DMSO at the same final concentration used in drug

treatments. Statistical analysis was performed using the one-way ANOVA method with multiple comparison tests.

4.1.2.4. GSK2879552

GSK2879552 has been described as a specific and relatively potent inhibitor of LSDI
(Mohammad et al., 2015). Numerous studies have investigated the use of this drug, revealing
alterations in cell viability at concentrations above 10 uM administered for 72 hours (Lillico et
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al., 2018), with an EC50, defined as the concentration at which 50% of the maximum
biological effect is observed, of 137 + 30 nM observed across 20 cell lines (Smitheman et al.,
2019) and increased cell mortality reported at concentrations above 100 nM (Sacilotto et al.,
2021). Based on these findings, I selected concentrations of 5, 10, 20, 50, and 100 nM and
conducted experiments following the same experimental conditions as described for
GSKLSDI. In this case, as well, no increase in 7bx] expression was observed (Fig. 18).
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Figure 18. Treatment with GSK2879552 did not increase Thx1 expression

After 18-hours of treatment, C2C12 cells showed a significant reduction in Tbx1 expression especially at higher
concentrations across all three biological replicates. These experiments were conducted using 0.02% as the %v/v
of drug/vehicle volume in the total treatment medium. Control cells were treated with DMSO at the same final
concentration used in drug treatments. Statistical analysis was performed using the one-way ANOVA method with
multiple comparison tests.

4.1.2.5. GSKI26

EZH2 is a subunit of the Polycomb PRC2 complex, a repressive complex that is
associated with the silencing of many genes. GSK126, a competitive inhibitor of S-
adenosylmethionine (SAM), is a highly selective inhibitor of this EZH2 (McCabe et al., 2012).
A 2013 study reported reduced cell proliferation at doses above 8 uM and variable sensitivity
to mhibition, depending on the cell line tested, at doses between 0.5 and 2 uM (Sato et al.,
2013). In a 2017 study evaluating cell viability across six multiple myeloma (MM) cell lines
exposed to increasing concentrations of GSK126 for 72 hours, it was shown that GSK126
strongly inhibited the cell growth, with IC50 values, defined as the concentration required to
mhibit 50% of the maximum biological activity, ranging between 12.6 pM and 17.4 pM (Zeng
et al., 2016). Based on these findings, I selected concentrations of 0.5, 1.5, and 5 pM and
evaluated their effects on 7hx/ expression following the same experimental procedures as
described for GSKLSD1 and GSK2879552. Results obtained from three biological replicates
showed no increase in 7bx/ expression compared to controls (DMSO alone) (Fig. 19).
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Figure 19. Treatment with GSK126 did not increase Thx! expression.

After 18-hours of treatment with this epigenetic drug, there was no significant increase in Thx1 expression across
three biological replicates. These experiments were conducted using 0.1% as the %v/v of drug/vehicle volume in
the total treatment medium. Control cells were treated with DMSO at the same final concentration used in drug
treatments. Statistical analysis was performed using the one-wav ANOVA method with multiple comparison tests.

4.1.2.6. CCK8 ASSAYS

At this point, I had only tested SAHA for cytotoxic effects on C2C12 cells. I therefore
performed CCKS8 cell counting assays for the other compounds. As described in Section
4.1.2.1, cells were seeded at a density of 1.5 x 10° cells per well in 96-well plates and cultured
for 24 hours. Subsequently, the cells were treated for 18 hours with the selected concentrations
of the epi-drugs. At the end of the treatment, the absorbance was measured at 450 nm using a
microplate reader. For all epidrugs, experiments were performed on two biological replicates.
Results showed, for all of the epi-drugs tested, there were no cytotoxic effects at any of the
concentrations that had been used in experiments that evaluated the effects of treatment on
Tbx1 expression (Fig. 20).
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Figure 20. Evaluation of cytotoxicity in C2C12 cells treated with epidrugs.
Cytotoxicity was tested for GSK126 (A), GSK LSD1 (B). and GSK2879552 (C) at the concentrations used in

previous experiments. Statistical analysis was performed using the one-way ANOVA method with multiple
comparison tests.
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4.2 A BIOINFORMATICS APPROACH TO IDENTIFY
HISTONE MODIFICATIONS AT THE 7BXI LOCUS

The goal of this part of my project was to identify histone modifications associated with
Thx1 activation. For this study, I collaborated with Dr. Olga Lanzetta and Prof. Antonio
Baldini, IGB-CNR, Naples. Dr. Lanzetta is a bioinformatician who has experience with the
analysis of large genomic datasets, and the development of algorithms for handling and
mtegrating big data. Together with Prof. Baldini, Dr. Lanzetta has identified 14 putative
enhancer sequences in the 7bx/ locus (unpublished data) through the integration of scRNAseq
and ATACseq datasets derived from experiments performed on differentiating E14TG2a mouse
embryonic stem cells (mESC), Figure 21.
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Figure 21. Track of 14 putative enhancers at the Tbx1 locus.
The UCSC Genome Browser shows the putative enhancers in rainbow colours. The track of the 7hx1 gene is

shown in dark blue.

We first downloaded histone modifications (marks) in embryonic tissue (8 marks, 12
tissues, 8 embryonic stages) from ChIP-seq data by ENCODE 3 (UCSD/Ren)
(http://genome.ucsc.edu) to identify the histone modifications that overlap the sequences of the
14 putative enhancers (Table 3).

HISTONE MODIFICATIONS

H3K4me3 | H3K4me2 | H3K4mel | H3K27ac | H3K9ac | H3K36me3 | H3K27me3 | H3KOme3

Forebrain E10.5-P0

Midbrain E10.5-P0 -

Hindbrain E10.5-P0 =

Neural tube E11.5-E15.5 =
| Facial prominence E10.5-E155 5
=| Limb E10.5-EI55 >
4| Heart E105-E145 PO a
| Kidney E14.5-E.16.5. PO “

Lung E14.5-E.16.5. PO z

Liver E11.5-E14.5 PO =

Stomach E145-E. 165, P0 “

Intestine E145-E165,P0

Table 3. Histone modifications in embryonic tissues.
The data comprise 8 histone marks, 12 tissues, 8 embryonic stages from ChIP-seq by ENCODE 3 (UCSD/Ren).

PO, postnatal day zero.
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Additionally, we retrieved bulk polyA RNA-seq data from the ENCODE database (Lab:
Barbara Wold, Caltech, CA) (https://www.encodeproject.org) , where Thx] expression had
been measured in the same tissues and stages as the ChIP-seq data. The expression data were
used to classify tissues into two groups: low ThxI expression (nr=53) (TPM < 3) and high 7bx/
expression (nr=19) (TPM > 3), normalized to Gapdh (Figure 22).
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Figure 22. Heatmap of normalized gene expression levels of Gara2, Gapdh, and Tbx1 across 12 mouse tissues
during different stages of embryonic development.
A. Colours represent expression levels, with light blue indicating minimal expression and dark blue
indicating maximum expression.
B. Normalization of the gene expression levels of Gata2, Gapdh, and Thx1 was performed relative to the 19
tissues exhibiting medium-high levels of Thx/ expression, selected for TPM >3

We then performed the analysis of the overlap between the peaks of histone modification
tracks and the peaks of the 14 putative enhancer, separately for tissues with low and high 7bx/
expression. Using an R-based algorithm, we compared ChIP-seq and RNA-seq data to generate
a file where a value of 1 was assigned to points where an overlap between the two datasets was
detected, and a value of 0 where no overlap was present. The resulting matrix for both groups
was reorganized and analyzed to obtain information on the number of overlaps for each histone
marker and putative enhancer (Figure 23). In this preliminary analysis, the dataset size (i.e., the
number of observations composing the analyzed groups) for individual histone modifications
was not taken into account.
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Figure 23. Bar charts showing the number of sequence overlaps obtained for each putative enhancer.
Histone modifications at enhancers with low ThxI expression (left) and high 7bx/ expression (right). The charts
display only the number of overlaps for different histone modifications (H3K27ac, H3K27me3, H3K4mel,
H3K4me2, H3K4me3. H3K9ac. H3K9me3) at each putative enhancer, indicated in the side legends and
represented by distinct colors. Comparing the distribution of histone modifications provides an initial evaluation of
the differences in the epigenetic profile of the 14 putative enhancers in tissues with low and high ThxJ expression.

The six selected histone modifications were then individually evaluated. For each histone mark,
i samples with high 7hx] expression, the putative enhancers showing an increased frequency
of the histone mark compared to samples with low 7hx/ expression were identified. In this
analysis, for both high-expression and low-expression 7hx/ samples, the frequency of each
histone mark was assessed based on the number of observations (tissue and embryonic stage) in
each group (Figure 24). A summary of the interpretation of these data is shown in Table 4.
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Figure 24. Distribution frequency of individual histone modifications (marks) across the 14 putative 7Tbx1
enhancer sequences in tissues with high and low Thx1 expression.

The bar charts illustrate the frequency distribution of each histone modification across the 14 putative enhancers in
tissues with high and low Thx] expression levels. Data were normalized based on the total number of observations
(tissue and embryonic stage) in each group (low or medium-high 7hx/ expression). Histone modifications are
categorized as activating (A) and repressive (B). The bar charts display the frequency of observations (tissues and
stages) for the low Thx] expression group in light gray, while the medium-high 7bx/ expression group is
represented in dark blue.

Overall, the results showed that in tissues with medium-high levels of 7hx] expression,
H3K4mel of the putative 7hx/ enhancers was frequent (13/14), compared to tissues with low
Thx1 expression (1/14) (Table 4), a result that 1s consistent with its’ status of an activating
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histone mark. Conversely, for H3K27me3, only 9 enhancers in total showed a high frequency
of this histone mark. In particular, when the medium and high 7hx/-expressing groups were
separated, few enhancers in the high 7bhx/-expressing groups showed this histone mark.
Together, these results suggest that high levels of H3K4mel, together with low levels of
H3K27me3, are associated with Thx] activation.

Histone Modifications at the putative Thbx1 enhancers

Enhancers
Histone Modification | Tissue Group (n=14) Key Observations
Low Thx! : : ; :
. Oﬁ'essi’((m 1/14 (52 obs.) In tissues with high Thx/ expression most of
H3K4mel Xpdj : o the putative enhancers display this activating
I;_ie\_j l;?l;refsion 13/14 (19 obs.) | histone mark.
i Tbﬂ 3/14 (44 obs.) Many enhancers display this activating
expression : F S
H3K9ac MediomIioh histone mark in tissues with high levels of
Thyl l:)];rlr;sgsion 8/14 (16 obs.) | Tbx! expression.
7! 5
oz
Low Thx!
% expression 3/14 (12 obs.) Both groups contain few observations;
= however, in the group comprising tissues
LZI H3K27ac with medium-high Thx] expression, a greater
= Medium-high 10/14. (18 obs number of enhancers exhibit this activating
; Thbx1 expression i Lleete) mark compared to the group with low Thx!
= expression.
@)
<
Low Tbx!
ef‘;essim 1/14 (50 obs.)
H3K4me2 - . ; Both activating marks exhibit only a few
Medium-high . : ;
S 4/14 (16 obs.) enhancers with a higher frequency in the
3 - : pr 7 group of observations with high Thx/
e)?;:'ess::m 1/14 (53 obs.) | expression.
H3K4me3 —
Medigm-lugh 5/14 (19 obs.)
Thx1 expression
= Low ThxI
= expression 5/14 (53 0bs.) | There are few differences between the two
9 H3K27me3 tissue groups. but in tissues with high levels
- Medium-hich of ThxI expression, few enhancers carry this
i et 4/14 (19 obs.) L
& ; Thx1 expression " repressive histone mark
=

Table 4. Histone modifications at putative 7bx1 enhancers.
The table summarizes the interpretation of the data obtained from the bioinformatic analysis. The column

"Enhancers (n/14)" reports the number of enhancers that showed an increased frequency of the specific histone
mark in the low and medium-high Thx/ expression groups. In brackets, the number of observations (tissue and

embryonic stage) in the data set is indicated. as shown in Figure 24. The interpretation of the data is indicated in

the right column.

In addition, we can deduce from this result that using a combination of epidrugs that target
these two specific histone modifications might be more efficacious than the individual drugs
for increasing 7hx1 expression. We tested this hypothesis in C2C12 cells.
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4.3 COMBINED EPIDRUG TREATMENTS IN C2C12
CELLS

Several studies have reported the synergistic responses that epigenetic drugs can produce
when used in combination (Cameron et al., 1999; Smitheman et al., 2019). This is in line with
the observation that chromatin status (condensed - inaccessible or decondensed — accessible) is
determined by multiple histone marks. Guided by the results of the bioinformatics analysis of
the histone modifications at the putative 7hx! enhancers, I performed experiments using a
combination of GSK126 and GSK2879552, which, given their mode of action should reduce
H3K27me3 and promote H3K4mel respectively.

e GSKI126, an EZH2-specific inhibitor, reduces trimethylation on the K27 residue of
histone H3 by inhibiting this methyltransferase complex, thereby reducing gene
repression.

e GSK2879552, an LSDI-specific inhibitor, increases monomethylation on the K4
residue of histone H3 by blocking the activity of this demethylase, thereby promoting
gene activation.

To set up the combination experiment, I used a fixed-ratio approach, which involves
maintaining a constant concentration of one drug while varying the concentration of the other
(Tallarida, et al., 1997). I began by evaluating the combined treatment of these two epidrugs
after 18 hours, maintaining GSK126 at a constant concentration of 5 pM while varying the
concentration of GSK2879552 (10, 20, 50, and 100 nM). Results showed a significant increase
mm 7hxl expression with the combination of 5 pM GSK126 and 20 nM GSK2879552.
Interestingly, treatment with 5 ptM GSK126 alone increased 7bx/ expression, which had not
been observed in my previous experiment (Fig. 25). Further, experiments will be needed to
confirm this result.

Thx1 expression levels in C2C12 cell
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Figure 25. Combined GSK126 — GSK2879552 treatment increases Tbhx1 expression in C2C12 cells.
The experiment was conducted by maintaining a constant concentration of GSK126 while varying the

concentration of GSK2879552 (10-100 nM). A significant increase in Thx/ expression is observed with the
combination of 5 pM GSK126 and 20 nM GSK2879552. The technical replicates of two separate experiments are
shown in the graph. These experiments were conducted using 0.05% as the %v/v of drug/vehicle volume in the
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total treatment medium. Control cells were treated with DMSO at the same final concentration used in drug
treatments. Statistical analysis was performed using the one-way ANOVA method with multiple comparison tests.

Given this promising result, I performed new experiments using the inverse
combination, i.e., keeping GSK2879552 fixed at a concentration of 20 nM and varying the
concentration of GSK126 (0.5 uM, 1.5 uM, 5 uM). Results confirmed the efficacy of the
combination of 20 nM GSK2879552 and 5 pM GSK126, and at the lower dose of 1.5 uyM
GSK126 (Figure 26). In future experiments, I will test GSK126 doses higher than 5 pM.

Thx1 expression levels in C2C12 cell
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Figure 26. Combined GSK126 — GSK2879552 treatment increases Tbx1 expression in C2C12 cells.

The graph illustrates the combined treatment with GSK2879552 and GSK126. The experiment was conducted by
maintaining a constant concentration of GSK2879552 (20 nM) while varying the concentration of GSK126 (0.5—
5.0 uM). A significant increase in 7hx/ expression is observed with the combination of 20 nM GSK2879552 and 5
pM GSK126. The data represent the averages of technical replicates from three biological replicates. These
experiments were conducted using 0.05% as the %v/v of drug/vehicle volume in the total treatment medium.
Control cells were treated with DMSO at the same final concentration used in drug treatments. Statistical analysis
was performed using the one-way ANOVA method with multiple comparison tests.

44 COMBINED EPIDRUG TREATMENT IN MOUSE
EMBRYONIC STEM CELLS

The murine embryonic stem cells (mESC) used in this study were of the line E14TG2a
(ATCC CRL-1821), hereafter called E14. Murine ESCs constitute a valuable experimental
model for studying the initial activation of the 7hx/ gene, as occurs during mouse
embryogenesis, including the epigenetic regulation of its’ activation. Unlike C2C12 cells,
which express basal levels of 7bx/, mESC, including E14, do not express 7hxI. However, the
induction of differentiation in mESC using specific factors leads to its” activation shortly after
(Chen et al., 2009). Thus, while potentially serving as a second cell model in which to validate
key results obtained in C2C12 cells, performing similar experiments in E14 mESC has
independent relevance and validity, because it is not known whether the initial activation of
Thx1 during embryogenesis, as opposed to increasing 7hx/ expression above basal levels are
governed by the same histone modifications. Therefore, having identified a combination of
epidrugs that increases 7bxI expression above basal levels in C2C12 cells, I iitiated
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experiments in E14 cells in order to test whether they responded in the same way. If so, it
would suggest that the same histone marks (high H3K4mel and low HeK27me3) are involved
in the initial activation of 7hx/.

441 E14TG2a cell cultures and induction of mesoderm
differentiation

The E14TG2A (E14) cell line was isolated from mouse blastocysts of the 129/Ola strain
(Hooper et al., 1987; Incarnato et al., 2014). These cells can be maintained in an
undifferentiated state in culture without the use of feeder cells and they can be induced to
differentiate into various cell lineages under specific stimuli (Hooper et al., 1987; Murry and
Keller, 2008; Seifert et al., 2008). Details of the differentiation procedure used here can be
found in the Materials & Methods, 3.9. Briefly, E14 mESCs were cultured on tissue culture
plates coated with 0.1% gelatine, using a growth medium containing Glasgow Minimum
Essential Medium (GMEM) enriched with fetal bovine serum (FBS), L-glutamine, penicillin-
streptomycin (P/S), beta-mercaptoethanol (BME), sodium pyruvate (NaP), non-essential amino
acids (nonEAAs), and Leukaemia Inhibitory Factor (LIF) to maintain their pluripotent state
(Zhang and Feng, 2022). The culture medium is replaced daily, and cells are passaged every 2—
3 days to avoid confluency, which induces spontaneous differentiation.

To induce ThxI expression, 100,000 cells/ml. were subjected to a differentiation
protocol involving the addition of specific growth factors (Fig. 27, (Andersen et al., 2018)
Materials & Methods, 3.9). From day (d) 0 to d4, BMP4, Activin A, ascorbic acid, and
monothioglycerol (MTG) were added every two days in a Serum-Free Defined medium (SFD
medium) composed of Iscove's Modified Dulbecco's Medium (IMDM), HamF12 (HF12),
bovine serum albumin (BSA), glutamine, penicillin-streptomycin (P/S), B27 supplement, and
N2 supplement. This protocol is based on the method described by Andersen et al. (2018),
which demonstrated the effectiveness of these factors in inducing precardiac organoid
formation through Bmp/Wnt signaling.

Mouse Erbryocss Stem Cell Embrvoid Bodies Cardiae progenitors
A (mESC)
— —
Spheroid Cardiac
fop 4 progenitors
rnaton foimation
do A2 IOAUCTION e 04 da d8
SFD Medium SFD Medium SFD Medium
+ Ascorbic acid [Smg'ml] + Ascorbic acid [Smg/ml] + Ascorbic acid [Smg'ml]
+MIG +MTG +MIG
+Activin A [1.5 ng/ml]
+BMP4 (1.5 ng/ml]

El4 do d2 d4 d6 ds

Figure 27. Differentiation of cultured E14 mESCs.
A) Schematic representation of the differentiation procedure. This involves plating 100,000 cells/mL in SFD
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medium supplemented with ascorbic acid and MTG on day 0 (d0) and day 4 (d4). The induction phase begins on
day 2 (d2) with the addition of Activin A and BMP4. Differentiation continues until day 8 (d8) without further
medium changes. B) Images of differentiating E14 cells, captured at an optical microscope at 10X magnification.

Using reverse transcribed PCR (RT-PCR), I monitored the expression of 7hx/ and of
selected markers of differentiation at various time points (d0, d2, d4, d6, and d8). Markers such
as Mef2c, Gatad, Isll, Ve-cad, and Pecaml were analysed to confirm that differentiation had
occurred (Figure 28). Results showed successful induction of 7hx/ expression at d5, achieving
maximum expression at d6-d8.

+ +

M d0 d2 d4 d5 d6 d& (d4) (d8) Ctr-

196 bp  pfef2c

175 bp Mespl

136 bp Pecaml
72 bp Ve-cad

308 bp Isi!
259 bp Gatad
94 bp Cd34
95 bp Vegfir2
239bp  IhxI

106 bp GAPDH

M d0 d2 d4 d5 d6 d8 (d4) (d8) Ctr-

Figure 28. Induction of differentiation in E14 mESC cells activates genes involved in mesodermal and
endothelial differentiation.
RT-PCR analysis of E14 cells isolated at different time points shows that 7Dx/ is activated at d5 and expression

increases until d8, the latest time point to be analysed. M, 50 bp marker. d0-d8, samples at differentiation day O -
day 8. (d4) and (d8), positive controls, Ctr- negative (technical blank) control.

4.4.2 EPIDRUG TREATMENT OF DIFFERENTIATING
E14 mESC

Based on the successful enhancement of 7hx] expression in C2C12 cells treated with
GSK126 and GSK2879552, I tested the most promising combination of these two epidrugs,
1e., 5 uM GSK126 and 10, 20, 50, and 100 nM GSK2879552. Using the differentiation
procedure shown in Fig. 25, I induced differentiation in the E14 mESCs, then added the drugs
directly to the culture medium d5, 24 hours prior to the 7hx/ expression peak and then
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harvested the cells at d6 and d7, i.e., after 24 hours and 48 hours of drug treatment.
Subsequently, I analysed 7hx! expression by Real-Time qPCR. This permitted a quantitative
assessment of the impact of these molecules on 7hx/ activation during differentiation.

Results obtained 1n the first experiment showed high variability across the different drug
concentrations, which prevented interpretation. A second experiment in progress.

4.5. TESTING THE THERAPEUTIC POTENTIAL OF TBXI-
ACTIVATING EPIDRUGS USING PHENOTYPIC RESCUE
IN 7BXI MUTANT MICE

The last objective of my project was to test promising epidrug treatments in 7bx/
mutant embryos. This will allow me to understand whether the 7hx/-activating histone marks
identified in cell culture have in vivo relevance. The readout of these experiments will be the
ability of the epidrug/s to rescue (normalize) the development of the 4% pharyngeal arch
arteries (4PAA) in ThxI™ embryos. Aplasia or hypoplasia of one or both arteries is a highly
penetrant 7hx/ haploinsufficiency phenotype that is relatively easy to score at embryonic day
(E)10.5 by intracardiac injection of India ink (Lindsay et al., 2001), see Material & Methods,

3.10, Fig 29.
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Figure 29. Indian ink Injection.
Typical PAA morphology in a wild-type E10.5 embryo as visualized by intracardiac ink injection. Figure modified
from Lindsay et al., 2001.

Due to an outbreak of Pasteurella infection in the mouse colony at the IGB-CNR,
Naples in November 2023, I have only recently initiated these experiments. The infection
necessitated the rederivation of the 7hx/ mutant mouse line, and it has taken one year to
recover. I now have a small group of male 7hx/*~ mice that have reached sexual maturity (8
weeks of age) that will be crossed with wild type female mice and embryos will be collected
E10.5 and injected intracardially with ink. To date, I have set up a pilot experiment with a small
number of timed matings in order to have embryos for practicing ink injection. For this, I have
the technical support of two members of Prof. Illingworth’s’ research group who have
experience with this technique.

Once I have achieved the necessary technical expertise, I will perform the experiments
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using the combined epidrug treatment with GSK126 and GSK2879552. For this, I will be
guided by the scientific literature for establishing the appropriate drug dosage and treatment
regimes, considering that treatment is administered to the pregnant dams. I shall collect and
mject a sufficient number of embryos to achieve statistically significant data, ie.,
approximately 25 embryos per genotype (7bxI*~ vs wild type) and per treatment group
(epidrug-treated vs vehicle (DMSO)-treated. I expect to be in a position to initiate these
experiments in February 2025.
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5. DISCUSSION

The objective of this study was to identify histone modifications that promote 7hx/
expression in cell cultures and in vivo. Such modifications might contribute to the epigenetic
regulation of 7hxI during mouse embryogenesis, about which little 1s known. The novelty of
the study lies in the integration our own data with large genomic datasets deposited in public
databases containing information about gene expression in different tissues and at different
stages of embryonic development, and histone marks genome-wide. Overall, our goals were
met, in that we 1dentified two histone modifications that were strongly associated with a set of
newly identified putative 7hx] enhancers in tissues expressing high levels of 7hx]. In addition,
treatment of C2C12 cells with epidrugs that target these modifications increased expression of
Thbxl, thereby providing tools that will allow us to validate the 7hxI-activating histone
modifications in vivo.

Choice of the cell lines

The choice of which cell line to use was limited because of the low level of 7BXI
expression in many commonly available cell lines. TBX1 has critical functions in endothelial
cells, and in my lab, several endothelial cell (EC) lines have been used to study the effects of
TBX1I iactivation on transcriptional targets (Chen et al., 2010; Cioffi et al., 2014; Martucciello
et al., 2020), these include human umbilical vein ECs (HUVEC), human and mouse lymphatic
ECs (LECs) and dermal microvascular ECs (HDMEC). However, these are all primary cell
lines, which are slow growing and require defined media and expensive growth factors. Thus,
they were deemed unsuitable for my project initially, as we envisaged performing a high
throughput screen of epidrugs. Transformed cell lines generally grow more robustly and do not
need specific growth factors, but the only transformed EC line available to me was a mouse
brain EC line, in which I did not detect 7hx/ expression. C2C12 myoblasts have been used in
my lab to study muscle differentiation (Pane et al., 2018). As they express low levels of 7hx/,
they were deemed to be suitable for studies that aim to increase 7bx]/ expression
pharmacologically. The second cell line selected was the mouse embryonic stem cell (mESC)
line E14TG2a. This cell line was initially selected because mESC do not express 7hxI, but
upon induction of mesoderm differentiation, it is activated. Thus, together, these two cell lines
represent the two biological contexts of interest to me; C2C12 cells express basal levels of
Thx1 that can be modulated pharmacologically, a context that is similar to that envisaged for
treating 7hx] haploinsufficiency in 22q11.2DS patients, where drugs/epidrugs would be used to
increase expression from the healthy 7hx/ allele. In contrast, E1I4TG2a mESC do not express
Thx1 until 1t is activated by an external cue, namely differentiation, a context that is similar to
that which occurs i mouse embryos after gastrulation, when 7bx/ is activated for the first time
in anterior mesoderm (Huynh, 2007). Therefore, these two cellular models would allow me to
discriminate between 7bx/-activating histone modifications in the two different biological
contexts.

The results obtained to date do not allow me to conclude definitively whether combined
GSK126-GSK2879552 treatment affects 7hx/ expression in differentiating E14TG2a mESCs
because the results obtained are highly variable. This may be due in part to the non-
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homogeneous nature of mESCs. Further experiments are in progress in which the timing of
treatment and the dosage of the individual epidrugs are manipulated. Should these experiments
fail, 1t would suggest that these histone modifications do not contribute to the initial activation
of TBXI.

Selection of epidrugs

There are at least two different approaches to identify 7bhxI/-activating histone
modifications. The first, 1s to perform a cell-based screen of known epidrugs and select those
that increase Thx/ expression. The class of the 7hx/-inducing epidrug/s should inform upon the
histone modifications associated with increased expression. An alternative approach is to
analyse the histone modifications in regulatory elements of 7hx/ in mutant vs wild type
conditions or in tissues expressing high vs low levels of 7hx1.

The early phase of my project was dedicated to the first approach through a
collaboration with EpiC s.r.l. The objective was to perform a semi-high-throughput screen of
epidrugs using a cell line carrying a TBX1-GFP transgene. This approach was abandoned
during my first year after a series of pilot experiments showed that it would not be possible to
adapt the growing conditions of the cell line (genetically modified mESCs), to the experimental
conditions required to ftreat the cells for 24-48 hrs and then measure gene expression.
Therefore, with the help of Prof. Altucci, Director of EpiC s.r.l., I adopted the more modest
strategy of testing one or two members of the main classes of epidrugs, giving priority to those
that generally promote gene expression, namely H3K4 mono-, di- and tri-methylation, or that
mhibit repressive histone marks, namely H3K9 tri-methylation and H3K27 tri-methylation.
The results obtained with the first five epidrugs tested showed no significant increase in 7bx/
expression when used alone and at the doses tested. Interestingly, treatment with SAHA, a
modulator of the acetylation state of chromatin, revealed a reduction in 7hx] expression in
multiple experiments, which is the opposite of that expected. To ensure that this effect was not
attributable to cytotoxicity or inadequate treatment timing, I performed cell viability assays and
quality analysis of the extracted RNA. These experiments ruled out technical problems, but
they did not address the underlying biological question of the repression. This could be
addressed in future studies. These should include confirmation of 7hxI repression using an
epidrug that has similar activity to SAHA, for example Trichostatin A (TSA), Valproic Acid
(VPA) or Entinostat (MS-275).

For the second approach to identify 7hx/-activating histone modifications, I was greatly
assisted by the identification of several putative 7hx/ enhancers through the integration of
single cell RNA-seq and ATAC-seq datasets derived from experiments performed on
differentiating E14TG2a mESCs. The group of our collaborator Prof. Antonio Baldini, at the
IGB-CNR, Naples, generated these data. These data allowed me to 1idenfify histone
modifications that were associated with high 7hx/ expression in a panel of different mouse
tissues and, through this, gain insights into combinations of epidrugs that would likely increase
Thbx1 expression. Although, these combinations could have been deduced on the basis of our
general knowledge of activating histone marks and our specific knowledge of the role of 7hx1
i promoting mono-methylation of H3K4, the volume of the genomics data handled by the
algorithm used here greatly enhances the robustness of the results obtained. This was important
for me, because I have recently initiated in vivo studies in the mouse in which I will test the
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efficacy of GSK126-GSK2879552 combined treatment for alleviating the 7bx/
haploinsufficiency phenotype.

In vivo validation of putative ThxI-activating histone modifications

Unfortunately, this important part of my project, the in vivo validation of putative Thx1-
activating histone modifications, has been much delayed due to an outbreak of Pasteurella
mfection in the mouse colony of our collaborator Prof. Baldini in November 2023. Rederived
Tbx1 mutant mice have only recently reached sexual maturity. Matings between 7bx/- and
wild-type mice have been set up and I expect to perform the first pilot experiments at the end of
January or beginning of February 2025. The first experiments will be dedicated to learning how
to collect embryos at the stage in which the 7hx/ haploinsufficiency phenotype is evident
(E10.5) and to practicing intracardiac ink injection, which is the method used to reveal the
anatomy of the pharyngeal arch arteries, which are some of the most sensitive structures to
Tbx1 dosage (Jerome and Papaioannou, 2001; Lindsay, 2001; Lindsay et al., 2001; Merscher et
al., 2001).
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6. CONCLUSION

Twenty-five years have passed since genetic engineering techniques were employed to
mactivate the murine 7bx/ gene. The availability of 7hx/ heterozygous and homozygous
mutant mice and fish opened the door to the study of the molecular and developmental
functions of TBXI, that were previously unknown. Analysis of the 7hx/ mutant phenotype in
model organisms revealed many of the same physical defects observed in 22q11.2DS patients,
mcluding cardiovascular anomalies and pharyngeal arch and arch artery defects, thereby
validating its’ status as a candidate disease gene. Later, the identification of rare cases of 7BX/
point mutations in humans established 7BXI as the major gene involved in this disease.

Since then, much research effort has been dedicated to the discovery of the critical
tissues and timing of TBX1 function during mouse and fish embryogenesis, and to the
understanding of the cellular mechanisms that are disrupted when 7bx/ is mutated. During this
period, a limited number of interacting proteins were identified, an area of study that has been
revolutionized by high throughput genomics, including RNA-seq, ChIP-seq, ATAC-seq and,
more recently, by single cell versions of these methods. Much less, research attention has been
dedicated to understanding how TBXI1 i1s regulated, which is surprising given that 22q11.2DS
is primarily a disease of 7BXI haploinsufficiency. Only a few molecules are known to regulate
TBX1 directly, and epigenetic mechanisms regulating its expression remain poorly understood.

My doctoral project used an innovative approach involving the use of epidrugs to
modulate 7hx] expression and thereby identify potential 7hx/-activating histone marks. This
lab-based approach was supported by a bioinformatics approach that enabled me to gather
mformation about histone modifications at the TBX1 locus from genome-wide datasets
deposited in public databases. The integration of the two approaches allowed me to identify an
epidrug combination that led to increased 7bx/ expression in C2C12 myoblasts. The combined
treatment using GSK126 (an EZH2 inhibitor) and GSK2879552 (an LSD1 inhibitor) resulted in
a significant increase in 7hx/ expression, suggesting that simultaneous modulation of H3K4
and H3K27 methylation may be required to activate 7hx] or to increase its’ expression above
basal levels. In this context, the bioinformatics studies proved essential, as they enabled the
identification of a potential synergistic effect between the two epigenetic modifications.

Future priorities are to test the effective epidrug combination in vivo through phenotypic
rescue experiments using 7bx/ mutant mice. I have initiated these studies only recently after a
long delay due to the unavailability of the mouse lines.
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