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Abstract

Heart diseases are the leading cause of death worldwide, which includes acquired
cardiovascular diseases and congenital heart diseases. The Cited2 gene is important for proper
heart development and cardiac cell differentiation from pluripotent stem cells. Previous studies
suggested that the role of Cited2 in cardiac differentiation could begin during the early events
that occur in pluripotent cells that undergo differentiation. In mouse embryonic stem cells,
Cited2 is important for self-renewal maintenance, as cells die or differentiate under Cited2-
depleted conditions. In differentiation, embryonic stem cells depleted of Cited2 at the onset of
differentiation show an impairment of cardiac cell differentiation. However, the mechanisms
behind these observed phenotypes of Cited2-depletion are not well established. In this work,
differentially expressed genes were identified in undifferentiated mouse embryonic stem cells
and differentiated cells on day-4 of differentiation. Thus, using mouse embryonic stem cells
that can be conditionally depleted of Cited2, after 16 hours of incubation it was observed that
Cited2-depleted cells under undifferentiation conditions tend to show increased levels of the
DNA damage marker yH2AX, concomitant with decreased expression of DNA repair genes
(Rad51c, Rad9b, and Mdcl) and increased expression of pro-apoptotic genes (p21, Ptges,
PIk2). In differentiation conditions using the hanging drop method, on day-4 of differentiation,
epigenetic mark H3K27ac showed a decrease in the promoter region of cardiopoietic genes
concordant with their downregulation (Brachyury, Cdx2, Dkk1, Isl1, Kdr, Mespl, Wnt5a).
However, the results of the H3K27me3 marks, showed higher variability and did not match the
reciprocal marks of H3K27ac. Moreover, the increase in H3K27ac mark in undifferentiated
Cited2-depleted cells corresponded, as expected, to an upregulation of the same genes. Lastly,
histone acetyltransferase activity assay using the whole cell extract showed a tendency to
increase acetylation in Cited2-depleted cells. In conclusion, the role of Cited2 in DNA repair
and the cause of increased cell death remains to be established, while delayed expression of
mesoderm/cardiac genes could be associated with misregulation of epigenetic H3K27(me3/ac)

marks at the promoters of cardiopoietic genes.

Keywords: Cited2, DNA, differentiation, pluripotency, H3K27me3/ac, mouse






Resumo

As doencas cardiacas sdo responsaveis pela maioria das mortes a nivel mundial de acordo com
a Organizacdo Mundial de Salde. Este grupo de doengas inclui as doencas congénitas cardiacas
e as doencas cardiovasculares. Embora as doencas cardiovasculares possam ser mitigadas pela
adocdo de estilos de vida saudaveis, as doencas congénitas cardiacas ndo podem ser tdo
facilmente evitadas. Isto, porque estas doengas tém uma componente genética que leva a
malformacdo do coracdo, e apesar de em alguns casos ser possivel operar os recém-nascidos,
ainda ndo ha terapias genicas que resolvam a totalidade destes casos. Portanto, é assim
necessario perceber melhor o desenvolvimento cardiaco e o papel que alguns genes tém neste
complexo processo. Esta complexidade reflete-se na coordenagédo de expressao de diferentes
fatores de transcricdo (e.g. Brachyury, Nkx2.5, Mesp1, Isl1), e ativagdo de diferentes vias de
sinalizacdo (e.g. FGF, TGF, BMP, NODAL, e a WNT). Estas vias atuam em sincronia tendo
um efeito de ativacdo ou inibicao de fatores de transcri¢cdo dependendo do tecido do embrido e

do estadio de desenvolvimento (ou seja, também depende do tempo decorrido).

Este trabalho foca-se na compreensdo dos diferentes papeis do gene Cited2 em condicOes de
pluripoténcia e de diferenciacdo. Foi demonstrado que mutacdes neste gene em humanos estao
associadas a doencas congenitas cardiacas. Em laboratorio, a delecdo deste gene em ratinho
(Mus musculus) leva a sua morte in utero, principalmente por malformacdes do coracao.
Estudos em células estaminais embrionarias de ratinho mostraram que Cited2 é também
importante para a manutencdo da pluripoténcia uma vez que Cited2 promove a expressao de
Nanog, que por sua vez leva a expressdo de outros genes importantes para a manutencdo da
pluripoténcia. Contudo, quando Cited2 é depletado (ou seja, a expressdo € diminuida), verifica-
se um aumento da morte celular e da diferenciacdo espontanea; mesmo em células mantidas em
condigdes de pluripoténcia, usando meio suplementado com LIF. Em contexto de diferenciacdo
verificou-se, usando também células estaminais de ratinho, que a deple¢éo de Cited2 no inicio
do protocolo da gota suspensa levou a uma diminuicdo na capacidade de diferenciacéo cardiaca.
Trabalhos anteriores do laboratorio mostraram que existe um atraso na expressao de genes
importantes para a especificacdo da mesoderme e de diferenciacdo cardiaca, nomeadamente:

Brachyury, MixI1 e Mesp1.

Este trabalho partiu da analise de dados de “microarrays” (Affymetrix) de um trabalho anterior
no laboratdrio, que tinha como alvo identificar os genes diferencialmente expressos entre dois

grupos de células: as células controlo (com expressao de Cited2) vs as células tratadas (sem
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expressao de Cited2); e em duas condicdes experimentais: pluripoténcia e diferenciacdo. Deste
modo, o trabalho foi separado em duas partes, uma dedicada ao papel do Cited2 em
pluripoténcia e outra em diferenciacdo. Para compreender o papel de Cited2 na pluripoténcia,
foram feitas experiéncias com células de ratinho que permitem a deplecdo condicional de
Cited2 quando se adiciona o composto 4HT ao meio de cultura (usando como controlo etanol).
Assim, ap6s analise dos “microarrays” verificou-se que existiam alguns genes de reparacéo do
ADN que estavam regulados negativamente (Rad51c, Rad9b e Mdc1), enquanto alguns genes
que promovem a morte celular por apoptose estavam regulados positivamente (p21, Ptges,
Plk2). Portanto, estes resultados sugeriram que um possivel mecanismo que leva ao aumento
de morte celular quando Cited2 é depletado que pode estar associado com dano do ADN. Deste
modo, a quantidade de dano nas células foi avaliada por “Western Blot” e por microscopia de
confocal, onde foi usado como marcador de dano no ADN a histona H2AX. Na presenca de
dano no ADN esta histona € fosforilada, e passa a denominar-se por yH2AX. Assim, verificou-
se que apesar de existir um aumento dos niveis de yH2AX depois de 16 horas de tratamento,
os resultados ndo foram estatisticamente significativos. Portanto, ndo foi possivel estabelecer
com certeza que a causa de morte celular devido a deplecdo de Cited2 é causada pelo aumento
de dano no ADN. Contudo, os resultados de “microarray” sugerem que genes associados a0
p53 possam estar envolvidos (referidos acima). Como perspetivas futuras € proposto que se
estude a possivel modelacdo por CITED2 da atividade do p53 através da acetilacdo por
p300/CBP.

Relativamente ao papel de Cited2 na diferenciacdo, a analise dos “microarrays” sugeriu que
alguns genes que estavam regulados negativamente séo controlados por um complexo repressor
de expressdo (PRC2). Portanto levantou-se a hipotese de que o atraso na expressao dos genes
marcadores da mesoderme e de diferenciacdo cardiaca possam estar bloqueados quando Cited2
estd pouco expresso. Deste modo, realizaram-se experiéncias de immunoprecipitacdo de
cromatina tendo como alvo duas modificagdes pos-traducionais: H3K27me3 e H3K27ac. Estas
modificag¢Oes sdo reciprocas, onde a tri-metilacdo (me3) esta associada a represséo dos genes,
e a acetilagdo (ac) esta associada a ativacdo de expressdo dos genes. Os resultados mostraram
que, de facto, embora ndo estatisticamente significativos, existe uma tendéncia para uma
diminuicdo da marcacdo H3K27ac ao dia-4 de diferenciacdo nos promotores dos genes
Brachyury, Cdx2, Dkk1, Isl1, Kdr, Mespl e Wtn5a. Concordante com estes resultados, e como
seria de esperar, estes genes encontraram-se negativamente regulados. O inverso foi observado

para as condicGes de pluripoténcia, ou seja, a baixa expresséo de Cited2 levou a uma tendéncia

Xii



para aumento de acetilacdo, que foi seguida pelo também esperado aumento de expressao desses
mesmos genes. Contudo, a marcacdo de metilagdo mostrou ter um erro maior, e ndo seguia a
esperada reciprocidade com os resultados da acetilacdo. Por fim, de modo a perceber a
influéncia de Cited2 na capacidade de acetilacdo das células foi realizado um ensaio in vitro
para comparar os niveis de acetilacdo de extratos proteicos totais de células expressando e nao-
expressando Cited2. Os resultados mostram que as células depletadas de Cited2 tém um
aumento de acetilacdo. Contudo, ndo foi possivel demonstrar que a acetilacdo de histonas por
p300/CBP é diretamente modulado por CITED2.

Em suma, este trabalho ndo permitiu de forma clara demonstrar que o aumento da morte e
diferenciacéo espontanea seja causado por dano no DNA aquando da deplecdo de Cited2. No
entanto, este trabalho propde que o atraso da expressdao de genes importantes para a
diferenciacdo cardiaca tenha uma componente associada a desregulacdo de mecanismos

epigenéticos, nomeadamente regulacdo de H3K27me3/ac.

Palavras chave: Cited2, ADN, diferenciacdo, pluripoténcia, H3K27me3/ac, ratinho
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1 Introduction

1.1 Heart diseases

Heart diseases are the leading cause of death worldwide, followed by cancer. Heart diseases
can be split into two main groups: congenital heart diseases and cardiovascular acquired
diseases (noncongenital heart diseases) (Wang et al., 2019). The origin of heart disease is
associated with multiple variables, such as genetic factors, environmental factors, and lifestyle
(Liu et al., 2009; Who, 2021). Some heart diseases appear later in life due to ageing, poor
adoption of healthy habits, stress, and obesity (Kivimaki and Steptoe, 2018; Paneni et al., 2017;
Ravera et al., 2016). In western countries, there is an increase in heart diseases that pose a
burden on national health care systems (Hoffman, 2013). Although cardiovascular diseases can
be mitigated with a healthy lifestyle, it is still necessary to develop new treatments and/or

therapies (Fiuza-Luces et al., 2018).

The emergence of personalized medicine (Currie and Delles, 2018) exploiting the theoretical
regenerative abilities of stem cells makes them good candidates for the development of new
therapies (Kimbrel and Lanza, 2015). Therefore, some possible therapies can help with the
treatment of ischemic heart failure and heart infraction (Braganca et al., 2019; Ng et al., 2010;
Rikhtegar et al., 2019). At the present, 393 clinical trials to treat ‘heart diseases’ with ‘stem
cells’ are registered on clinicaltrials.gov (ClinicalTrials.gov). Nonetheless, promising results
using an injection of autologous bone marrow mononuclear cells were obtained to treat

ischemic heart failure (Perin et al., 2011).

Congenital heart diseases showed an increase in neonates worldwide of approximately 10%
from 2010 to 2017 (Liu et al., 2019). In Europe, an increase was also observed from 1997 to
2018 in adults with congenital heart disease (Vida et al., 2020). Yet, the global count could be
a consequence of increased detection due to improvements in echocardiography (Liu et al.,
2019). In Portugal, from data reporting back to 2015, the prevalence of congenital heart disease
is 5:1000 (Melo et al., 2020), which is lower than the numbers observed in other European
countries of approximately 8:1000 (Eurocat, 2022), which in turn is similar to the global
average (Liu et al., 2019). Among the large list of congenital heart defects observed ventricular
septal defect, atrial septal defect, coarctation of the aorta and Fallot’s tetralogy, are the most
predominant. Hopefully, some heart malformations can be avoided or mitigated with folic acid,

and micronutrient supplementation during pregnancy (Milne et al., 2010; Obeid et al., 2019;
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Santander Ballestin et al., 2021), the same cannot be said for congenital heart diseases with a

genetic source.

Genetic factors in congenital heart diseases account for 20 % of congenital heart diseases (Blue
et al., 2012). Due to the complexity of genetics, it is difficult and requires extensive research to
reach treatment. For example, single mutations associated with a specific cardiac congenital
disease would be easier to find than diseases caused by different and multiple mutations in
multiple genes (Fahed and Nemer, 2012). However, lives can be saved as cardiac defects can
be surgically treated, which is the case for atrial septal defect closure and muscular ventricular
septal defect closure (Menaissy et al., 2019; Pettitt, 2020). However, not all the time embryos
and foetuses reach term, which results in abortions that account for 13 % of miscarriages (Chinn
et al., 1989). Therefore, genetic studies with cellular models and cell therapy trials are being
carried out worldwide (Brown et al., 2020; Oh, 2017), with the final goal of reducing the
implications of embryo development caused by genetic factors, and improving the lives of those

affected by congenital heart diseases.

1.2 Mammalian heart development

Heart development (or cardiogenesis) is a complex process that occurs in animals from worms
to humans; thus, it is conserved in the animal kingdom. Although human gastrulation is not
well studied since, in many countries, the allowed number of days to maintain a human embryo
is fourteen (Ghimire et al., 2021; Noe, 2004). The fourteen days of development correspond to
the beginning of gastrulation, then due to ethical reasons, there are no studies on human
embryos. What is known derives from studies belonging to Carnegie collection (Noe, 2004).
Therefore, most of the knowledge about gastrulation and cardiogenesis originates from animal
models, e.g. xenopus, zebrafish, mouse, chick and macaque; which as models possess their
limitations. Nonetheless, the heart development of mice and humans is similar in the

development steps and genes involved (Krishnan et al., 2014).

As in most biological processes, cardiogenesis is controlled/organized by genes and signalling
pathways (FGF, TGF, BMP, NODAL, WNT, etc.) to regulate the chain of events that lead to
the adult heart. The genes that regulate heart development were preserved through evolution
and are well conserved between species, for example, Nkx2.5 (Haun et al., 1998). The NKX2.5
was one of the first to appear in the tree of life and allowed organisms to develop a linear

contractile tube (Bishopric, 2005). As the overall complexity of the organisms evolved, also did
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the heart and the number of genes associated with heart development. Heart development begins
early in embryo life when the initial pool of pluripotent cells begins to acquire different cell
fates. The mechanisms involved are tightly regulated and follow a series of events that guides
cells to differentiate in a step-wise manner to go from one developmental stage to another—

until the whole organ is formed.

One of the first steps important for heart development and cardiac differentiation is gastrulation.
During this stage of development, the three germ layers are formed: ectoderm, mesoderm, and
endoderm (Muhr and Ackerman, 2022) (Figure 1.1). Each of these three layers will give rise to

different organs and tissues.

Human and mouse gastrulation share some similarities, yet there are some differences. One of
these differences is the timing of second lineage segregation that leads to the formation of
primitive endoderm and epiblast (Chazaud et al., 2006). While in mice during the migration of
cells from the epiblast, cells have the FGF/Erk signalling pathway activated by the expression
of FGF4, FGFR1, and FGFR2 that promote the expression of the endoderm marker Gata6
(Morris et al., 2010), the mechanism in humans is unknown (Boroviak et al., 2018). Another
difference is the shape of the embryo: human embryos acquire a bilaminar (flat) disk
configuration, while the mouse embryo acquires a concave egg cylinder configuration (or U-
shape) (Molé et al., 2020).

Having an egg shape form, the mouse embryo, extra-embryonic lineages, and the hypoblast
from embryonic day (E) 5 began to induce the first symmetry breaking, creating the anterior-
posterior axis. Extra-embryonic ectoderm secretes BMP4 ligands that lead to the expression of
Wnt3 and Nodal (Arnold and Robertson, 2009). Similar results were obtained with human ESC,
cultured on substrates that allow the control of its growth and movement (Martyn et al., 2019).
Later, in mouse development, the NODAL signal is suppressed by the anterior ventral
endoderm by secreted LEFTY1 and CER1 (Belo et al., 2000; Belo et al., 1997), and DKK1
(Kemp et al., 2005). On the opposite side of the embryo NODAL (Brennan et al., 2001) as well
as WTN3 (Liu et al., 1999b), activate Brachyury, which is a marker for the migrating epiblast
cells (Viebahn et al.).

At this stage, the epiblast and the hypaoblast are the two layers that exist, before gastrulation
begins (Figure 1.1). Thus, gastrulation leads to a three-layer structure now named the ectoderm,
mesoderm, and endoderm (Rivera-Pérez and Magnuson, 2005). The movement of Brachyrury
positive cells, through ingression, refers to the migration of epiblast cells that are also stimulated

by the prechordal plate, by the secretion of signalling molecules such as FGF (Schulte-Merker
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and Smith, 1995). During these processes, cell movement is allowed through activation of
epithelial-to-mesenchymal transition (EMT) (Williams et al., 2012). The EMT allows cells to
break bonds (by inhibiting the E-cadherins and other adhesion molecules) with neighbouring
cells and thus gain the freedom to migrate through the primitive streak groove (Ichikawa et al.,
2013; Miiller and O'Rahilly, 2004). Additionally, during gastrulation the polarity of the embryo
is established, i.e. the left-right axis and anterior-posterior axis are formed. This is achieved by
a number of signalling molecules, among which Activin/Nodal are central (Hyatt and Yost,
1998; Katsu et al., 2013). Hence, the three layers of endoderm, mesoderm, and ectoderm are
formed (Muhr and Ackerman, 2022).

trophoblast
epiblast
‘ / ectoderm
, e *mesoderm
hypm endoderm

inner cell
mass . .
ingression th"f:yg?"m

blastocyst

Figure 1.1 Simplified schematic representation of gastrulation. The pluripotent cells in the inner cell mass undergo
differentiation and form two layers: epiblast and hypoblast. The epiblast ingresses through the migration of cells
to form the three germ layers: endoderm, mesoderm, and ectoderm.

These three germ layers will be the basis for the embryo. However, more attention will be paid
to the mesoderm, since the majority of cells in the heart derive from it (Abu-Issa and Kirby,
2007). Therefore, once the mesoderm is formed, specifically the splanchnic mesoderm, it
further specifies into cardiac mesoderm (Muhr and Ackerman, 2022); which expresses
Brachyury (T) (Stennard et al., 1997). Then the cardiac mesoderm originates two new pools of
cells, called the first heart field and second heart field (Buckingham et al., 2005). The first heart
field is positive for the makers Nkx2.5 and Thx5 (Bruneau et al., 2001; Lyons et al., 1995), while
the second heart field is positive for Isl1 (Cai et al., 2003). Next, in a simplified way, these
layers differentiate and form two tubes that fuse to form the heart tube. Then this tube goes
through a process called heart looping to originate a heart that resembles the adult heart.
Therefore, from lineage tracing studies it was found that the first heart field will form the left
ventricle and atria, while the second heart field will form outflow-tract and contribute to the
right ventricle and atria (Buckingham et al., 2005). Thus, considering this knowledge and
identifying the genes involved, one could predict what could be the clinical implication for

patients.



1.3 Gene of interest: Cited?2

The gene CITED2 encodes the co-transcription factor protein CITED2 (CBP/p300-interacting
trans-activators with glutamic/aspartic acid rich carboxy-terminal 2). This gene appeared in the
tree of life around 473 million years ago in the node of the jawed vertebrates (Gnathostomata),
and the last common ancestor between primates and rodents was around 82 million years ago
in the node of (Euarchontoglires) (Encode, 2022). CITED2 lacks a DNA binding domain and
thus acts as a co-transcription factor (Dunwoodie et al., 1998), and is expressed ubiquitously
(De Guzman et al., 2004).

CITED2 belongs to the CITED family of genes, along with CITED1, CITED4 and Cited3 (only
present in non-mammals) (Dunwoodie et al., 1998). The human protein (Uniprot:Q99967) and
the mouse protein (Uniprot:035470) proteins have similar sizes, respectively, 270 and 269
amino acids (aa), sharing a 94.8 % identity. This protein has four conserved regions: CR1-3 and
serine-glycine rich junction (SRJ) unique to CITED2 (Figure 1.2). The CR2 (aa215-270) has a
highly conserved region (aa234-255) that is necessary for the well-established physical
interaction between p300/CBP at the cysteine-histidine-rich domain (CH1 or TAZ1) and is the
domain characterizing CITED family members (Bhattacharya et al., 1999; De Guzman et al.,
2004; Ruiz-Ortiz and De Sancho, 2020). The functions of CR3 (aal-6) and the CR1 (aall0-
123) have yet to be known. However, the SRJ region, is absent in one isoform of the CITED2
gene (see transcript ENST00000618718.1), which could explain the observation that the whole
excision of this region did not alter the normal development of mice (Chen et al., 2012).

The CR2 domain of CITED2 was associated with hypoxia regulation and is the central
interaction domain identified with CITED-interactors (Braganca et al., 2019). Hypoxia
regulation is achieved through a mechanism of negative regulation of HIF1-a, where both
CITED2 and HIF1- a compete for the CH1 domain of p300/CBP (Bhattacharya et al., 1999; De
Guzman et al., 2004). This binding is achieved by the disordered regions of the proteins that
used the CH1 domain of p300/CBP as the scaffold. In this way, different transcription factors
compete for CH1 binding to recruit p300/CBP to different promoter regions of different genes
(Freedman et al., 2003).


https://www.uniprot.org/uniprot/Q99967
https://www.uniprot.org/uniprot/O35740
http://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000164442;r=6:139371807-139374648;t=ENST00000618718
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Figure 1.2 Simplified schematic representation of CITED2 protein and its domains. CITED2 has 270 amino acids
and contains three domains: three conserved regions CR1 (1-6 aa), CR3 (110-123 aa), serine-glycine rich junction
SRJ (161-199) and CR2 (215-270). Model of the 3D structure predicted by AlphaFold (Jumper et al., 2021; Varadi
etal., 2022).

1.3.1 Cited2 in heart development

Various studies have shown that Cited2 is required for normal heart development. Indeed,
Cited2-knockout mice embryos died in utero before the embryonic day (E) 17.5, with different
combinations of cardiac defects. These embryos presented abnormal development of cardiac
outflow tract, atrial and ventricular septal defects, double-outlet right ventricle, abnormal aortic
arches, and abnormal left-right patterning (Bamforth et al., 2001; Bamforth et al., 2004; Yin et
al., 2002). Additionally, these studies also showed other phenotypes, such as neural tube
defects, and the absence of adrenal glands; this could be due to apoptosis in the midbrain region
(Bamforth et al., 2001).

In humans, mutations in the CITED2 gene were associated with congenital heart defects. The
main heart defects were found to be mainly septal defects (Chen et al., 2012; Sperling et al.,
2005; Yang et al., 2010), which is one of the most prevalent forms of congenital heart disease,
as mentioned above. Most mutations seem to be located in the SRJ domain of the CITED2
protein. However, a study in mice recapitulating the human mutations failed to recapitulate the
phenotype. In fact, deletion of the whole SRJ domain did not influence normal heart
development in mice, suggesting that mutations in this region are not the only factor
contributing to congenital heart disease (Chen et al., 2012).



Recently, a new mutation identified in humans (p.P101S), close to the CR1, was described with
a gain of function of Cited2 in mouse, possibly due to phosphorylation of the serine residue.
This mutation led to a modest upregulation of CITED2-target genes Gata4, Mef2c, Nfatc1&2,
Nodal, Pitx2, and Thx5 in P19 embryonic carcinoma cells (Yadav et al., 2021). Therefore, as
discussed by others, it is possible that for a given mutation the phenotypes between mouse and
human do not match (Chen et al., 2012); as observed for other diseases/mutations (Lombard et
al., 2000).

Studies in mouse, focusing on the early stages prior to gastrulation, showed that Cited2 is
expressed in a restricted area of the embryo, the anterior visceral endoderm. Then Cited2
showed increased expression in the mesoderm close to the anterior visceral endoderm and
whole primitive streak. This increased expression was maintained through heart development
and present in the myocardium and the septum transversum. Moreover, Cited2 was also found
to be in the antero-proximal endoderm and anterior mesoderm, at the neural-plate stage
(Dunwoodie et al., 1998). Interestingly, Cited2”~ embryos showed reduced or abnormally
distributed cardiac neural crest cells, which could be the cause of the identified cardiac
developmental defects (Bamforth et al., 2001). Therefore, the role of Cited2 seems to be in the

initial steps of embryo development.

1.4 Pluripotency and stem cells

Heart development and, in fact, the development of the whole organism is not possible without
stem cells. The term stem cell was proposed by the German biologist Haeckel in 1887, who
considered that the fertilized egg should be named stem cell (Ramalho-Santos and Willenbring,
2007). Only later in 1892, the term stem cell was applied to refer to the cells between the
fertilized egg and the germ line. The term stem cell began to gain more traction in the early
1900s when it was used to refer to the precursor cells of the blood system (Ramalho-Santos and
Willenbring, 2007). However, only about 80 years later the first mouse embryonic stem cells
were isolated from the blastocyst and maintained in vitro (Evans and Kaufman, 1981). And,
only in 1998 was reported the first isolation of human embryonic stem cells from a

preimplantation blastocyst from fertilization facilities (Thomson et al., 1998).

Nowadays, stem cells are defined as cells that are unspecialized/undifferentiated and can
maintain self-renewal, and thus can differentiate into any cell of the organism (Zakrzewski et

al., 2019). Although there are different classifications for these cells depending on their potency
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(or ability to differentiate in different somatic cells). In general, cells can be considered as
totipotent, pluripotent, multipotent, oligopotent, and even unipotent. In a developing embryo,
these cells are originated from the zygote (totipotent cell), which undergoes successive
cleavages until the embryonic the structure known as blastocyst is formed (Gilbert, 2000). The
blastocyst contains two layers of cells: the trophoblast and the inner cell mass (pluripotent
cells). The inner cell mass is the source of pluripotent embryonic stem cells (Figure 1.1). This
pool of cells will originate the whole organism once, which begins with the gastrulation process,
as already elucidated (above). After this stage, the cells gain specification and the number of
differentiated cell types that they can originate is smaller and smaller; therefore, the potency is
being reduced as the embryo develops. For example, mouse embryonic stem cells isolated from
implanted blastocysts, called epiblastic stem cells, are a differentiation step ahead of inner cell
mass cells (Loh et al., 2015). And, interestingly, mouse epiblast stem cells are similar in potency

to human embryonic stem cells (Loh et al., 2015).

Stem cells can also be characterized by their symmetric and asymmetric divisions. This
characteristic allows their two abilities. Each stem cell can divide symmetrically and generate
daughter cells that maintain self-renewal (preserving the same fate). When the division is
asymmetric, the daughter cells differentiate and acquire a new fate (Morrison and Kimble,
2006). These two kinds of cellular divisions have implications not only during development,
but also during the life of the organism. While during development this characteristic allows
the creation of pools of cells due to the increase of the number of cells maintained by self-
renewal, during adult life it is important for the maintenance of adult stem cells. The adult stem
cells, which are multipotent cells, are maintained in vivo in stem cell niches that are
characterized by providing the microenvironment that not only allows their maintenance, but
also provides cues for their fate (Ferraro et al., 2010). Adult stem cells can be found in the adult
organism, and evidence suggests that these cells can be isolated from different organs or tissues,
where they play a critical role in the maintenance of homeostasis (Mannino et al., 2022). One
of the well-known examples is the haematopoietic stem cell niche (Morrison and Scadden,
2014). Interestingly, a population of adult stem cells was identified in the heart (with positive

markers for c-Kit) (Faucherre and Jopling, 2013).

Lastly, pluripotent stem cells can now be generated artificially in the laboratory, and are termed
induced pluripotent stem cells (iPSC). This advance was possible after the discovery of the key
pluripotency factors and signalling pathways responsible to maintain pluripotency in embryonic
stem cells (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). This new way of



generating pluripotent stem cells from somatic cells (terminally differentiated cells) opens the
doors for new studies of disease, and to the development of new therapies. The use of iPSC has
advantages compared to embryonic stem cells, for two main reasons: the ethical problems raised
by using human embryonic stem cells are avoided, since the source of pluripotent stem cells is
now the patient or a healthy patient after informed consent. And, in theory, any differentiated
cell from an individual at any age or condition can be used to generate iPSC. These two points
open the doors to personalized medicine (Braganca et al., 2019; Miiller et al., 2018; Walsh et
al., 2014).

However, there is concern that therapies that involve injecting pluripotent cells into injuries
would result in the formation of teratomas, making these therapies less safe and appealing to
the general public. On the contrary, some authors consider adult stem cells the golden standard
of regeneration therapies (Prentice, 2019). This is because they are already predetermined to
differentiate in the somatic cells of the injured tissue or organ. This seems to avoid the
generation of teratomas or the rejection of grafts, which overall improves the quality of life of
patients. Therefore, a better understanding of the biological processes underlying development
and differentiation, are crucial for creating new advances in therapies for heart diseases (Noor
etal., 2019; Zhao et al., 2020).

1.4.1 Pluripotency network

The maintenance of pluripotency by the cells is achieved through a vast and complex network
of genes (Liu etal., 2018a). This network of genes is responsible for the regulation of numerous
pathways that allow the cells to maintain their pluripotency characteristics (Figure 1.3).
However, pluripotency regulation involves thousands of genes and is mainly regulated by a few
numbers of core transcription factors (Liu et al., 2018b). The exploit of this feature is what

allows the generation of iPSC, mentioned above.

LIF NODAL FGF WNT
gp130/LIF-R TGFB-R FGF-R GSK3 —CHIR99021
STAT3 SMAD2 MEK/ERK  +PD0325901 B-catenin
pluripotency pluripotency  differentiation pluripotency

key: __r~trancscription activation = inhibition

Figure 1.3 Simplified schematic representation of signalling pathways regulating pluripotency. In short, each
pathway contributes to the maintenance of self-renewal and pluripotency as follows: in LIF pathway, LIF binds to
the receptors (gp120/LIF-R) which activates STAT3; in NODAL pathway, ligands such as NODAL, ACTIVIN,
TGFB bind to the TGF receptor activates SMAD?2; in the FGF pathway, ligands such as FGF4 activate MEK/ERK
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which, inhibited by PD032590, prevents differentiation; lastly, in WNT pathway, by inhibiting GSK3 with
CHIR99021, B-catenin does not translocate to the nucleus, which promotes pluripotency.

The three known core pluripotency transcription factors are Oct4, Sox2, and Nanog (Rodda et
al., 2005). However, the classic known groups are the previously mentioned Yamanaka factors:
Oct4, Sox2, KlIf4, c-Myc (Liu et al., 2018b; Takahashi and Yamanaka, 2006), and the Thomson
factors: Oct4, Sox2, Nanog, and Lin28 (Kashyap et al., 2009).

The three core pluripotency factors appear to contribute differently to the pluripotency network.
Early studies demonstrated that the Oct4 knockout mice fail to develop a pluripotent inner cell
mass in the blastocyst stage (Nichols et al., 1998). However, Sox2 knockdown experiments
showed that murine embryos do not develop further than the morula stage, thus not reaching
the inner cell mass (Keramari et al., 2010). Nonetheless, both Oct4 and Sox2 are necessary for
the formation of the pluripotent cells, since the evidence shows that they form dimmers that
target conserved regions in promoters of genes relevant for pluripotency promoting their
expression, including Nanog (Rizzino and Wuebben, 2016; Rodda et al., 2005). Nanog has been
referenced as the “gateway” to pluripotency, since its knockout mice leads to a halt in
development at the blastocyst stage (Pan and Thomson, 2007). This block in development
seems to be caused by the inability of cells to leave the pre-pluripotency state (Silva et al.,
2009). Therefore, these three core transcription factors are necessary for the proper

development of pluripotency in embryos.

The core pluripotency factors Oct4, Sox2 and Nanog were found to co-occupy 58 promoters of
mouse embryonic stem cells, responsible for the maintenance of pluripotency (Liu et al., 2008).
This resulted in the overlap of the signalling pathways (Figure 1.3), which are important to
pluripotency, namely: Wnt, TGF-B, Notch, MAPK, JAK-STAT, p53, cell cycle, and apoptosis
(Liu et al., 2008). Moreover, the same authors suggest that the roles of the two other Yamanaka
factors Klf4 and c-Myc, are, respectively to regulate and enhance the function of the core
factors, and to regulate the metabolism. Lastly, unlike, the previous gene that coded for
transcription factors, Lin28a codes for an RNA binding protein, which is associated with the
regulation of metabolism (Zhang et al., 2016b). These authors proposed that the role of Lin28a
could be associated with the increased stability of mRNA for specific genes that favour

pluripotency.

The intricate interaction of the different players in this network and the interplay between them
suggests that the regulation of pluripotency requires a tight balance of their expression (Loh et
al., 2015).
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1.4.2 Cited2 and pluripotency

Cited2 was shown to be an important gene in maintaining pluripotency in vitro. The first clue
was suggested from a screening study in which the authors demonstrated that Cited2
overexpression sustained the pluripotency/undifferentiated state of mouse embryonic stem cells
cultured in medium without LIF. This study also demonstrated that, compared to wild-type,
Cited2 could restore three characteristics of wild-type mouse embryonic stem cells: rapid
growth, morphology, and positive result of alkaline phosphatase (Pritsker et al., 2006).
However, the knockdown and knockout experiments showed conflicting results. On the one
hand, established knockout cell lines did not show changes in self-renewal, but were
accompanied by impairments in differentiation abilities (Kranc et al., 2009; Li et al., 2012b).
On the other hand, the acute conditional knockout of Cited2 lead to loss of pluripotency,
reduced proliferation, spontaneous differentiation and cell death (Kranc et al., 2015). In the
latter study, Cited2 was shown to be present at the loci of the transcription factors Nanog, Klf4
and Tcf3. Therefore, downregulation of Cited2 was accompanied by downregulation of
pluripotency factors. Indeed, the depletion of Cited2 was rescued with the ectopic expression
of Nanog (Kranc et al., 2015). Thus, it was established that the immediate response to an acute
depletion of Cietd2 was mESC death and spontaneous differentiation (Kranc et al., 2015), but
over time a small fraction of mESC lacking Cited2-alleles may compensate for Cited2 function
and behave as pluripotent stem cells (Kranc et al., 2015; Li et al., 2012b). Consistent with these
results is the overexpression of Cited2 during mouse embryonic fibroblast reprogramming
where it was observed the overexpression of Nanog (Saunders et al., 2017). Although Cited?2
overexpression was not sufficient to induce reprogramming, it increased the expression of

Nanog and improved mouse-induced pluripotent stem cell generation (Charneca et al., 2017).

1.4.3 Maintenance of stem cells

Maintenance of mouse embryonic stem cells in culture was initially possible using a feeder
layer of fibroblasts that secreted to the medium the necessary factors to maintain the
undifferentiated cells (Evans and Kaufman, 1981). However, this limitation was solved when
the extrinsic factor leukemia inhibitor factor (LIF) was identified. Thus, the use of LIF in
combination with fetal bovine serum allowed the culture and pluripotency maintenance of
mouse embryonic stem cells in a feeder-free manner (Nichols et al., 1998). This extrinsic factor
(LIF) acts by activating the signal transducer and transcription activator STAT3, which then

promotes the expression of self-renewal genes (Nichols et al., 1998). Subsequently, the
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maintenance pluripotency was achieved in serum-free N2B27 medium with the
supplementation of two inhibitors targeting the glycogen synthase kinase 3 (Gsk3) and the
mitogen-activated protein kinase (MAPK/ERK)—these inhibitors are also known as 2i (Ying
et al., 2008). Inhibition of Gsk3 by CHIR99021 leads to the activation of canonicals Wnt/[3-
catenin signalling, due to the stabilization of -catenin and its translocation to the nucleus
(Wray et al., 2010). While the inhibition of MAPK/ERK by PD0325901 enhances the
expression of Nanog (Miyanari and Torres-Padilla, 2012). Therefore, instead of using external

cues to promote undifferentiation, internal cues were used (Loh et al., 2015).

The different possible ways to achieve the maintenance of pluripotent cells in vitro led to the
observation that there are different nuances of pluripotency. The term “naive” and “primed”
were proposed by Nichols and Smith in 2009 (Nichols et al., 2009). The cells that are not in a
naive state, or a ground state (Wray et al., 2010; Ying et al., 2008), are considered epiblast-like
cells since they resemble the post-implantation cells of the epiblast. Therefore, mouse
embryonic stem cells cultured in 2i medium are considered more naive, compared to cells

maintained in a medium with LIF, which are considered primed (Nichols and Smith, 2009).

When maintained in cell culture, human embryonic stem cells resemble mouse epiblastic stem
cells (EpiSC), thus suggesting that isolated human embryonic stem cells are in a more primed
state than mouse embryonic stem cells (Loh et al., 2015). These differences are supported by
the fact that the two types of cells do not respond to the same factors when maintained in culture.
For example, while mouse embryonic stem cells respond to LIF, BMP and WNT, the human
embryonic stem cells respond to Nodal and FGF. Nonetheless, recent studies have shown that
it is now possible to have naive human embryonic stem cells using two different cocktails, for
example: t2i/L/G6 (Takashima et al., 2014), and 5i/L/A (Fischer et al., 2022).

1.4.4 DNA integrity

The DNA is constantly exposed to damaging agents, either from outside or from inside the
cells. The extrinsic factors can be split into two groups: the radiation agents (e.g. ionizing or
ultraviolet radiation); or the chemical agents (e.g. alkylating, aromatic amines, etc). The
intrinsic factors are: replication errors, DNA base mismatches, and oxidative DNA damage
caused by reactive oxygen species (ROS) (Chatterjee and Walker, 2017). Interestingly, in
mammals, pluripotent stem cells are in a relatively protected environment inside the uterus. To

overcome DNA problems, cells present checkpoints during the cell cycle to assess DNA
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damage, and if the damage exceeds a given threshold, the cells enter programmed cell death (or
apoptosis) (Sherman et al., 2011; Wang, 2001).

Stem cells are characterized by their rapid proliferation in which cells show a shorter G1-phase
of the cell cycle. However, this can increase DNA damage (Kapinas et al., 2013). However,
stem cells can momentarily arrest the cell cycle in G2-phase in a p53-dependent manner upon
activation of ATM to perform DNA repair (Stambrook and Tichy, 2010). During this arrest at
G2-phase, the cells repair the DNA using a mechanism named homologous repair. The
homologous repair of the DNA is considered a high-fidelity DNA repair, since it uses non-
damaged DNA as the template (Sullivan and Bernstein, 2018). Conversely, for DNA repair
during G1-phase the non-homologous end joining (NHEJ) is preferred, however, since it does
not use a template to repair, micro insertions and deletions could occur (Rodgers and McVey,
2016; Symington and Gautier, 2011).

Upon DNA damage (e.g. caused by y-radiation), the ATM protein becomes phosphorylated,
which consequently phosphorylates H2AX, now yH2AX (Lowndes and Toh, 2005; Rogakou
et al., 1998; Shiloh, 2001) (Figure 1.4). This signal is captured by cells and activates the DNA
repair mechanism by other proteins. Among those proteins are ATM, MDC1, RAD51, and
53BP1 (Fernandez-Capetillo et al., 2004). Thus, yH2AX is considered a good indicator of DNA
damage (Fernandez-Capetillo et al., 2004).

yH2AX is a variant histone from the H2A family that can be phosphorylated in serine-139 in
the event of DNA damage (Rogakou et al., 1998). This phosphorylation occurs rapidly, and it
peaks 60 minutes after DNA damage, and it can flank up to 100 kilobases (Shroff et al., 2004).
This suggests that YH2AX might be necessary for the repair, but not at the DNA break
(Lowndes and Toh, 2005). The distancing from the DNA break point seems to be involved in
a mechanism where the two sister chromatids are in near proximity to avoid recombinational

repair errors since one would be the template (Xie et al., 2004).
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Figure 1.4 Simplified schematic representation of DNA damage response. Upon DNA damage H2AX is
phosphorylated (YH2AX) by ATM/ATR at the damaged regions. The DNA damage signals p53, which in turn
activates p21 that regulates apoptosis and cell cycle arrest. The inhibition of the pluripotency factors Nanog and
Oct4 by p53, and Sox2 by p21, promotes the differentiation of undifferentiated cells.

Interestingly, stem cells have a relatively low rate of accumulated mutations, compared to
differentiated cells, which can be attributed to the high basal levels of yH2AX or RAD51, which
decreases with differentiation (Ahuja et al., 2016). And, to the increased mechanism of
homologue repair over NHEJ (Tichy et al., 2010). Moreover, mouse embryonic stem cells
showed relatively high levels of yH2AX that were associated with single-strand breaks that
occurred in the S-phase, in which most cells are in (Chuykin et al., 2008). Not only that, but
also high levels of yH2AX were associated with replicative stress of highly dividing cells in

vivo when no DNA damage is induced (Ziegler-Birling et al., 2009).

Controlling the DNA integrity is crucial for cell survival. Thus, when the DNA damage goes
beyond a reasonable point, it triggers cells to activate apoptosis. For example, apoptosis can be
activated when pro-apoptotic BAX translocate to the mitochondria, and causes the release of
cytochrome-c that further signals cells to die (Garrido et al., 2006; Vitale et al., 2017). Another
possible mechanism is mediated by activating p53, which leads to the repression of pluripotency
transcription factors, such as Nanog and Oct4 (Lin et al., 2005). Through p53, cells not only
block the maintenance of pluripotency factors, but also activate differentiation-associated genes
(Lietal., 2012a). Indeed, the last authors observed that DNA-damaged cells in a p53-dependent
manner expressed earlier markers of endoderm (Gata4), mesoderm (Kdr), and ectoderm
(Tubb3), compared to control pluripotent cells. Moreover, p53 also modulates pro-apoptotic

genes, and according to the level of DNA damage, for example, p21 can lead to cell cycle arrest,
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or if the damage is unbearable, BAX, PUMA, and NOXA induce apoptosis (Blanpain et al.,
2011).

Embryonic stem cells have low levels of reactive oxygen species (ROS) when compared to
somatic cells (Lyublinskaya et al., 2017). Reactive oxygen species can also induce cell
genotoxicity, however, this is mostly controlled by the hypoxia-inducible factor 1 alpha subunit
(HIF1a) and reversible uncoupling protein 2 (UCP2) (Xu et al., 2013). The DNA damage
caused by hydrogen peroxide is similar to that of ionizing radiation, as demonstrated by (Dahm-
Daphi et al., 2000). Other studies have demonstrated that about two-thirds of DNA damage in
the DNA after irradiation results from the radiolysis of water (Ward et al., 1987). Interestingly,
the increase of ROS was found to be concomitant with the overexpression of p53 in smooth
muscle cells; therefore, the increase in ROS is dependent on p53; suggesting that increased p53-

dependent ROS is what leads to apoptosis (Johnson et al., 1996).

With all this information, overall stem cells protect their population by inducing cells to
differentiate, and therefore avoid the propagation of genomic errors in the pluripotent cell
population. When there is no turnaround to the DNA damage, cells undergo apoptosis. In this
way, stem cells protect the genomic integrity of the embryo by providing a mechanism to

guarantee that the initial pool of cells is in the best condition.

1.4.5 A state of transition

The three pluripotency markers Oct4, Sox2, and Nanog, which maintain pluripotency, also
guide the early differentiation events. These three factors are associated with the formation of
the three germ layers during gastrulation. That is, Oct4 is related to mesoderm differentiation,
while Sox2 is associated with ectoderm, and Nanog with endoderm. However, these three
factors complement each other in the maintenance of pluripotency, by inhibiting transcription
factors associated with differentiation (Thomson et al., 2011; Weidgang et al., 2016). This
inhibition was evidenced by the presence of the core pluripotency factors in the promoter region
of developmental genes, particularly a subset of developmental genes that are controlled by
Polycomb Repressive Complex 2 (PRC2) with a repressive histone mark (Boyer et al., 2005;
Lee et al., 2006). Therefore, pluripotency in a transition state in a constant dynamic equilibrium
that quickly is disrupted to initiate development, which leads to terminally differentiated cells
(Morgani et al., 2017).
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1.5 Cardiac differentiation in vitro

Heart development occurs in the early stages of embryo development, starting from pluripotent
cells in the inner cells. As stated above, pluripotent cells in the inner cells mass undergo
gastrulation to form the mesoderm. The lineage specification that happens from the mesoderm
to the differentiated cardiomyocyte requires the orchestration of various signalling pathways
and transcription factors (Figure 1.5) (Batalov and Feinberg, 2015; Boettger et al., 2012; Zhang
etal., 2021).

Cardiac differentiation begins when the mesoderm specifies from the mid-primitive streak, then
into the lateral mesoderm, then into the cardiac mesoderm, and then it differentiates into
cardiomyocytes (Loh et al., 2016). These authors used single-cell RNA-seq, and ATAC-seq to
identify these minimal steps that lead to the different embryonic developmental stages.

The first specification is into the primitive streak, which then splits into two populations the
mid primitive streak (expressing MIXL1™), and the anterior primitive streak. This population of
cells is induced by TGF-f, Wnt and FGF, and inhibited by PI3K signalling (Loh et al., 2016).
In the presence of exogenous BMP, the mid primate streak forms, and the anterior primitive
streak is inhibited (Loh et al., 2014). Next, occurs the formation of lateral plate mesoderm
(expressing HAND1 and FOXF1), in the context of FGF activation and TGF-f inhibition, and
induced with exogenous BMP and inhibition of WNT (using the GS3K inhibitor) (Loh et al.,
2016). However, if the BMP and WNT signalling were inverted, the paraxial mesoderm
(expressing CDX2) would form, which would lead to the formation of the early somites

(expressing FOXC?2) instead of the cardiac mesoderm.

The lateral plate mesoderm also expresses BRACHYURY, which is one of the markers of the
mesoderm, along with the early marker EOMES (David et al., 2011). These two genes have
peak expression on the fourth day of differentiation (Santos et al., 2019), which is followed by
peak expression of Mespl one day later (Bondue et al., 2008). Tosic et al. (2019), purpose that
Brachyury and Eomes, through ATAC-seq experiments, that these two transcription factors
function together to control the chromatin landscape to promote the specification of
mesendoderm by inhibiting neuroectoderm and pluripotency (Oct4, Sox2, Nanog) (Tosic et al.,
2019).

Furthermore, it is suggested that Cdx2, a known marker of trophoblast (Huang et al., 2017),
which is a structure that does not develop from mouse pluripotent cells (Beddington and

Robertson, 1989), is likely to play a role in the specification of the mesoderm (Bernardo et al.,
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2011). At the beginning of development, Cdx2 was shown to repress Oct4 in the trophoblast
during the development of mouse blastocyst, but not in the inner cell mass (Wang et al., 2010).
These authors suggested that this inhibition of Oct4 by Cdx2, which regulates the specification
of the mesoderm specification (Zeineddine et al., 2006), is mediated by Brgl chromatin
remodulation, since Cdx2 knockdown leads to the increased expression of Oct4 in the
trophectoderm. In more advanced stages, at the epiblast, Cdx2 appears to be downstream of
Brachyury, and both regulate the expression of mesoderm markers in mouse and human iPSC
(Bernardo et al., 2011). Furthermore, Cdx2 and Nanog appear to have a negative interaction
loop at the promoter level that is required for the mesoderm specification (Mendjan et al., 2014).
In particular, the knockdown of Nanog leads to the absence of beating colonies (clusters of
spontaneous contracting cardiomyocytes), yet only if the cell originated from the anterior
primitive streak mesoderm. Conversely, no alterations were observed if the Nanog knockout
was performed in a late primitive streak (Mendjan et al., 2014). Interestingly, the same authors
also reported that Cdx2 knockdown increased Nkx2.5 expression, suggesting that Cdx2 blocks

cardiac differentiation, similar to what was observed in vivo (Chen et al., 2009).

The expression of Mespl precedes the expression of other transcription factors that regulate
morphogenesis, which indicates that Mespl plays a role in early mesoderm specification
(Kitajimaetal., 2000). Mespl expression promotes the rapid activation of genes (Mef2c, Gata4,
Nkx2.5, Hand2, and Myocardin), and the suppression of non-cardiopoietic genes (FOxXAZ2,
Sox17, Gsc). This seems to occur by Mespl binding directly to the promoter of these genes. In
this way, Mespl seems to function as a switch that activates a unidirectional irreversible

cascade of the transcriptional network necessary for cardiac development (Bondue et al., 2008).

The expression of NKX2.5% is an indicator that cardiac mesoderm specification was achieved.
As demonstrated by Loh et al. (2016), this can be induced in the presence of BMP and FGF,
with the inhibition of WNT. This pool of cells is also expressing Kdr as demonstrated by lineage
tracing experiments (Ema et al., 2006; Moretti et al., 2006). From this cardiac mesoderm, it
seems that two populations of cells arise, as mentioned above: the first heart field and the second
heart field. The first heart field is positive for the expression of Nkx2.5, Hand1, Hand2 Thx1,
Thx5, and Thx20, and the second heart field is also positive for Nkx2.5, Fgf10, Fgf8, Tbx1,
Fohdl, Mef2c, Hand2, Thx20, and Isl1 (Buckingham et al., 2005).

Lastly, the first beating cardiomyocytes, generated from the first heart field, are expressing
TNNT2 and can be induced by inhibiting WNT and exogenous BMP of the cardiac mesoderm
(Loh et al., 2016). This demonstrates the importance of blocking WNT signalling to properly
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induce cardiac cell differentiation. Therefore, this process is known as the “WNT blockade”
(Lian et al., 2012; Schneider and Mercola, 2001).

1.5.1 Cited2 in differentiation

Different studies demonstrated that Cited2 plays a role in the regulation of differentiation
through the modulation of pluripotency factors. On the one hand, Cited2-knockout cells showed
an impairment to undergo differentiation, due to the delay in the downregulation of Oct4 (Li et
al., 2012b). On the other hand, Cited2 seems to regulate Nanog, Klf4, and Tbhx3, since Cited2-
knockdown lead to the downregulation of those three pluripotency genes, and increased
expression of differentiation genes such as Brachyury, Foxa2 and Sox17 (Kranc et al., 2015).

Following the last idea from the last topic, previous studies demonstrated that Cited2-depletion
in mouse embryonic stem cells was rescued with supplementation of Wnt5a and Wnt11 alone
and or in combination, as evidenced by the increasing percentage of beating foci generated from
the hanging drop method (Santos et al., 2019). Not only that, but an in vivo experiment with
zebrafish morphants (Danio rerio), the supplementation of Wnts and recombinant Cited2 also
rescued the heart defects. Therefore, Cited2-depletion could be rescued with supplementation
of signalling molecules, which open new therapeutic pathways to rescued cardiac defects
(Santos et al., 2019).

Furthermore, the activation of Wnt signalling in the cardiac progenitor pool expressing Isl1
(Loh et al., 2016) is concomitant with the expression of Cited2 (Pacheco-Leyva et al., 2016).
Therefore, the expression of Cited2 and Isl1 might support the increasing proliferation of
cardiac progenitor cells that will give rise to the majority of the heart (Cai et al., 2003). This
cooperation between Cited2 and Isl1 was shown to promote the positive regulation of
cardiopoietic genes (Pacheco-Leyva et al., 2016). Interestingly, Isl1 promotes the regulation of
cardiopoietic genes, such as the expression of Mef2c by modulating the acetylation of H3 by
p300, in a specific manner; since the H3 acetylation was unaltered for Tbhx5 and Gata4 (Yu et
al., 2013). Recent studies have demonstrated that CITED2 promotes Isl1 expression of Isl1, by
directly binding to its promoter in cardiac progenitor cells and by directly interacting with ISL1
through the LIM domain (Pacheco-Leyva et al., 2016).
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Figure 1.5 Simplified schematic representation of the differentiation steps from pluripotent cells to
cardiomyocytes. The differentiation of cardiomyocyte begins from pluripotent cells that undergo a series of lineage
specification steps, which include mid primitive streak, lateral plate mesoderm, cardiac mesoderm, cardiac
progenitors, and first and second heart fields. Through each step activation or inhibition of signalling pathways
FGF, TGFB, WNT, BMP, PI3K. In the green callouts it is indicated the markers of each stage of differentiation.
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Cited2 is also suggested to be associated with p300/CBP in differentiation processes, since, as
described above, Cited2 and p300 cooperate to promote the regulation of pluripotency (Chen
et al., 2008; Zhong and Jin, 2009). Nonetheless, p300 is also associated to be an important

player regulating differentiation, as discussed below.

1.5.2 Epigenetic regulation

During differentiation, specifically mesoderm specification, undifferentiated cells change their
gene expression based on external queues (signalling molecules) that create a disequilibrium in
favour of differentiation. The relatively quick response suggests that epigenetic mechanisms
are involved (Barrero and Izpisua Belmonte, 2008). There are different mechanisms of
epigenetic regulation, for example, DNA methylation, long-non-coding RNA, and histone

modifications; the present study focuses on the latter.

In eucaryotes and somatic cells, the DNA is compacted in different structures going from the
free DNA double-helix to the nucleosome and ending in the chromosome. When the DNA is
less compacted in the nucleosome and in the “beads-on-a-string”, the gene transcription is
active. The nucleosome is a structure that contains the octamer with the four core histones
(H2A, H2B, H3, and H4) and 146 base pairs of DNA wrapped around it. Longer chains of this
unit are called “beads-on-a-string”. The histones protein molecules have the N-terminal tail
exposed to the outside of the nucleosome, which allows their post-translational modifications.
Regulation of the chromatin landscape and gene expression can therefore be achieved by
modifications such as acetylation, methylation, and ubiquitination (Dinant et al., 2008; Morgan
and Shilatifard, 2020). Overall, modification of H3 lysine 27 (H3K27) with acetylation
(H3K27ac) is associated with transcriptional activation, while the tri-methylation (H3K27me3)
is associated with repression. However, H3K4me3 is recognized as an activation mark. This
suggests that depending on the histone and the residue, the modification of methylation can
sometimes indicate repression, but other times could also indicate activation (Voigt et al., 2013;
Zentner et al., 2011).

The polycomb group of proteins is responsible for the methylation of bivalent domains, and
developmental regulators (Boyer et al., 2006). The polycomb group is usually recruited to their
target sites by transcription factors, and by highly conserved DNA methylated regions (CpG

domains) in the regulatory regions of developmental genes (Tanay et al., 2007).

The concept of bivalency and poised genes proposes that gene expression can be controlled by

different histone modifications. Therefore, this suggests that the activation mark and a
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repression mark are present, or in equilibrium. This way, within a given signal threshold, the
expression of a gene can be activated or repressed quickly (Voigt et al., 2013). For example,
Mespl expression quickly raises and peaks at around day-3 of differentiation and is not

expressed at day-4.

The regulation of enhancers and promoters by modifications to H3K27, showed that inactive
enhancers presenting H3K27me3 also had occupancy of p300/CBP (Holmgqvist et al., 2012;
Zentner et al., 2011). This occupancy suggests a possible role as a switch to activate gene
expression (Holmqgvist and Mannervik, 2013). As proposed by Pasini et al. (2010) this can be
attributed to external cues (e.g. differentiation, or oncogenes), and partner transcription factors
that allow the acetylation. However, demethylation of H3K27me3 by UTX (or KDM®6) is also
required for the acetylation activity of p300 to obtain active enhancers (Wang et al., 2017).
Thus, UTX and p300 function as antagonists of PRC2.

Interestingly, mouse p300 knockout embryonic stem cells can maintain pluripotency, yet they
showed an impairment to undergo differentiation (Zhong and Jin, 2009). Although this could
be due to the redundancy with CBP, it shows that p300 is necessary for differentiation (Zhong
and Jin, 2009). This impairment of differentiation could be attributed to the inhibition of
acetylation of core histones, which induce the activation of differentiation genes, in particular
H3K27ac (Martire et al., 2019; Raisner et al., 2018). Recent studies with mouse embryonic
stem cells with p300-knockdown showed that p300 is associated with promoter regions (instead
of enhancer regions) and that there was a gain of acetylation in regions of genes regulated by
p53—suggesting the possible link between p300 and p53 in gene regulation (Martire et al.,
2020). Furthermore, decreased levels of p300 appeared to also decrease the acetylation in the
promoter region of the core pluripotency genes; which is concomitant with the downregulation
of these genes in conditions of Cited2-depletion and spontaneous differentiation (Kranc et al.,
2015).

Lastly, p300 acetyltransferase activity is not exclusive to histones (Holmgvist and Mannervik,
2013). Other proteins (seventy, according to Wang et al. (2018)) were also acetylated by p300,
including p53 in tumour cells (Gu and Roeder, 1997; Liu et al., 1999a).
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1.6 Objectives

The role of Cited2, in cardiac differentiation, has not yet been completely elucidated. On the
one hand, Cited2 contributes to the maintenance of pluripotency of mouse embryonic stem cells
and improves the efficiency of human induced pluripotent stem cells. On the other hand, Cited2

Is required for the proper development of the embryo, particularly for heart development.

In pluripotency, evidence supports that mouse embryonic stem cells that are conditionally
depleted of Cited2 either die or differentiate, even when maintained in undifferentiated
conditions (with medium supplemented with LIF). While, in differentiation, through the
hanging-drop method, Cited2-depletion at the onset of differentiation (with medium without
LIF) causes a delay in the expression of cardiac differentiation genes and a reduction of the

percentage of embryoid bodies that show spontaneous contractile activity.

Nevertheless, the mechanisms behind the increased cell death and spontaneous differentiation
under pluripotency conditions, and the impaired cardiac differentiation remain unsolved. In this
work, starting from microarray analysis and its results validation, we explored the role of Cited?2
in pluripotency through the lens of DNA damage (yH2AX) and apoptosis, and in differentiation
through the lens of epigenetics (H3K27me3/ac) at the early stages of differentiation (fourth day

of differentiation).
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2 Methodology

2.1 Cell culture

Cell culture was conducted in sterile conditions using a laminar flow hood, and incubation was
carried out in a humidified atmosphere kept at 37 °C with 5 % CO». All cultures were carried
out in flasks, plates, or glass cover slips coated with 0.1 % gelatine type-A prepared in distilled
water (Sigma, G2500) for 15-30 minutes at room temperature before cell seeding (Kranc et al.,
2015), unless otherwise stated. Washes were performed using DPBS (VWR, K813) or
(Bioconcept, 3-05K00-1). The presence of mycoplasma was tested regularly by PCR and
agarose gel electrophoresis (Uphoff and Drexler, 2002).

2.1.1 Cell lines

In this study, mouse embryonic stem cell lines previously established in the laboratory were
used (Kranc et al., 2015; Pacheco-Leyva et al., 2016; Santos et al., 2019): C2"M[cre] (clone A),
Cited2" and Cited2”. Briefly, Cited2™" isolated from blastocyst, harbour the exon-2 of
Cited2 floxed (between two loxP sites) that can be excised by Cre-recombinase. To achieve
this, these cells were stably transfected with Cre-ER2, which is a modified Cre that becomes
active in the presence of synthetic oestrogen antagonists, such as 4-hydroxytamoxifen (4HT)
(Feil et al., 1997). From this transfection, one of the colonies was isolated, named C2"M[cre],
allowing the conditional knockout of Cited2 upon the addition of 4HT to the culture medium.
Once established, this cell line was then transducted with lentiviral particles with CITED2-GFP
or GFP, isolated by cell sorting, kept in culture with 4HT, and thus emerging colonies that
overcome the knockout of Cited2 originated a stable Cited2 knockout line, termed Cited2”-
(Kranc et al., 2015).

2.1.2 Cell maintenance

Pluripotent cells were maintained in Glasgow Minimum Essential Medium (GMEM) BHK-21
(Gibco, 21710) supplemented with: 10 % Fetal bovine serum (FBS) (Sigma, F7524), 2 mM L-
Glutamine (Gibco, 25030), 100 U/mL Penicillin-Streptomycin (P/S) (Gibco, 15140), 1 mM
sodium pyruvate (Gibco, 11360), 1 % Minimum Essential Medium Non-Essential Amino Acids
(MEM-NEAA) (Gibco, 11140) and 0.05 mM 2-Mercaptoethanol (Gibco, 31350), as previously

described (Kranc et al., 2015). For the maintenance of pluripotency, the medium was further
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supplemented with 10 ng/mL of recombinant murine leukaemia inhibitory factor (LIF)
(Peprotech, 250-02). The medium without supplementation was named: GMEMO; then after
supplementation: GMEM+; and after LIF was added: GMEM++.

For cell passaging, cells were dissociated with 0.05 % Trypsin-EDTA (Gibco, 25300-054) or
(Sigma, T2610) or Accutase (Gibco, A1110501), then pelleted (at 138 rcf at room temperature),
resuspended in GMEM+, before counting and their viability accessed with Trypan-Blue (Gibco,
15250-061). For cell culture maintenance between 10000-15000 viable cells/cm? were plated
in a T25 (Thermo Fisher, 156367 or SPL, 70025). The medium was changed every two days,
and the cells were split every two to three days. For the cells plated for experiments, the medium
was changed one the day before, i.e. approximately 16 hours before the beginning of the
experiment. Different cell density (cells/cm?) was used according to the experiment being

conducted.

Cell long-term storage was performed at -150 °C in freezing medium (% v/v): 45 % GMEM+,
40 % FBS and 15 % DMSO (Sigma, 8418). Once the cell pellet was obtained, it was
resuspended in 1 mL of freezing medium and transferred to a freezing vial (VWR, 479-1262).
The vial was immediately placed in a “Mr. Frosty” freezing container (Thermo Fisher, 5100-
0001) and kept at -80 °C during 1-2 days before being carried over to long-term storage at -150
°C.

2.1.3 Treatments

Before an experiment, C2"M[cre] cell cultures were treated with 1 pg/mL of puromycin
(Invitrogen, ant-pr) to ensure the harbouring of Cre-construct. Incubation with this antibiotic
was conducted overnight before the experiment started, or applied also overnight to the cells in

the passage before the experiment, i.e., in passage n-1.

To deplete Cited2 both in pluripotent and differentiation conditions using C2%M[cre] cells, 1
UM of 4HT (4-Hydroxytamoxifen) (Sigma, H6278) was added to the culture medium. The stock
solution was prepared according to the manufacturer’s instructions in absolute ethanol
(Panreac, 121086.1212), aliquoted and stored protected from light at -20 °C. An aliquot of the

same ethanol was kept for the posterior used in the control condition.

To induce DNA damage, cells were treated with 50-100 uM of hydrogen peroxide H20; (Alfa
Aesar, L13235) from a freshly prepared solution of 0.01 M solution prepared in GMEMO
(Maynard et al., 2019), which was diluted in culture medium. For the positive control wells, 30
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min before harvesting or fixation the medium was replaced with GMEMO with H20O; at 100
HM.

To rescue Cited2 depletion, a human recombinant protein (previously produced in-house) was
used, which contains a modification of eight arginines at the N-terminal (8R-CITEDZ2), which
increases cellular uptake (Nakase et al., 2004; Nascimento, 2015; Pacheco-Leyva et al., 2016).
This protein is stored in elution buffer (50 mM Tris-HCI, 10 mM reduced glutathione (GSH)),
pH 8.0 at -80 °C.

2.1.4 In vitro differentiation

To induce mESC to differentiate, the hanging drop protocol was used (Potter and Morris, 1985;
Santos et al., 2019). This protocol consists in inducing pluripotent cells to spontaneously
differentiate in the three germ layers through a series of steps over a span of time that can last

up to twelve/fourteen days.

It starts at day-0 with embryoid body (eb) formation (or spheres) with the preparation of
differentiation medium (GMEM+ with 20% FBS) with 50 000 cells/mL—that is 1000 cells per
20 pL drops—therefore, 50 drops were placed in low adhesion plates (bacterial grade Petri
dishes (VWR, 391-0599)). The plate was then turned upside-down to form a hanging-drop, and
1 mL of PBS is added to the lid to maintain humidity. Then, on day-2 with the embryoid bodies
formed and growing, the PBS is removed to allow the plate to be turned down, and fresh 5 mL
of GMEM+ was added, and ebs are allowed to continue to grow for three days, unless otherwise
stated. Additionally, on this day-2 and day-4 ebs were observed and images acquired (OnePlus6
smartphone camera). The embryoid bodies were pelleted on day-5, and transferred to fresh
GMEM+ already added to a previously 0.1 % gelatine coated P60 plate (TPP, 93060) to allow
for their adhesion and growth. From day-6 to day-8 they are observed to assess the first day,
i.e. at least one embryoid body showed one beating foci. Additionally, on day-8 the number of
embryoid bodies beating was counted, as well as the number of foci in each one of them. On

day-12 the embryoid bodies were discarded.

Cited2-depletion experiment in this protocol was applied at the onset of differentiation, that is

at day-0.
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2.2 Immunoassays

In this work, different immunoassays were used, and some share the same reagents, but were
used in the different buffers used: the TRIS buffers were prepared with: TRIS (Thermo Fisher,
17926), NaCl (NZYtech, MB15901), Glycine (Applichem, A1067), SDS (VWR, 444462R) and
HCI (Scharlau, AC07362500). For the in-house casting of the polyacrylamide gels, they were
prepared with 40 % Protogel (National Diagnostics, EC-891), APS (Sigma, A3678), TEMED
(National Diagnostics, EC-503). A table of antibodies is provided at the end of this topic (Table
2.1)

2.2.1 Immunoblotting (Western Blot)

To determine the expression level of a given protein, the Western blot technique was used
(Santos et al., 2019; Towbin and Gordon, 1984). The 1.5 mm thick sodium dodecyl sulphate-
polyacrylamide gels were hand cast for a final polyacrylamide gel content ranging from 10 %,
12 % or 6-12 % gradient (Miller et al., 2016), according to the target protein(s), in the resolving
buffer (375 mM TRIS pH 8.8, 2.5 %(w/v) SDS). The stacking gel had 4 % polyacrylamide and
was prepared in stacking buffer (125 mM TRIS pH 6.8, 2.5 %(w/v) SDS). SDS-PAGE
electrophoresis was carried out in running buffer (25 mM TRIS, 192 mM Glycine and 0.1
%(w/v) SDS pH 8.3) for 20 min at 80 V, which was then increased to 120 V until the lightest
marker reached the bottom of the gel. Once finished, the gel was placed in a box with transfer
buffer (25 mM TRIS, 192 mM Glycine, 0.005 %(w/v) SDS and 20-10 % Methanol (Merck,
1.06009.2500), pH 8.3.) and allowed to equilibrate for 10-15 minutes. Protein wet transfer was
performed to 0.45 um PVDF membranes (GE, 10-6000-23) in transfer buffer from 60 to 180
minutes at a constant 0.2-0.350 A in the MiniProtean tank (Biorad, 1658004EDU) using
Powerpack-HC power supply (Biorad, 1645052). The membrane was then probed for total
protein quantification with No-Stain whole protein labelling (Thermo Fisher, A44717)
according to the manufacturer's; or immediately blocked with 5 % (w/v) skim milk (Nestlé,
Molico) in TBS (50 mM TRIS, 150 mM NaCl, pH 7.5)- 0.1% Tween20 (Sigma, P1379) (TBST)
for 1 hour at room temperature with agitation; or with 5 % BSA in TBST, according to the
antibody data sheet. Once blocked, the membrane was incubated with agitation in a solution of
the relevant primary antibody diluted in blocking solution overnight at 4 °C. After primary
incubation, the membrane was washed for a total of 30 minutes with agitation in TBST, with
changes in TBST every 10 minutes. The probe against the primary antibody was done with the

respective secondary antibody for 1 hour at room temperature with agitation; also prepared in
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blocking solution for antibody information (Table 2.1). To develop and reveal the signal the
membrane was again washed three times and then rinsed with TBS, and then incubated with
chemiluminescent reagent ECL (GE, RPN2232) for 5 minutes protected from light. Images
were acquired immediately using an imaging system (Biorad, Chemidoc-XRS+) controlled by
the software ImageLab v5.2.1 build 11 (Biorad). The acquired images were then used for
quantification; see section 2.4.2 below.

2.2.2 Immunocytochemistry and immunofluorescence (ICC/IF)

To prepare samples for immunofluorescence observations cells were cultivated in 12-well
plates (VWR, 734-2324) with 18 mm cover glasses (VWR, 631-0153) previously coated with
0.2% gelatine type-A. At the time point of interest, culture cells were washed with PBS two
times and then fixed with 2 % paraformaldehyde (PFA) (Sigma, P6148) and prepared in PBS
for 15 minutes at room temperature. The cells were then permeabilized with PBS 0.5 % Triton
X-100 (Sigma, T9284) with gentle agitation on ice for 15 minutes. Once permeabilized,
blocking buffer 5 % (w/v) BSA in PBS was added, and samples were incubated for 1 hour at
room temperature. This was followed by incubation with relevant primary antibody in
humidified chamber overnight at 4 °C (or at room temperature for 1 hour), followed by 30
minutes of washing with an abundant change of PBS every 10 minutes. The samples were then
incubated with relevant secondary antibody for 1 hour at room temperature and washed as
previously. See Table 2.1 for antibody information. The mounting of the samples was done on
microscopy slides (Thermo Fisher, CBO0130RA020MNTO) with mounting media containing
nuclear staining Fluromount-G-DAPI (Invitrogen, 00-4959-52). The slides were stored at 4 °C

and protected from light before being scoped within the next days.

The samples were scoped on a widefield fluorescence microscope (Zeiss, Imager Z2) remotely
controlled by Axiolmager v 4.8 (Zeiss). Or in confocal microscopy (Zeiss, LSM710-Airsyscan)
remotely controlled by ZenBlack v2.3 SP1 FP3 (Zeiss). Other image processing was performed
in Zen Blue lite v3.2 (Zeiss).

When acquiring images of yH2Ax speckles in each session, the same confocal Airyscan settings
were used, using the 63x objective. For the nuclei channel, the wavelengths (nm) of
405excitation/450emission were used and for the yH2AX channel 488excitation/523emission.
The laser intensity was set to a maximum of 4 %, and the detector gain was set to a level that
did not saturate the signal in the positive control sample. Random colonies were selected to

acquire four 0.15 um slice Z-stacks in a 512x512 frame in unidirectional directions. Next, the
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original Airsyscan data set was pre-processed in Zen Black using the default settings, from
which the resulting images were the maximum projected orthogonally (XY) in Zen Blue.

Lastly, this image was submitted to the analysis pipeline, described in section 2.4.3 below.

2.2.3 Immunoprecipitation (IP)

To immunoprecipitate the relevant protein from mESC, cells were grown in 0.1% gelatine
coated 100 mm dishes (VWR, 734-2321), and the cell pellet was harvested in 1.5 mL tube
which was stored at -80 °C until further processing. Cells were lysed with lysis buffer (as section
2.3.5 below), and once the lysate was clarified by centrifugation it was pre-cleared with 50 %
unblocked slurry of Protein-G sepharose beads (Cytiva, 17-0618-01) in IP-buffer (50 mM TRIS
pH 8.0, 0.5 % NP-40 and 150 mM NaCl, with protease inhibitor cocktail (Roche, cOmplete
tablets 04293159001) and 1 mM PMSF (Sigma, P7626)) for 30 min with agitation at 4 °C.
Then, 1/10 of the volume of the lysate was saved as ‘input’, and the remaining volume was
divided into two equal parts and transferred to two new tubes; the remaining volume was raised
to 500 pL with IP-buffer. In one of the tubes, 5 pg of relevant antibody (anti-p300) was added,
and in the other, the same amount of a nonspecific antibody (anti-FLAG) was added—thus,
named target-IP and mock-IP; incubation proceeded overnight with agitation at 4 °C. Then,
1/10 of the volume of 50 % slurry of blocked beads (with 5 %(w/v) BSA in IP-buffer) was
added and incubated with agitation at 4 °C for 45 minutes. Next, beads were washed three times
with abundant IP-buffer, and spun down. The purified target protein was eluted with elution
buffer (0.1 M glycine-HCI pH 3.5) for 5 minutes with gentle shaking and then 1/10 of the
volume of neutralizing buffer (0.5 M TRIS-HCI pH 7.4 1.5 M NaCl) was added. The

immunoprecipitated product was stored at -80 °C until further use; see section 2.5 below).

2.2.4 Chromatin Immunoprecipitation (ChlP)

To immunoprecipitate the chromatin complexes of histones H3K27me3 and H3K27ac samples
of mESC either undifferentiated or differentiated (as embryoid bodies at day-4) were fixed with
1 % formaldehyde (Fisher, BP531-25) for 20 minutes at room temperature, after washes with
PBS. Unlike undifferentiated cells, the embryoid bodies were harvested in 1.5 mL tubes and
fixation occurred with gentle agitation. Formaldehyde was quenched with 125 mM glycine and
next the cells were washed five times with abundant PBS and TE (10 mM TRIS-HCI, 1 mM
EDTA, pH 8.0), for undifferentiated cells and embryoid bodies, respectively. The cells were
disrupted with cell lysis buffer (50 mM TRIS-HCI pH 8.0, 2 mM EDTA pH 8.0, 0.1 % (v/v)
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NP-40 (Calbiochem, 492016) and 10 % (v/v) glycerol, with protease inhibitor cocktail and 1
mM PMSF) for 15 minutes on ice with occasional shaking. Next, the pellet was obtained by
centrifugation at 5000 rcf at 4 °C. To the pellet containing the nuclei, nuclei lysis buffer (50
mM TRIS-HCI pH 8.0, 10 mM EDTA pH 8.0 and 1 %(w/v) SDS) with protease inhibitor
cocktail and 1 mM PMSF was added. Next, a volume of 300 pL of samples was transferred to
a sonication tube (Diagenode, C30010016), and the sample was sonicated (Diagenode,
Bioruptor Pico) with the following settings for undifferentiated cells and embryoid bodies,
respectively: 3 cycles 30 s ON 30 s OFF, and 4 cycles 30 s ON 30 s OFF. The sonicates stayed
on ice for 10 minutes. Sheared chromatin diluted in ChlP-buffer (20 mM TRIS-HCI pH 8.0, 2
mM EDTA pH 8.0, 150 mM NaCl and 1 %(v/v) Triton-X100, with protease inhibitor cocktail
and 1 mM PMSF), and then precleared with 50 % protein-G sepharose blocked beads at 4 °C
with agitation for 60 minutes; beads were previously blocked for 1 hour with agitation in 100
pg/mL of BSA and 100 pg/mL of sonicated salmon sperm DNA in ChlP-buffer. After the
sample is pre-cleared beads were eliminated by centrifugation at 2000 rcf and 1/10 of the
supernatant was saved as ‘input”’ (or ‘total dna’), and the remaining volume was split into two
equal parts into two tubes for ‘target-IP’ and ‘mock-IP’. The volume of each sample was
increased to 800 pL with ChIP -buffer and 5 pug of relevant antibody were added. The incubation
was carried out overnight at 4 °C with agitation. The solution was then cleared with
centrifugation at 12000 rcf for 10 minutes at 4 °C. Then 40 pL of 50 % blocked bead slurry was
added and incubated for 1 hour with agitation at 4 °C. The beads were spun 3000 rcf for 1
minute at 4 °C and washed seven times for 10 minutes with washing buffer (TE with 150 mM
NaCl and 0.5 % (v/v) NP-40) with agitation at 4 °C. The beads were then resuspended in 50
png/mL RNaseA diluted in TE and incubated with agitation at 37 °C on ThermoMixer at 1000
rpm (Eppendorf). Next, proteinase-K (Applichem, A4392) was added for the final
concentration of 1 mg/mL as well as SDS for the final 0.5 % (w/v) and digestion occurred
overnight at 65 °C. Proteinase-K was inactivated by increasing the temperature to 85 °C for 10
minutes. Then DNA was isolated as in (2.3.2 below) and analysed as in (2.3.3 below). DNA
isolated from a sample of sonicated chromatin prior to antibody incubation was evaluated with
1.5 % agarose gel (Sigma, A9539) gel runat 90 V for 30 to 45 minutes in TAE buffer (NZYtech,
MB11401); the DNA was stained with GreenSafe (NZYtech, MB13201), and revealed with
Chemidoc (Biorad).
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2.2.5 Antibodies used

In Table 2.1 the list of antibodies used in the different techniques mentioned above is presented.

Table 2.1 List of use antibodies, their application and its dilution or quantity used. Applications: WB (western
blot), IP (Immunoprecipitation), (ICC/IF immune cytochemistry/immunofluorescence) or ChIP (Chromatin
Immunoprecipitation). Hosts: d-donkey, m-mouse, r-rabbit, s-sheep.

: . L Application
Antibody Target Host Conjugate Application dilution or ug

Millipore, 05-636 YH2AX m - WB, ICC/IF  dil. 1000x,500x
Millipore, 05-257 p300 m - IP 5ug
Cell Signaling, 2840 OCT4 r - ICC/IF dil. 500x
Xg‘irzmogF'Sher’ m-1gG d Alexa488  ICCIIF dil. 5000x
Xg‘irzmog':'s“er’ -IgG d Alexa594  ICC/F dil. 5000x
Abcam, ab6002 H3K27me3 m - ChIP 5 ug
Abcam, ab4729 H3K27ac r - ChIP 5 ug
Sigma, F1804 FLAG m ChiP 5 ug
Abcam, ab46540 r-19G - ChiP 5 g
GE, NA931V m-1gG S HRP WB dil. 5000x
GE, NA934V r-IlgG d HRP WB dil. 5000x

2.3 Molecular biology

2.3.1 RNA isolation and cDNA synthesis

Total RNA was isolated from mESC using a commercial spin column kit (NZYtech,
MB13402), and its quantification was achieved with a Nanodrop spectrophotometer (Thermo
Fisher, Nanodrop 2000c) controlled by the Nanodrop2000/2000c v1.6.198. From here
complementary DNA was synthesised from 1 pug of RNA using a reverse transcriptase Kit
(NZYtech, MB13405). The samples were stored at -20 °C until analysis was performed by real-
time PCR (gPCR).

2.3.2 gDNA isolation

To extract genomic DNA from ChlIP samples, the volume was raised to 500 pL with ultra pure
water (MiliQ), and an equal volume of phenol:chloroform:isoamly alcohol (25:24:1) (Acros,
327111000) or (VWR, K169) was added. Next, vigorous vortexing was applied for 30 s
followed by centrifugation at maximum speed (27 000 rcf) at 4 °C. The top aqueous phase was

transferred to a new tube, and an equal volume of chloroform (Merck, 8.22265) was added, and
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again vigorously vortexed as before, also followed by centrifugation. Next, the aqueous phase
was transferred to a new tube, and it was added: 1/10 of the volume of 3 M sodium acetate pH
5.0 (Sigma, S7670), 1 ug of glycogen (Acros, 225900050), and two volumes of absolute
ethanol. Next, for DNA precipitation, the tubes were incubated overnight at -20 °C, and then
centrifuged at 27 000 rcf for 45 minutes at 4 °C. The supernatant was discarded, and the pellet
was washed with 70 % (v/v) ethanol and pelleted down again at maximum speed for 15 minutes
at 4 °C. Again, the supernatant was discarded and the pelleted was allowed to dry at room
temperature between 30-45 minutes. Finally, the purified DNA was reconstituted in 40 pL of
MiliQ and incubated at 37 °C with agitation in ThermoMixer. The DNA solution was stored at
-80 °C until it was subjected to real-time PCR (gPCR).

2.3.3 Real-time-PCR (qPCR): mRNA and gDNA

The analysis of transcripts (MRNA) and enriched genomic regions (JDNA) was performed
using real-time PCR (or gPCR) (Heid et al., 1996). PCR was carried out in a clear white 96-
well (Thermo Fisher, AB-0700) or opaque white 384-well plate (Biorad, MSB1001) in the
CFX-96 or CFX-384 (both from Biorad), and both controlled by the software CFX Manager
v3.1 (Biorad). The 20 pL reactions were prepared using the supermix SsoFast EvaGreen
(Biorad, 172-5201) to which the final 400 nM final concentration of forward and reverse
primers (Table 2.2 and Table 2.3). As a template, MRNA or gDNA samples were added, by
adding 2 pL of the sample (i.e., 50 ng of mMRNA, and unknown quantity of gDNA); the
remaining volume was filled with MiliQ. Two technical replicates (two wells) per sample were
used. Cycling conditions followed the manufacturer's instructions and were for mRNA: enzyme
activation 95 °C 30 s, denaturation and annealing/extension [95 °C 5 s, 60 °C 30 s]x40, melt
curve from 65-95 °C with 0.5 °C increments; and for gDNA: enzyme activation 98 °C 120 s,
denaturation and annealing/extension [95°C 5 s, 60 °C 5 s]x45, melt curve from 40-95 °C with
0.5 °C increments. The cycle threshold (Ct) was automatically calculated for each primer pair
using the default settings and the resulting quantification cycle (Cq) was exported to a comma-
separated file. The fold-change or relative expression was calculated following the ddCt method
(Livak and Schmittgen, 2001) considering the expression of Gapdh as the reference target. The
enrichment of genomic regions from the Chromatin Immunoprecipitation experiments was
calculated as a percentage of the ‘input’ (Asp, 2020). For both methods, the Cqgs were processed

using the R package pcr (Ahmed and Kim, 2018).
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The primers used to detect transcript expression were already described elsewhere, and/or
present in the Primer Bank database (Spandidos et al., 2008; Spandidos et al., 2010) (Table 2.2).
Although primers for promoter/enhancer regions were only described elsewhere (Table 2.3);

the ChIP primers database (Kurtenbach et al., 2019) was tried but revealed to be unsuccessful.

2.3.4 Microarrays

To better understand the big picture of the differentially expressed genes between cells
expressing and not expressing Cited2, an experiment with microarrays was previously
conducted in the laboratory (Santos, 2019; Santos et al., 2019). In this work, part of that
experiment is further explored, with the authors' approval. In short, C2"M[cre] cells were treated
with 4HT to deplete Cited2 and with EtOH for control cells in two condition groups:
undifferentiated and differentiated; undifferentiated cells were harvested after 48 hours of
incubation, while the differentiated cells (using the above protocol) where harvested at day-4
of differentiation. Next, the RNA was isolated and sent to microarray analysis (Affymetrix,
Mouse Genome 430 version 2.0 arrays), and then data was processed using R: the relative
expression calculated using limma package (Ritchie et al., 2015) after probe intensity was
normalized with oligo package (Carvalho and Irizarry, 2010), as described in (Acharya et al.,
2018; Santos et al., 2019). The enrichment gene set analysis was conducted with EnrichR either
using the R package (EnrichR) or on the web (Chen et al., 2013; Kuleshov et al., 2016).
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Table 2.2 List of primers used in qPCR to analyse the expression level of target genes. The sequence of nucleotides is written from 5° to 3.

Target PrimerBank-
Forward Reverse NCBI ID Reference
gene ID

Asb4 GGCATCACTGCCCCTATCAG TCCACATCTATTTGCCTCTCGAT  NM_023048.5 17505202a1 (Shuai et al., 2013)
Bmp5 TTACTTAGGGGTATTGTGGGCT  CCGTCTCTCATGGTTCCGTAG NM_007555.3 6671642al (Buikema et al., 2013)
Bmper GCCTGGGATTACCTGCTGC ACACATTATGCAAGGGTTGTCTG  NM_028472.2 24371216al (Buikema et al., 2013)
Brachyury CTCTAATGICCTCCCTTGTTGCC TGCAGATTGTCTTTGGCTACTTITG NM_009309 - (Wilson et al., 1995)
Casg2 TGCTCATGGTGGGGGTTTATC AGGTTCGTGGTAATAGAGACAGA  NM_009814.4 6753292al (Rivera-Torres et al., 2016)
Cdx2 CAAGGACGTGAGCATGTATCC GTAACCACCGTAGTCCGGGTA NM_007673.3 31560722al (Koga et al., 2014)
Cited2 CGCATCATCACCAGCAGCAG CGCTCGTGGCATTCATGTTG NM_010828 - (Chen et al., 2007)
Cxcr4d GACTGGCATAGTCGGCAATG AGAAGGGGAGTGTGATGACAAA NM_009911.3 116268122c1 (Chen et al., 2015)
Cxcr7 AGCCTGGCAACTACTCTGACA GAAGCACGTTCTTGTTAGGCA NM_007722.4 31560715a1 (Rey et al., 2009)
Dkk1 CTGAAGATGAGGAGTGCGGCTC  GGCTGTGGTCAGAGGGCATC NM_010051 - (Kemp et al., 2005)
Fgf10 CAGCGGGACCAAGAATGAAG TGACGGCAACAACTCCGATTT NM_008002 - (Sultana et al., 2009)
Foxfl ACGCCGTTTACTCCAGCTC CGTTGTGACTGTTTTGGTGAAG NM_010426.2 6753902al (Cha et al., 2015)
Gapdh TCCCACTCTTCCACCTTCGATGC GGGTCTGGGATGGAAATTGTGAGG NM_001001303 - (Ivanova et al., 2006)
Isl1 CTTAAGCATGCCCTGTAGCTGG  CAGACAGGAGTCAAACACAATCCC NM_021459 - (Ivanova et al., 2006)
Kdr ACTGCAGTGATTGCCATGTTCT  TCATTGGCCCGCTTAACG NM_010612 - (Fujimori et al., 2008)
Lin28a GGTCTGGAATCCATCCGTGTCA  TCCTTGGCATGATGGTCTAGCC NM_145833.1 - (Edupuganti et al., 2017)
Mdcl CAGGACTGCCTAGCTGGTAGT TGTGGTTGGGACTTGACCTCT NM_001010833.2 132626692c2 -
Mesp1l TGTACGCAGAAACAGCATCC TTGTCCCCTCCACTCTTCAG NM_008588 - (Bondue et al., 2008)
Mex3b ACCCAGTTCCGAACACGTCG TGTTCTTGTTACGAGAGGCT NM_175366.3 - (Yan et al., 2016)
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p21
p53
Pcsk5
Perp
Plk2
Prdm6
Ptges
Rad51c
Rad9b
Rasgrp3
Rbm24
Rspo3
Tbhx20
Whntba

CCTGGTGATGTCCGACCTG
CTCTCCCCCGCAAAAGAAAAA
CCATGCCCAGTCAACCTACTT
ATCGCCTTCGACATCATCGC
GACTACTGCACCATAAGCATG
GGAGCCTAGTAAGTCGAGCTG
GGATGCGCTGAAACGTGGA
CGGGAGTTGGTGGGTTATCC
CCCAAAAGACTATTTCCCAAG
GGGAAAGCGGCAACACTAGAT
GGGGCTACGGATTTGTCACC
ATGCACTTGCGACTGATTTCT

AAACCCCTGGAACAATTTGTGG

CAAATAGGCAGCCGAGAGAC

CCATGAGCGCATCGCAATC
CGGAACATCTCGAAGCGTTTA
CAGGCTCCTTCGATATTCATGTC
CCCCATGCGTACTCCATGAG
CTTCTGGCTCTGTCAACACCT
GGACGTTCAAGTTTTCATCCTGG
CAGGAATGAGTACACGAAGCC
CCGGCACATCTTGGTTTATTTGT
TGTTCACAAGATACAGCTCCAA
GGGCAAGTAACTGTCGTTCAG
TGGCTGCATGATTCTTGGTTT
GCAGCCTTGACTGACATTAGGAT
CATCTCTTCGCTGGGGATGAT
TCTAGCGTCCACGAACTCCT

NM_007669.5
NM_011640.3

NM_001190483.1

NM_022032.4
NM_152804.2

NM_001033281.3

NM_022415.3
NM_053269.3
NM_144912.3

NM_001166493.1
NM_001081425.1

NM_028351.3
NM_194263.2
NM_009524

162287332c1
200203al1
253314508c2
158508502c1
165932299c1
146198827c3
11967941al
16716605al
262072985c1
124487276¢c1
16605378al
12082750al

(D’Angelo et al., 2018)
(Zhu et al., 2021)

(Wei et al., 2012)
(Granier et al., 2014)
(Lee and Pelletier, 2017)
(Fei et al., 2015)

(Cao et al., 2019)
(Boege et al., 2017)

(Hu et al., 2008)
(Songgqing et al., 2014)
(Xie et al., 2017)

(Cai et al., 2014)
(Sampaio-Pinto et al., 2018)
(Chen et al., 2007)
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Table 2.3 List of primers used in gPCR to analyse the enriched promoter regions from ChIP experiments. The sequence of nucleotides is written from 5’ to 3”, and the genomic

range is relative to the mouse genome version UCSC.mm9.

Target Forward Reverse Range Reference
Cdx2 GTCTCCAGCCATTGGTGTCT TTCTTTCCTCCCACCTCCTT chr5:148118706-148118957 (Morey et al., 2013)
Dkk1 GTTCTTGATCGCGTTGGAAT GAAGTTGAGGTTCCGCAGTC chr19:30623685-30624012 (Wang et al., 2017)
Isl1 TTTTGGGTCTAACCGTCCTACTC CCGCTTTCCTTCACTGACTC chrl3:117100331-117100486  (Kranc et al., 2015)
Kdr GAGTCTGTGCCTGAGAACTG CAGAACCACAGAGCGACA chr5:76374121-76374350 (Bomsztyk et al., 2015)
Mesp1 GCGTCTCGATCTTGGTCAGGTT AGCGGGAGAAGCTACGTATGC chr7:86938006-86938216 (Liu et al., 2015a)

T CGGCCAGTCTGATATGGCCGCGCA  CCCGCAAGGCGCGACAAGAGTAA  chrl7:8626954-8627221 (Dahle et al., 2010)
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2 Methodology

2.3.5 Whole protein extraction and quantification

To obtain whole protein lysates, cultured cells were washed three times with PBS, lysis buffer
was applied, cells were scrapped and pelleted down by centrifugation in 1.5 mL tube; in
alternative cells were dissociated with trypsin and the pellet stored at -80 °C until further
processing. Cells were then resuspended into 4-5 volumes of lysis buffer (50 mM TRIS pH 8.0,
0.5 % NP-40 and 150 mM NacCl, which was supplemented right before the use with protease
inhibitor cocktail, 1 MM PMSF, 0.2 uM sodium orthovanadate and 1 mM DTT (Sigma, D9799),
unless otherwise stated. This mixture was placed on ice with occasional shaking for 20 minutes,
and cleared by centrifugation at 14 000 rcf for 10 minutes at 4 °C. The supernatant was
transferred to a new tube and stored at -80 °C until further use. Total protein was quantified
using the Bradford method (Bradford, 1976) in 96-well plates: Bradford reagent (Alfar Aesar,
J61522) was diluted two times and allowed to reach room temperature, 250 uL were loaded
into each well, and then 5 uL of sample or calibration solution was added; for a total volume
per well of 255 pL. The plate was then incubated at room temperature for 10 minutes and then
the absorbance at 590 nm was read in a plate reader (Progema, Glomax) or (Molecular Devices,
Spectramax iD3). The calibration curves were prepared with fresh BSA solutions (NZYtech,
MBO04602) ranging from 100-2000 pg/mL.

2.4 Image analysis

The image analysis in this work was performed with Fiji v1.53q (Schindelin et al., 2012) or
with Cell Profiler v4.1.3 (McQuin et al., 2018; Stirling et al., 2021) running on Windows 10
v21H2 (Microsoft).

2.4.1 Embryoid bodies

Images of the embryoid bodies (4608 x 3456 px) were acquired on day-2 and day-4 of
differentiation (see above) and converted to 8-bit grayscale using Cell Profiler in a batch
process. Then, the images were analysed using a pipeline. Briefly, the following steps were
applied: (1) a smooth was applied, to reduce the number of small objects detected (mainly
debris); (2) enhance edges, to make more evident the embryoid body; (3) Gaussian filter, to
reduce the sharpness of the edges and compensate for the out of focus edge of the embryoid

body; (4) threshold with Otsu two-classes with correction factor 0.7 and size of adaptative
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window 800 px; (5) erode 30 px to reduce the number of artefacts; (6) measure segmented
objects Feret diameter, area, and form factor (7) filter for objects with Feret diameter higher
than 700 px and form factor > 0.3, objects within these parameters are more likely to be debris
or more than one embryoid body per drop. The results of the segmentation and quantification

were exported as images and tables, respectively.

2.4.2 Western blot semi-quantification

A semi-quantification of the bands obtained from Immunoblotting (Western Blot) was achieved
using a densitometric approach through Fiji built-in function Gels. Briefly, a region of interest
was drawn on top of the lanes ranging from the first to the last lane of the blot matching the
largest lane, then the pixel density was plotted and the area under the curve was quantified.
Similarly, this quantification was performed for the total protein or the loading control band
(with one ROI per lane) (Taylor et al., 2013). Next, the value of the relevant band was divided
by the value of the loading control, thus expressed relative to the control.

2.4.3 YH2AX speckles

This pipeline is an adapted version of the pipeline provided on the official website for Cell
Profiler examples speckle counting (www.cellprofiler.org). Briefly, the following steps were
applied: (1) enhance feature, where the size of the speckles was considered to be 5 px; (2) an
Otsu threshold with three classes using 65 px adaptative windows was applied to segment the
nuclei using a declumping method based on shape; (3) next the nuclei were measured (area and
shape) and the; (4) filtered were the accepted maximum Feret diameter was between 58.5-97.5
pX, and the form factor between 0.5 and 1. Next, the speckles were segmented using (5) Otsu
threshold with three classes using adaptative windows of 10 px, and the minimum size expected
of 5 and maximum size of 20 px, declumping based on intensity. Next segmented results were
(6) measured (area and shape), and (7) filtered by size, where speckles size was accepted if
above 1 px and below 66 px. Next, (8) intensity measurements were performed and lastly, (9)
parent-child relationship was established between nuclei and speckles. As before, the resulting

segmentation images and quantification tables were also exported.

2.5 Histone acetylation assay

Using the immunoprecipitated samples from undifferentiated cells expression and depleted of

Cited2 (see above), the histone acetyltransferase activity was tested using a commercially
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2 Methodology

available kit (Abcam, ab204709) following the manufacturer’s instructions. For this assay, 5
pL of the IP-p300 eluted was used, and 2 pL of the IP-input sample. The plate was incubated
at 25 °C and the fluorescence wavelength (nm) 535excitation/587emission was read for 60

minutes every 2 minutes.

2.6 Data analysis and statistics

The acquired data were analyzed in Excel (Microsoft) or RStudio v.2022.02.1+461 (RStudio)
using the R programming language version 4.0.5 (Team, 2021). Summary statistics and
hypothesis testing were performed using r-base functions or with the packages rstatix
(Kassambara, 2021) or ggpubr (Kassambara, 2020). For all experiments, the null hypothesis
was tested against the control group considering the difference between the two groups equal
to zero. The arbitrary threshold of the P-value for statistical significance was 0.05 and
significance levels represented as follows: ‘ns’: > 0.05; “*’: <0.05; “**’: <0.01; “***’: 0.001;
ckkx%k> <(0.0001. The plots were generated using the R package ggplot2 (Wickham, 2016), and
the final figures were assembled in the vector graphics software Affinity Designer v1.10.5
(Serif).

38



3 Results

3.1 Cited?2 affects pluripotency and differentiation

To further investigate the apparent dual role of Cited2 in mouse embryonic stem cells, both in
pluripotency (or undifferentiating conditions) and in differentiation conditions, differentially
expressed genes (DEG) were examined. Previous studies showed evidence that, in the context
of pluripotency, Cited2 plays a role in maintaining cell self-renewal (Li et al., 2012b). In
particular, Cited2 enhanced the promoter activity Nanog, Tcf3 and Klf4 (observed by luciferase
assays), yet no changes were observed for Oct4 and Sox2 (Kranc et al., 2015). While Cited2-
depletion increased apoptosis markers and spontaneous differentiation, which from the Cited2-
knockdown experiment showed increased upregulation of genes such as Brachyury, Fox2a, and
Sox15 (Kranc et al., 2015). The increased loss of self-renewal as evidenced by increased cell
death and differentiation suggests that Cited2 is also associated with differentiation
mechanisms. Indeed, Cited2 appears to be involved in the transition from pluripotency to
differentiation by regulating Oct4 to guide differentiation (Li et al., 2012b). During
differentiation events, specifically cardiac differentiation, there is evidence that CITED2
interacts with the LIM domain of proteins, such as Lhx2 (Glenn and Maurer, 1999) and ISL1
(Pacheco-Leyvaetal., 2016). The interaction with ISL1 demonstrated that CITED2 co-operates
with ISL1 for proper cardiac differentiation in cardiac progenitor cells.

Therefore, to elucidate the possible mechanism(s) where Cited2 could play a role, our group
performed a functional assay through a gene expression screening (microarray) using meSC.
The cell line used in this study allows the conditional knockout of Cited2 (although only
partially) to be compared with the wild type. Thus, the differentially expressed genes were
obtained from two culturing conditions: undifferentiated and differentiated (Figure 3.1), and

the results were used as starting point for the present work.
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Figure 3.1 Experimental design to determine differentially expressed genes. C2"[cre] cells were cultured in
conditions sustaining pluripotency (“undifferentiated”), and in conditions triggering differentiation
(“differentiated”) (cells were induced to differentiate using the hanging drop protocol). In both conditions, cells
were treated at the onset of the experiment (D0) with EtOH (control) or with 1 uM 4HT (Cited2). For the hanging
drop protocol, 20 pL drops were prepared with 1000 cells. Cells were harvested at 48 hours and day-4 (D4), for
undifferentiated and differentiated conditions, respectively. The RNA was isolated and sent for microarray
screening (Affymetrix) (outsourced) and analysis performed in R using Bioconductor packages. “GMEM++”
refers to the culture medium supplemented and containing LIF, while “GMEM+” refers only to supplemented
medium. “D” stands for day.

To obtain an overview of gene expression under the four conditions a principal component
analysis (PCA) was performed (Figure 3.2). The results showed that the four experimental
groups have different gene expression patterns, as they clustered separately. Undifferentiated
control cells clusters closer to differentiated Cited2-partial KO cells; they are closer in both
PC1 and PC2. Undifferentiated control cells are separated from undifferentiated Cited2-
partial_KO cells; this separation is mainly explained by PC2. Lastly, differentiated control is
separated from undifferentiated control, and differentiated Cited2-partial KO in PC1, while
being closer to undifferentiated Cited2-partial KO in PC2. These results suggest that Cited2-
depletion causes cells to spontaneously differentiate as previously reported (Kranc et al., 2015),
yet through a path different from that observed in the differentiating conditions, where cells
were induced to differentiate using the hanging drop method. Additionally, when cells were
induced to differentiate but were depleted of Cited2, the expression pattern is closer to
undifferentiated cells, suggesting a delay in the expression of differentiation genes as previously
reported (Santos et al., 2019).

To better understand the role of Cited2 in the maintenance of undifferentiated cells, self-
renewal, and differentiation (focusing on cardiac differentiation), the microarray results were
further analysed using gene set enrichment analysis. From the obtained results, new
experiments were performed to further investigate the possible roles of Cited2. Therefore, the

results of this work are presented according to the experimental context: one dedicated to the
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role of Cited2 in pluripotency conditions, and the other dedicated to the role of Cited2 in

differentiation conditions; respectively topics 3.2 and 3.3.
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Figure 3.2 Cited2-partial KO groups cluster apart from their control group. Differentially expressed genes was
analysed using microarray (Affymetrix) from four experimental groups: undifferentiated cell culture in
pluripotency condition treated with EtOH (® undiff EtOH, control) and treated with 1 pM of 4HT (® undiff 4HT,
Cited2-partial_KO) for 48 hours; differentiated embryoid bodies with hanging drop treated with EtOH (®
ebs_EtOH, control) and 1 uM 4HT (= ebs_4HT, Cited2-partial_KO) harvested on day-4. The microarray results
were processed with R, where the data were normalized and dimensions reduced using principal component
analysis (PCA). Each point represents a sample. “PC” stands for principal component.
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3 Results

3.2 The suggested role of Cited2 in DNA repair

Cited2 is associated with the pluripotency gene regulatory network; consequently, mouse
embryonic stem cells depleted of Cited2 die or differentiate spontaneously (Kranc et al., 2015).
To better understand the role of Cited2 in undifferentiated mESC, gene expression was
compared between undifferentiated control and Cited2-partial_KO cells using microarray
analysis (Figure 3.1). Then, from the list of genes, the DEGs that were down-regulated and up-
regulated genes were obtained considering the thresholds of |log(fold change)| > 1.2 and P-
value < 0.05. The analysis of DEGs indicated that there are more down-regulated genes than

up-regulated genes, respectively, 126 vs 104 (Figure 3.3a).

Cited2-depletion under undifferentiation conditions led to a decrease in the expression of genes
related to DNA-repair and an increase in genes related to apoptosis. When considering the top
ten down-regulated genes (Figure 3.3b), it can be seen that Rad51c is present, which is a gene
associated with DNA repair (Suwaki et al., 2011). Moreover, two genes are involved in DNA
damage response and cell cycle arrest: Itgh4 and Gadd45g. Interestingly, the Leftyl and Lefty2
genes are also present. These two genes are associated with the maintenance of self-renewal
and with embryo development, since they participate in the establishment of the left-right axis
(Kim et al., 2014; Meno et al., 1999).

Next, to have a broader understanding of the transcription factors and biological processes
implicated by the downregulation of Cited2, a gene set enrichment analysis was performed for
the ChEA/ENCODE consensus and Gene Ontology biological processes were conducted using
EnrichR (Chen et al., 2013; Kuleshov et al., 2016). The results of the ChEA/ENCODE
consensus database showed terms associated with pluripotency transcription factors (NANOG,
OCT4, SOX2, and TCF3), which are statistically significant, considering the adjusted P-value
(Figure 3.4). On the contrary, no statistically significant terms were found for the up-regulated
list of genes. However, the results showed terms such as SUZ12, SMAD4, GATA2 and P63
suggesting that the differentiation processes are affected by Cited2 depletion. Indeed, the results
obtained from the GO:biological processes on the up-regulated list showed ‘“muscle
contraction”, as the most statistically significant; followed by terms that are related to
angiogenesis (Figure 3.5). No statistically significant hits were found for the down-regulated

genes list considering the adjusted P-value.

However, among the obtained GO:biological processes terms obtained “strand invasion” and

‘DNA recombinase assembly’ were observed. These results suggested that Cited2-depleted
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cells could have an impairment in DNA repair, specifically double-strand/single-strand DNA
breaks since Rad51c is associated with the repair of dSDNA breaks (Godin et al., 2016; Suwaki
et al., 2011). Therefore, these results suggest that the downregulation of genes associated with
the repair of DNA damage, could ultimately lead to cell death, and/or differentiation, even when

cells are kept in undifferentiating culture conditions (with LIF).
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Figure 3.3 Different regulation of genes between cells expressing and not expressing Cited2 under undifferentiated
conditions. C2"M[cre] cells were cultured under undifferentiating conditions and treated with EtOH (control) or
4HT (Cited2-partial_KO) for 48 hours, and by microarray (Affymetrix) analysis the differentially expressed genes
(DEGS) were obtained between the two conditions. (a) represents the total number of genes down-regulated and
up-regulated between the two groups, represented as red (M) and blue (M), respectively. While (b) represents the
total number of genes (20291) where in grey (@) are the genes with unchanged expression, while in red (®) and
blue (®) are, respectively represented, the down-regulated and up-regulated that crossed the log,(fold-change)
threshold of 1.2 and the adjusted P-value of 0.05. The top ten most down-regulated are labelled. The top down-
regulated genes arranged by adjusted P-value are: Stc2, Pycrl, Rad51c, Akap7, Ifitm, Mis1, Smclb, Lefty2, Leftyl,
Kit; and top up-regulated are: Flvcr2, Acta2, Itgh4, Dusp8, Tpm2, Shsn, Htrld, Hmox1, Gadd45g, Creb3.
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Figure 3.4 Cited2-partial_KO affects pluripotency factors terms of ChEA/ENCODE database. The two lists of
differentially expressed genes (126 down-regulated and 104 up-regulated) in undifferentiating conditions were
used to perform a gene set enrichment analysis for ChEA/ENCODE transcription factors consensus; using the tool
EnrichR. The size of each point represents the overlap ratio, i.e. the number of genes in the list that are contributing
to a term over the number of genes annotated for the transcription factor term. In (a) are represented the results of
ChEA/ENCODE consensus terms from the down-regulated list, and in (b) the results of the up-regulated list. The
grey points (@) represent nonsignificant while the accent colour respective to their regulation (down-regulated as
red (@), and up-regulated as blue (®)) represent a smaller adjusted P-value than the threshold of 0.05. The dashed
line (— ) represents the P-value threshold of 0.05. The top ten terms are labelled: top down-regulated are all ChEA:
TCF3, SOX2, POU5F1, NANOG, KLF4, SALL4, STAT3, SUZ12, TRIM28, NFE2L2; and top up-regulated are:
NFE2L2 CHEA, FOSL2 ENCODE, SMAD4 CHEA, TP63 CHEA, AR CHEA, SUZ12 CHEA, ESR1 CHEA,

GATA2 CHEA, PPARD CHEA, FOX2A ENCODE.
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Figure 3.5 Cited2-partial_KO affects DNA repair biological processes in pluripotency conditions. The two lists
of differentially expressed genes (126 down-regulated and 104 up-regulated) in pluripotency conditions were used
to perform a gene set enrichment analysis for Gene Ontology (GO): biological processes; using the tool EnrichR.
The size of each point represents the overlap ratio, i.e., the number of genes in the list that are contributing to a
term over the number of genes annotated for that gene ontology term. In (a) are represented the results of GO
terms from the down-regulated list, and in (b) from the up-regulated list. The grey points (©) represent
nonsignificant while the accent colour respective to their regulation (down-regulated as red (®), and up-regulated
as blue (®)) represent a smaller adjusted P-value than the threshold of 0.05. The dashed line (— ) represents the
P-value threshold of 0.05. The top ten terms are labelled. The top down-regulated are: strand invasion
(G0:0042148), cAMP catabolic process (GO:0006198), DNA recombinase assembly (GO:0000730), positive
regulation of production of miRNAs involved in gene silencing by miRNA (G0O:1903800), response to vitamin D
(G0:0033280), double-strand break repair via synthesis-dependent strand annealing (GO:0045003), cyclic
nucleotide catabolic process (GO:0009214), response to ionizing radiation (GO:0010212), regulation of
production of miRNAs involved in gene silencing by miRNA (G0:1903798); and top up-regulated are: muscle
contraction (GO:0006936), regulation of viral entry into host cell (GO:0046596), regulation of cell migration
involved in sprouting angiogenesis (GO:0090049), positive regulation of organelle organization (GO:0010638),
regulation of mononuclear cell migration (GO:0071675), positive regulation of cell migration involved in
sprouting angiogenesis (G0:0090050), positive regulation of blood vessel endothelial cell migration
(G0:0043536), positive regulation of wound healing (GO:0090303), cellular response to decreased oxygen levels
(G0:0036294), negative regulation of blood vessel morphogenesis (GO:2000181).
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3 Results

3.2.1 DNA damage increase

Following the enrichment analysis (Figure 3.5a), the observation of terms referring to DNA
repair and strand-invasion suggested, together with the P63 being one of the results from the
ChEA/ENCODE consensus suggested that DNA damage could be contributing to the observed
increase in cell death of mESC Cited2-depleted cells. In fact, downregulation of Rad51c was
speculated to be a mediator of Cited2 during DNA repair events (Liu et al., 2015b), and
upregulation of Itgh4 was correlated with downregulation of Cited2 in cells with a high level
of DNA damage caused by ionizing irradiation (Bo et al., 2004). Therefore, to determine if
Cited2-depleted cells showed higher DNA damage, an experiment was conducted to assess the
increase of DNA damage compared to the control. For that, it was considered an indicator of
DNA damage the increase of double-strand breaks visualized with the phosphorylated H2AX
(or yH2AX) (Fernandez-Capetillo et al., 2004; Rogakou et al., 1998). In this experiment, the
C2"[cre] cells that allow the partial conditional knockout of Cited2, were treated for 16 hours
and 48 hours with EtOH (control), or 4HT (Cited2-partial_KO); additionally, an insult with 100
MM of hydrogen peroxide was used as the positive control (Katsube et al., 2014) (Figure 3.6).
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g 1 day
Western Blot = anti-yCITED2
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EtOH =
1 UM 4HT
100 M H202 , o real-time PCR
30 min before harvest/fixation © 16/48 hours
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Figure 3.6 Experimental design to assess DNA damage. C2"[cre] cells were seeded (0.015 cells/cm?) in 12-well
and 6-well plates and allowed to grow for approximately one day. Next, a treatment with EtOH (control), 1 pM
4HT (Cited2-partial_KO) was applied for 16 or 48 hours. At 30 min before harvesting for RNA, protein isolation
and fixation 100 pM of H»O, (positive control) were applied to the respective wells. Fixed samples in 2% PFA
were probed with anti-yH2AX, anti-OCT4, and nucleus stained with DAPI; samples were scoped under both a
wide field fluorescence and a confocal microscope. The resulting images were quantified with a pipeline in Cell
Profiler. The CITED2 protein level was verified at 48 hours; unlike yH2AX, which was verified at the two time
points. The Cited2 transcripts were analysed with real-time PCR. These experiments were repeated three times.

The decreased expression of Cited2 was verified after 16 hours using gPCR (Figure 3.7), which
is shown to be similar to the fold-change of 0.79 observed in the microarray experiment. In
parallel, a group of cells was fixed and probed with antibodies anti-yH2AX and anti-OCT4.

Before fixation, cells were observed under a phase contrast microscope to observe their
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morphology and evidence of cell death (Figure 3.8). The results suggested spontaneous cell
differentiation since there were more irregularly shaped colonies (Figure 3.8), thus deviating
from the rounded mESC colonies (Mulas et al., 2019). Cell death in 4HT and H20, treatment
was visible through a decrease in confluence and an increase in the number of small bright
spots. Furthermore, the lower intensity of the OCT4 signal in some colonies suggests that they
are differentiating (Figure 3.8). These results support the notion that, indeed, Cited2-partial_KO
has more cell death and less cell growth than the control. However, the signal of yH2AX, at

this magnification, did not allow the quantification (Figure 3.8).

Given that the labelling of yH2AX in a widefield microscope (Figure 3.8) was not conclusive,
due to the high background levels, samples were scoped with a confocal microscope. Given the
nature of the mESC colonies' morphology, a Z-stack of four images was taken, and then an
image of its maximum projection was obtained. By doing this, it was possible to reduce the
high background observed previously, and increase the resolution of the yH2AX speckles (or
foci) (Figure 3.9a). Next, the images from confocal microscopy (Figure 3.9a) were used as input
of a pipeline in Cell Profiler to quantify the yH2AX speckles. In this pipeline, both nuclei and
speckles were segmented and quantified by area/shape and intensity (Figure 3.9b). The results
showed that the average number of speckles per nucleus is unchanged in Cited2-partial_KO vs
the control showing, respectively, 3.4 £ 0.2 vs 3.5 + 0.2 (SEM) speckles per nucleus (Figure
3.9); while in the positive control there were 6.2 + 0.3 (SEM) speckles per nucleus. However,
when the speckle intensity is considered, the intensity of speckles in Cited2-partial_KO cells is
higher than the control (0.045 + 0.002 and 0.037 + 0.002 (SEM) AU, respectively); positive
control showed the highest intensity (0.06 + 0.003 (SEM) AU). Moreover, given that not all
cells showed speckles, the percentage of cells positive for yH2AX showed to be higher for
Cited2-depleted cells than the control, and positive control: 89.4 %, 93.8 % and 89.3%,
respectively.
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Figure 3.7 Cited2 expression is down-regulated under undifferentiating conditions. Cultures of C2M[cre] cells
under pluripotency conditions were treated with EtOH (control) or 1 uM 4HT (Cited2-partial_KO) for 16 hours.
Transcripts were analysed with the ddCt method and reported as fold-change relative to control; Gapdh was used
as a reference gene. Results are shown as mean = SEM from three experiments with “n” valid qPCR reads; the
dCt means were compared to the control using the t-test considering the P-value threshold of 0.05 for significance:
no statistically significant results (ns).

In addition to observing the YH2AX, in the microscope, its global levels were evaluated by
Western blotting. Although microscopy allowed for the confirmation that this histone
modification is present only in the nucleus, the observed/sampled region of a given cell is
limited. Therefore, with western blot, a global evaluation of this histone modification is
possible. These results showed that, although not statically significant, there is a tendency to
increase phosphorylated H2AX levels in Cited2-partial_KO cells, as well as for the positive
control (Figure 3.10). Therefore, this suggests that Cited2-partial KO cells have increased
levels of phosphorylated H2AX after 16 hours of treatment.
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Figure 3.8 Cited2-partial_KO increases spontaneous differentiation and cell death. C2"[cre] cells were cultured
in pluripotency conditions in 12-well plates on glass coverslips, and treated with EtOH (control) or 1 pM 4HT
(Cited2-partial_KO) for 16 hours, or 30 minutes before fixation with 100 LM hydrogen peroxide (positive control).
Representative images with phase contrast of cells before fixation with 2% PFA were then probed with the primary
antibody anti-yH2AX and anti-OCT4 followed by secondary incubation with Alexa Fluor A488 (green) and A594
(red), respectively. The slides were mounted with Flouromount-G containing DAPI for nuclear staining (blue).
Samples were scoped with a wide-field microscope. The scale bar represents 250 um and 50 pm for phase contrast
(10x objective) and wide-field fluorescence (20x objective), respectively.

Next, 48 hours after treatment the protein levels of CITED2 and yH2AX were then evaluated
by Western blotting. At this time point, as with the mRNA expression obtained with the
microarray experiment, the protein levels were validated to be lower, although not statically
significant (Figure 3.11). However, this result suggests that Cited2 depletion was maintained
for up to 48 hours. Furthermore, phosphorylated H2AX showed lower levels in Cited2-
partial_KO cells than in the control (Figure 3.11). Together these results suggested that Cited2
shows decreased expression, its protein levels are also decreased, and that yH2AX levels

decreased over time in Cited2-partial_KO cells.,
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Figure 3.9 Cited2-partial_KO does not change yH2AX speckles number but increases their intensity. C2™"[cre]
cells were cultured in pluripotency conditions in 12-well plates on glass coverslips, and treated with EtOH (control)
or 1 uM 4HT (Cited2-) for 16 hours, or 30 minutes before fixation with 100 uM hydrogen peroxide (positive
control). Representative images of cells probed with the primary antibody anti-yH2AX followed by secondary
incubation with Alexa Fluor A488 (green). The slides were mounted with Flouromount-G containing DAPI for
nuclear staining (blue). (a) Samples were scoped with a confocal microscope using Airyscan super-resolution to
obtain four slices of 0.15 um thickness from which the maximum intensity orthogonal projection was obtained.
Then, this resulting image was used as input for a segmentation pipeline in Cell Profiler to identify the nuclei and
the YH2AX speckles. (b) represents the number of yH2AX speckles per nucleus, while (c) represents the mean
intensity of the yH2AX speckles per nucleus. Each dot represents a nucleus (n); crosses represent points outside
the interquartile range. The nuclei were filtered by size and shape: the results shown with the white contours ([&))
represent the declined results, while the yellow contours ([@) show the accepted results. The speckles were filtered
by size and shape: the results shown with red contours (@) show declined results, while yellow contours (&) show
accepted. The scale bar represents 5 um (63x objective). Means were compared with the control condition using a
t-test considering the P value threshold of 0.05 for significance; (ns): not significant and (****) < 0.0001. The
results are from three experiments.
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Figure 3.10 Increase in YH2AX protein levels in Cited2-partial_KO cells after 16 hours. Mouse embryonic stem
cells (C2"M[cre]) were treated for 16 hours with EtOH (M control), or 1 uM 4HT (® Cited2), or 30 minutes before
fixation 100 uM hydrogen peroxide (- positive control). The whole protein was extracted, then immunoblotted
and probed with anti-yH2AX (~15 kDa); loading control was performed with total protein in the lane (only ~50
kDa shown). The results were semi-quantified with a densiometric approach with ImageJ. Results of three
experiments (n) are presented as normalized mean + SEM expressed relative to control. Means were compared
with the control condition using a t-test considering the P-value threshold of 0.05 for significance: (ns) not
significant.

Next, the gene expression of known DNA damage/repair and apoptotic markers were analysed
by gPCR. However, the genes chosen to be validated were those down-regulated in the
microarray experiment (Rad51c, Rad9b, Mdcl, Lin28a, Rbm24,), and up-regulated (Perp,
Ptges, PIk2). The expression of p53 and p21, was also assessed since increased DNA damage
could activate a p53-dependent cascade that can also drive cells to apoptosis and differentiation
(Stambrook and Tichy, 2010). Therefore, the p53-effector p21 was evaluated since it is
activated by p53 to induce cell cycle arrest, to attempt DNA repair (Blanpain et al., 2011).
Lastly, the expression of Casq2 was also validated, as it is associated with cardiomyocyte
contractability function, since this protein handles calcium in the sarcoplasmic reticulum
(Faggioni and Knollmann, 2012).
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Figure 3.11 Suggested decreased YH2AX protein levels in Cited2-partial_KO cells after 48 hours. Mouse
embryonic stem cells (C2"[cre]) were treated for 48 hours with EtOH (B control), 1 pM 4HT (M Cited2). The
whole protein was extracted, and immunoblotted and probed with anti-yH2AX (~15 kDa) and anti-CITED2 (~28
kDa); loading control was performed with total protein in the lane (only ~50 kDa shown). The results were semi-
quantified with a densiometric approach with ImageJ, and the results are expressed relative to the loading control.
Results of three experiments (n) are presented as normalized mean £ SEM expressed relative to control. Means
were compared with the control condition using a t-test considering the P-value threshold of 0.05 for significance:
(ns) not significant.

Therefore, C2™"M[cre] cells were treated with EtOH (control) or 4HT (Cited2-partial_KO), and
samples were harvested 48 hours after treatment (Figure 3.12). Compared to the control, Cited2-
partial_KO cells showed downregulation of the expression of the DNA damage/repair marker
Rad51c and a decreased expression of Mdc1, Rad9b (Figure 3.13). On the contrary, there was
an upregulation of pro-apoptotic p21 and Ptges, and PIk2 and Perp, while the expression of p53
was unchanged (Figure 3.13). Furthermore, biomarkers of cell growth and differentiation were
investigated, and Lin28a, as well as Rbm24, showed decreased expression, while Casg2 was
up-regulated (Figure 3.13).

seed 0.015 cells/cm?
S “* _ Eton
real-time PCR
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@ 48 hours
GMEM++

Figure 3.12 Experimental design of the validation of down-regulated and up-regulated genes in pluripotency.
C2™M[cre] cells were seeded (0.015 cells/cm?) in 60 mm plates, treated with EtOH, 1 uM 4HT for 48 hours. The
transcripts were analysed with real-time PCR. These experiments were repeated at least three times.
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Figure 3.13 Cited2-partial_KO suggests an alteration of the DNA damage response, increased apoptosis, and
unbalanced p53 response genes. Mouse embryonic stem cells (C2"[cre]) were treated for 48 hours with EtOH (M
control), 1 uM 4HT (m Cited2). Transcripts were analysed with ddCt method and reported as fold-change relative
to control; Gapdh was used as a reference gene. In (a) results are shown for DNA damage and apoptotic genes
while (b) it is showing the also DNA damage response genes and cardiac differentiation genes. Results are shown
as mean + SEM from three or more, experiments with “n” valid qPCR reads ‘n’. The dCt means were compared
to the control using the t-test considering the P-value threshold of 0.05 for significance: (ns) nonsignificant, (*) <

0.05, (**)< 0.01.
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3 Results

3.2.2 DNA damage rescue with recombinant Cited2

To understand whether Cited2-partial_KO increased yH2AX speckles intensity and levels of
phosphorylation of H2AX, a rescue experiment with human recombinant CITED2 was
performed (Figure 3.14). In this experiment, similar to what was done previously (Figure 3.6),
C2"[cre] cells were treated with EtOH or 4HT, or hydrogen peroxide, and to rescue Cited2-
partial_KO cells the human recombinant (produced in-house and modified with eight arginines
at the N-terminal (8R-CITED2) was also added to the culture medium (Nakase et al., 2004;
Pacheco-Leyva et al., 2016). Additionally, 50 uM of hydrogen peroxide was added to the
medium under all conditions (except for the positive control) based on the fact that it would

increase the basal level of yH2AX, and thus the incubation time could be reduced from 16 hours

to 6 hours.
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Figure 3.14 Experimental design to assess DNA damage, with the rescue of Cited2-partial_KO. C2™M[cre] cells
were seeded (0.015 cells/cm?) in 12-well and 6-well plates and allowed to grow for 16 hours. Next, a treatment
with EtOH (control), 1 uM 4HT (Cited2-partial_KO), or 1 uM 4HT + 20 pug/mL 8R-CITED2 (human recombinant
protein) (rescue) was applied for 6 hours with cells in pluripotency medium with 50 uM of H20,; 30 min before
harvesting for protein isolation and fixation 100 uM of H,0; (positive control) was added to the respective wells.
Samples were fixed with 2% PFA, probed with anti-yH2AX, anti-OCT4, and nucleus stained with DAPI; samples
were then scoped under both widefield fluorescence and confocal microscopes. The resulting images were
quantified with a pipeline in Cell Profiler. yH2AX protein levels were verified. This experiment was performed
once.

Similar to what was observed before in widefield microscopy (Figure 3.8) no noticeable
differences were found between the four conditions, except that the positive control cells have
higher confluency than the remaining conditions (Figure 3.15). However, when looking at the
quantification of the speckles in confocal images (Figure 3.16) (processed as mentioned above),
the number of speckles per nucleus is statistically significant lower in the rescue condition
compared to the control (3.7 + 0.2 and 4.4 + 0.2 (SEM), respectively); while for the Cited2-
partial_KO cells and the positive control, the averages of the speckles were respectively, 3.9 +
0.2 and 4.6 + 0.3 (SEM). Note that the addition of 50 uM of H2O> during incubation resulted
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in an increase in the number of speckles in the control condition compared to the previous

experiment with treatment for 16 hours (Figure 3.9).

The mean intensity of the speckles per nucleus in the rescue condition showed the lowest
intensity (0.043 £ 0.003 (SEM) AU) than the control and Cited2-partial_KO cells, respectively:
0.052 + 0.003 and 0.045 + 0.003 (SEM) AU). Conversely, the positive control showed the
highest mean speckle intensity (0.055 + 0.004 (SEM) AU). Additionally, the percentage of
nuclei with speckles was similar between Cited2-partial_KO cells and rescue (93.4 % and 93.7
%, respectively), and both were higher than in control (89.1 %), as well as in the positive control
(86.3 %). Lastly, the results of Western blot showed no differences in the phosphorylation levels
of yH2AX between all conditions (Figure 3.17).

Nucleus yH2AX OCT4
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Figure 3.15 Wide-field fluorescence microscopy of yH2AX rescue experiment. C2™M[cre] cells were cultured in
pluripotency conditions in 12-well plates on glass coverslips, treated with 50 UM hydrogen peroxide and EtOH
(control), or 1 uM 4HT (Cited2-partial_KO), or 1 uM 4HT (Cited2-partial_KO) and 20 pg/mL human recombinant
8R-CITED?2 (rescue) for 6 hours, or 30 minutes before fixation with 100 uM hydrogen peroxide (positive control).
Representative images of cells probed with the primary antibody anti-yH2AX and anti-OCT4 followed by
secondary incubation with Alexa Fluor A488 (green) and A594 (red), respectively. The slides were mounted with
Flouromount-G containing DAPI for nuclear staining (blue). Samples were scoped with a wide-field microscope.
Scale bar represents 50 um (20x objective).
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Figure 3.16 Cited2-partial_KO rescue with recombinant CITED2 appears to decrease the number of yH2AX
speckles. C2™M[cre] cells were cultured in pluripotency conditions in 12-well plates on glass coverslips, treated
with 50 uM hydrogen peroxide and EtOH (control), or 1 uM 4HT (Cited2-partial_KO), or 1 uM 4HT (Cited2-
partial_KO) and 20 pg/mL human recombinant 8R-CITED2 (rescue) for 6 hours, or 30 minutes before fixation
with 100 uM hydrogen peroxide (positive control). (a) Representative images of cells probed with the primary
antibody anti-yH2AX followed by secondary incubation with Alexa Fluor A488 (green). The slides were mounted
with Flouromount-G containing DAPI for nuclear staining (blue). The samples were scoped with a confocal
microscope using Airyscan super solution to obtain four slices of 0.15 pm thickness which were then obtained as
the maximum intensity orthogonal projection. Then, this resulting image was used as input for a segmentation
pipeline in Cell Profiler to identify the nuclei and the yH2AX speckles. (b) represents the number of yH2AX
speckles per nucleus, while (c) represents the mean intensity of the yH2AX speckles per nucleus. Each dot
represents a nucleus (n); crosses represent points outside the interquartile range. The nuclei were filtered by size
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and shape: the results shown with the white contours ([&)) represent the declined results, while the yellow contours
g) show the accepted results. The speckles were filtered by size and shape: the results shown with red contours

) show declined results, while yellow contours (&) show accepted results. The scale bar represents 5 um (63x
objective). The mean was compared to the control condition using the t-test considering the P-value threshold of
0.05 for significance; (ns): not significant, (*) <0.05 and (****) <0.0001. The results are from three experiments.
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Figure 3.17 Cited2-partial_KO rescue shows unchanged yYH2AX protein levels.C2™"[cre] cells were cultured in
pluripotency conditions in 12-well plates on glass coverslips, treated with 50 UM hydrogen peroxide and EtOH
(control), or 1 uM 4HT (Cited2-partial_KO), or 1 uM 4HT (Cited2-partial_KO) and 20 pg/mL human recombinant
8R-CITED?2 (rescue) for 6 hours, or 30 minutes before fixation with 100 uM hydrogen peroxide (positive control).
(a) The whole protein was extracted, then immunoblotted and probed with anti-yH2AX (~15 kDa); loading control
was performed with total protein in the lane (only ~50 kDa shown). (b) Results from one experiment were semi-
quantified with a densiometric approach with ImageJ, and the results are expressed relative to the loading control.
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3 Results

DNA damage under differentiation conditions

To better understand the role of Cited2 in DNA repair and a possible dual role between
pluripotency and differentiation, an experiment was performed in which cells were deprived of
LIF in culture medium, to inhibit the maintenance of pluripotency. Given that mouse embryonic
stem cells present more relaxed chromatin, which could be prone to more damage (Banéth et
al., 2009), the contrary is expected in cells with more condensed chromatin (Meshorer and
Misteli, 2006). Therefore, similarly to the above experiment (Figure 3.6), C2"[cre] cells were
treated with EtOH (control) and 4HT (Cited2-partial_KO), but in this experiment before
treatments, cells were cultured for 48 hours in medium without LIF (GMEM+) (Figure 3.18).

treatments /’ anti-
» /.anti—OCT4

Immunofluorescence %’"7/ Nucleus (DAPI)

@ 16 hours

seed 0.015 cells/cm?

- 48 hours

coflfflicre]

Western Blot

1 uM 4HT E anti-yH2AX
100 M Hp02 © 16/48 hours —
30 min before harvest/fixation
GMEM+ real-time PCR 7

@ 16/48 hours -
|

Figure 3.18 Experimental design to assess DNA damage in monolayer differentiation condition. C2"M[cre] cells
were seeded (0.015 cells/cm?) in 12-well and 6-well plates and allowed to grow for 48 hours in medium without
LIF (GMEM+). Next a treatment with EtOH, 1 uM 4HT was applied for 16 or 48 hours, before harvesting for
RNA and protein isolation and before fixation 100 uM of H,O; (positive control) was added. Fixed samples in 2%
PFA were probed with anti-yH2AX, anti-OCT4, and nucleus stained with DAPI; samples were scoped under both
a widefield fluorescence and a confocal microscope. The resulting images were quantified with a pipeline in Cell
Profiler. yH2AX protein was verified at both time points. These experiments were repeated three times.

After 16 hours of incubation, samples were fixed and probed with antibodies against yH2AX
and OCT4. Before fixation cells were observed in phase contrast, and as expected, the
morphology of the colonies changed from being round and domed-like to flatter and with
irregular edges (Mulas et al., 2019) (Figure 3.19). This indicates that the cells do not maintain
their undifferentiated state as when they were kept in medium with LIF (Figure 3.8). Consistent
with this observation is the low signal of OCT4, which suggests that there is a downregulation
of this pluripotency marker (Jang et al., 2014; Sugimoto et al., 2015; Ye et al., 2016) (Figure

3.19). No differences were observed between the control and Cited2-partial KO cells.
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Figure 3.19 C2"f[cre] cells cultured in differentiation-inducing conditions (in medium without LIF). C2™"M[cre]
cells were cultured in culture medium without LIF for 48 hours in 12-well plates on glass coverslips, and then
treated with EtOH (control) or 1 uM 4HT (Cited2-partial_KO) for 16 hours, or 30 minutes before fixation with
100 uM hydrogen peroxide (positive control). Representative images with phase contrast of cells before fixation
with 2% PFA were then probed with the primary antibody anti-yH2AX and anti-OCT4 followed by secondary
incubation with Alexa Fluor A488 (green) and A594 (red), respectively. The slides were mounted with
Flouromount-G containing DAPI for nuclear staining (blue). Samples were scoped with a wide-field microscope.
The scale bar represents 250 um and 50 um for phase contrast (10x objective) and wide-field fluorescence (20x
objective), respectively.

Next, as before, the number of yH2AX speckles per nucleus and their intensity were quantified
using confocal microscopy in a Cell Profiler pipeline (Figure 3.20). The results showed a
decrease in the number of speckles per nucleus in the Cited2-partial KO cells (3.8 +£0.2 (SEM))
compared to the control (5.2 £ 0.3 (SEM)), and a decrease in the mean intensity of the speckles,
0.029 £ 0.002 vs 0.037 = 0.002 (SEM) AU. No differences were observed in the positive
control, where the average speckles per nucleus was 4.0 = 0.5 (SEM) and the mean intensity
was 0.035 £ 0.005 (SEM) AU. However, note that Cited2-partial _KO cells show a skew in the
distribution of speckles towards zero. This is evident by the percentage of cells with speckles
also being lower compared to the control: 78.2 % versus 94.7 %, respectively; 92.2 % observed

for positive control.

As shown in the western blot results, Cited2-partial KO cells decreased the phosphorylation
levels of H2AX over time (Figure 3.21). As it can be seen in this figure Cited2-partial KO cells
showed a tendency to increase yH2AX levels after 16 hours, which decrease after 48 hours of
treatment, when compared to the control. Furthermore, the levels of YH2AX over time in
control cells show a tendency to increase, while the Cited2-partial KO cells show the inverse.
These results follow the same tendency of the cells maintained under pluripotency conditions
(Figure 3.10 and Figure 3.11). However, in this culture conditions without LIF, the higher levels
of expression do not seem to correlate with higher intensity. Lastly, the expression of Cited2
was determined using gPCR, yet no differences in expression at both time points were detected
(Figure 3.22).
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Figure 3.20 Cited2-partial_KO decreases yH2AX foci number and their intensity. C2"[cre] cells were cultured
in culture medium without LIF for 48 hours in 12-well plates on glass coverslips, and then treated with EtOH
(control) or 1 uM 4HT (Cited2-partial_KO) for 16 hours, or 30 minutes before fixation with 100 uM hydrogen
peroxide (positive control). Representative images of cells probed with the primary antibody anti-yH2AX followed
by secondary incubation with Alexa Fluor A488 (green). The slides were mounted with Flouromount-G containing
DAPI for nuclear staining (blue). (a) The samples were scoped with a confocal microscope using Airyscan super
solution to obtain four slices of 0.15 um thickness which were then obtained with the orthogonal projection was
obtained. Then, this resulting image was used as input for a segmentation pipeline in Cell Profiler to identify the
nuclei and the yH2AX speckles. (b) represents the number of yH2AX speckles per nucleus, while (c) represents
the mean intensity of the yH2AX speckles per nucleus. Each dot represents a nucleus (n); crosses represent points
outside the interquartile range. The nuclei were filtered by size and shape: the results shown with the white contours
(@) represent the declined results, while the yellow contours ({@)) show the accepted results. The speckles were
filtered by size and shape: the results shown with red contours (@) show declined results, while yellow contours
(E) show accepted results. The scale bar represents 5 um (63x objective). Means were compared with the control
condition using a t-test considering the P-value threshold of 0.05 for significance; (ns): not significant and (****)
<0.0001. The results are from three experiments.
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Figure 3.21 Suggestion that yH2AX levels decrease over time under Cited2-partial KO in differentiating
conditions. Mouse embryonic stem cells (C2"M[cre]) cultured 48 hours in medium without LIF were treated for 16
and 48 hours with EtOH (control) or 1 uM 4HT (Cited2-partial_KO). (a) The whole protein was extracted, then
immunoblotted and probed with anti-yH2AX (~15 kDa) loading control was performed with total protein in the
lane (only ~50 kDa shown). (b) Results of three experiments (n) are presented as normalized mean £ SEM
expressed relative to control. The means were compared to the control condition of each time point using a t test
considering the P-value threshold of 0.05 for significance: (ns) nonsignificant.
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Figure 3.22 Cited2 expression is unchanged under undifferentiating conditions at two time points. C2™[cre] cells
were cultured in culture medium without LIF for 48 hours in 12-well plates on glass coverslips and then treated
with EtOH (control) or 1 uM 4HT (Cited2-partial_KO) for 16 hours and 48 hours. Transcripts were analysed with
the ddCt method and reported as fold-change relative to control; Gapdh was used as a reference gene. Results are
shown as mean + SEM from three, or more, experiments with “n” valid qPCR reads; the dCt means were compared
to the control using the t-test considering the P-value threshold of 0.05 for significance: no statistically significant
results (ns).
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3 Results

3.2.4 Cited2-KO cells present downregulation of pro-apoptotic genes

As shown in previous results, the conditional partial knockout of Cited2 in mESC leads cells to
cell death and spontaneous differentiation. This suggested that when cells are Cited2-depleted,
they activate pro-apoptotic responses, as suggested by the increased expression of p53-effectors
such as Perp, and p21, and decrease expression of DNA repair genes (e.g., Rad51c). To
investigate this possible correlation, similar to what was previously done, the expression of
these markers was determined using a Cited2 knockout cell line (Cited2-KO). Unlike the
conditional knockout cell line used in the previous experiments, Cited2”" cells maintain self-
renewal, suggesting adaptation to the Cited2 knockout (Kranc et al., 2015). Therefore, wild-
type and Cited2-KO cells were cultured in pluripotency conditions for 48 hours (in GMEM++)
and then harvested for transcript analysis by gPCR (Figure 3.23).

Cited2" .
real-time PCR ;;;7
f—

Cited2™”"

seed 0.015 cells/cm? @ 48 hours
GMEM++

Figure 3.23 Experimental design to evaluate DNA damage and p53-response gene in Cited2-knockout cells.
Cited2 (wildtype) and Cited”- (Cited2-knockout) cells were seeded (0.015 cells/cm?) in 60 mm plates, and
allowed to grow for 48 hours. The transcripts were analysed with real-time PCR. These experiments were repeated
three times.

The relative expression results showed a downregulation of Plk2 and p21, while showing a
decreased expression of Perp and Mdcl (Figure 3.24). Conversely, Rad51c and p53 were not
increased. These results suggest that acute loss of Cited2 (as shown above) leads to cell death,
while cells that adapted to the Cited2-KO are not expressing pro-apoptotic genes. This result

was expected since these cells can maintain self-renewal.
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Figure 3.24 Downregulation of DNA damage response, and apoptotic genes in Cited2-KO cells. Cited2// (C21/)
and Cited2”- (C27) cells were cultured under pluripotency conditions and 48 hours after plating they were
harvested. Transcripts were analysed with the ddCt method and reported as fold-change relative to control; Gapdh
was used as a reference gene. Results are shown as mean + SEM from three, or more, experiments with “n”
representing valid gPCR reads; the dCt means were compared to the control using the t-test considering the P-
value threshold of 0.05 for significance: (ns): nonsignificant, (*) < 0.05 and (***) < 0. 001
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3.3 Epigenetic regulation of differentiation (H3K27me3/ac)

Cited2 has been described as an important co-transcription factor for proper cardiac
differentiation. Indeed, Cited2-knockout mice die in utero due to cardiac malformations
(Bamforth et al., 2004; Wolfgang et al., 2005). Furthermore, at the molecular level, CITED2 is
described as a negative modulator of HIF1a (Yin etal., 2002), and a partner/co-activator of Isl1
(a secondary heart field marker) required for proper heart development and cardiac cells
differentiation (Pacheco-Leyva et al., 2016). Previous work in our lab suggested that the role
of Cited2 is most important in the early stages of development, as its depletion in later
differentiation days does not show impairment in cardiac differentiation, unlike at the onset of
differentiation (Pacheco-Leyva et al., 2016). Therefore, the microarray experiment (Figure 3.1),
opened the possibility to have a broad picture of how Cited2 contributes to development, in
addition to the comprehension of the role played by Cited2 in pluripotency and self-renewal of
ESC. Thus, as stated before for undifferentiated conditions: from the list of DEGs, the down-
regulated and up-regulated genes were obtained considering the thresholds of
|log(fold change)| > 1.2 and P-value < 0.05.

The depletion of Cited2 at the beginning of differentiation results in the downregulation of more
genes (a total of 322 genes) than those that were upregulated (236 genes) (Figure 3.25a). When
considering the top ten down-regulated genes (Figure 3.25b), two genes are well distant from
others: Aplnr and Kdr, which are both genes involved in cell signalling and heart development
(Ema et al., 2006; Jackson et al., 2021). Furthermore, other genes important for mesoderm and
cardiac differentiation, such as Bmper, Rspo3, and Rasgrp3, were also down-regulated
(Chiapparo et al., 2016; Jackson et al., 2021; Osmanagic-Myers and Rezniczek, 2018; Zhou et
al., 2020). When considering the top ten genes up-regulated, three genes involved in

pluripotency appeared at the top positions, Sox2, Dppa2, and NrOb1 (or Dax1).

Next, similar to what was described above for undifferentiated cells, gene set enrichment
analysis was performed using EnrichR (Chen et al., 2013; Kuleshov et al., 2016). The results
from ChEA/ENCODE consensus database considering the list of down-regulated genes showed
not only terms of epigenetic regulators such as SUZ12 and EZH2, but also terms of pluripotency
factors such as NANOG, SOX2, POUF5F1 and TCF3; and cell cycle regulator TP53 (Figure
3.26a). From the upregulated list of genes, terms of pluripotency factors were also found:
NANOG, SOX2, POU5F1 (OCT4), KLF4, SALL4 and TCF3 (Figure 3.26b). Furthermore,
looking at the biological processes of gene ontology from the downregulated gene list, the term

“heart development” was the top one, followed by “kidney development” and regulation of
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“Wnt signalling pathway” (Figure 3.27a). However, from the up-regulated list of genes, there
were no statistically significant terms when the adjusted P-value was considered. Nevertheless,
the results suggest that the upregulation genes indicate biological processes such as “gonad

development” and “regulation of transcription from RNA polymerase II promoter” (Figure
3.27D).
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Figure 3.25 Different regulation of genes between cells that express and do not express Cited2 in differentiation
conditions on day 4. C2"[cre] cells were cultured following the hanging drop method and treated with EtOH
(control) or 4HT (Cited2-partial_KO) at the onset of differentiation, then harvested on day-4 and through
microarray (Affymetrix) analysis the differentially expressed genes (DEGs) between the two conditions was
obtained. (a) represents the total number of genes down-regulated and up-regulated between the two groups,
represented as red (M) and blue (M), respectively. While in (b) represents the total number of genes (20291) where
in grey (@) are the genes with unchanged expression, while in red (®) and blue (®) are, respectively represented,
the down-regulated and up-regulated that crossed the threshold of log.(fold-change) of 1.2 and the adjusted P-
value of 0.05. The top ten most downregulated are labelled. The top down-regulated genes arranged by adjusted
P-value are: Aplnr, Kdr, Rspo3, Bmper, Rasgrp3, Cyp26al, Prdm6, Sema6d, KIh16, Sema3a; and top up-regulated
are: Dnmt3l, Dpp2a, Bnc2, Zfp462, Nr5a2, Sox2, Mylpf, Mageb16, NrObl, Abcc4.
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Figure 3.26 The depletion of Cited2 reduces affects pluripotency transcription factors of ChEA/ENCODE

database. The two lists of differentially expressed genes (322 downregulated and 236 up-regulated) in
differentiation conditions were used to perform a gene set enrichment analysis for the CHEA/ENCODE
transcription factor consensus; using tool EnrichR. The size of each point represents the overlap ratio, i.e. the

number of genes in the list that are contributing to a term over the number of genes annotated for transcription

factor term. In (a) the results of CHEA/ENCODE consensus terms are represented from the down-regulated list,
and in (b) from the up-regulated list. The grey points (@) represent nonsignificant while the accent colour
according to their regulation (down-regulated as red (®), and up-regulated as blue (®)) represents a smaller
adjusted P-value than the threshold of 0.05. The dashed line (
ten CHEA terms are labelled: top down-regulated are: SUZ12, TRIM28, SOX2, SMAD4, EZH2, TCF3, TP53,
NFE2L2, NANOG, AR; and the top up-regulated are: NANOG, TCF3, SOX2, KLF4, POU5F1, SALL4, AR,

STATS3, ATAL, TRIM28.
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Figure 3.27 Cited2 depletion affects heart development. The two lists of differentially expressed genes (322 down-
regulated and 236 up-regulated) under differentiation conditions were used to perform a gene set enrichment
analysis for Gene Ontology (GO): biological processes; using the EnrichR tool. The size of each point represents
the overlap ratio, i.e. the number of genes in the list that are contributing to a term over the number of genes
annotated for that gene ontology term. In (a) the results of GO terms from the down-regulated list, and in (b) they
are represented from the up-regulated list. The grey points (©) represent nonsignificant while the accent colour
according to their regulation (down-regulated as red (®), and up-regulated as blue (®)) represents a smaller
adjusted P-value than the threshold of 0.05. The dashed line (— ) represents the P-value threshold of 0.05. The top
ten terms are labelled. The top downregulated are: heart development (GO:0007507), kidney development
(G0:0001822), positive regulation of nucleic acid-templated transcription (GO:1903508), circulatory system
development (GO:0072359), regulation of Wnt signalling pathway (G0:0030111), renal system development
(G0:0072001), positive regulation of gene expression (G0O:0010628), mesenchyme development (GO:0060485),
regulation of angiogenesis (GO:0045765), positive regulation of angiogenesis (GO:0045766); and top up-
regulated are: male gonad of development (GO:0008584), development primary male sexual characteristics
(GO:0046546), response to laminar fluid shear stress (GO:0034616), gonad development (GO:0008406),
regulation of interleukin-8 biosynthetic process (GO:0045414), positive regulation of transcription DNA-
templated (GO:0045893), positive regulation of transcription from RNA polymerase Il promoter (GO:0045944),
maintenance of protein localization in organelle (GO:0072595), negative regulation of lymphocyte migration
(G0:2000402), regulation of transcription from RNA polymerase 11 promoter (GO:0006357).

The transcripts of the top down-regulated genes from embryoid bodies identified by
microarrays were validated by gqPCR. This validation of down-regulated genes in embryoid
bodies showed that most of them were down-regulated (Prdm6, Rasgrp3, Fgf10, Rspo3, Bmp5,
Pcskb, Cxcrd, Bmper, Asb4, Tbx20, Mex3b) (Figure 3.28). However, some showed decreased
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expression without statistical significance (Wnt5a, Rbm24, Foxfl, Cxcr7) (Figure 3.28).
Overall, these down-regulated genes indicated players of pathways important for proper cardiac
differentiation, such as: Wnt/B-catenin signalling (Wnt5a, Rspo3) (Ohkawara et al., 2011),
chemokine signalling (Cxcr4, Cxcr7) (Chen et al., 2015), FGF signalling (Fgf10, Foxfl) (Katoh
et al., 2018), and TGF-B/BMP signalling (Bmp5, and Bmper) (Fritsch et al., 2010; Osmanagic-
Myers and Rezniczek, 2018). Furthermore, the remaining validated down-regulated genes seem
to contribute indirectly to the pathways reference above. For example, Pcsk5, which is a
proprotein convertase required for the activation of GDF15 (distant member of TGF-f3
pathway), is associated with patients with heart disease (Li et al., 2018) and heart failure
(Rochette et al., 2021); Thx20, acts as a modulator of BMP signalling in the myocardium (de
Pater et al., 2012), and is important for the proliferation and regional specification during
cardiogenesis (Cai et al., 2005); Rasgrp3, an identified Mespl target gene during early events
of cardiac progenitors’ specifications (Chiapparo et al., 2016). Furthermore, regulation of gene
expression through epigenetics can be altered in Cited2-depleted cells since: Prdm6, which was
shown to be specific for vascular smooth muscle cells (Davis et al., 2006; Li et al., 2016) and
an epigenetic modifier that controls heart development (Hong et al., 2022); Mex3b was found
to be involved in downregulation of SUZ12 and its ubiquitination (Zhang et al., 2016a). The
impairment of other embryonic tissues that contribute to cardiac differentiation during
development appears to be modulated by Cited2, namely Asb4, which is described to participate
in trophoblast differentiation (Townley-Tilson et al., 2014) and in endothelial differentiation in
the placenta by regulation of HIFla (Ferguson et al., 2007). Lastly, as verified under
undifferentiated conditions (shown above), the downregulation of Rbm24 is maintained,
suggesting an impairment of mesoderm specification through p53 (Zhang et al., 2018) and cell
contractibility (Poon et al., 2012).
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Figure 3.28 Validation of down-regulated genes in differentiation conditions obtained from microarrays. Mouse
embryonic stem cells (C2™[cre]) were treated for 48 hours with EtOH (M control), 1 uM 4HT (™ Cited2-
partial_KO). Transcripts were analysed with the ddCt method and reported as a fold-change relative to the control;
Gapdh was used as reference gene. Results are shown as mean + SEM from three experiments with “n” valid
gPCR reads. The dCt means were compared to the control using the t-test considering the P-value threshold of
0.05 for significance: (ns) nonsignificant, (*) < 0.05, (**) < 0.01.

CITED2 was found to bind to the transcriptional coactivator p300 (Glenn and Maurer, 1999)
that can acetylate lysine 27 of H3 (Martire et al., 2020). Therefore, the cooperation between
p300 and CITED2 could be necessary for the acetylation of lysine 27 of H3 to allow the
expression of cardiac mesoderm genes; similarly as shown by the interaction between p300 and
BRACHYURY (Beisaw et al., 2018). The results of the microarray gene set enrichment
analysis show the terms SUZ12 and EHZ2, which are proteins that belong to the PRC2 complex
(Kuzmichev et al., 2005; Montgomery et al., 2005), further suggesting a possible role of Cited?2
in epigenetics. In particular, Cited2 could play a role in the regulation of the balance between
the modifications of H3K27me3 and H3K27ac, which are histone modifications that are,
respectively, associated with repression and activation of gene transcription (Piunti and
Shilatifard, 2016). This hypothesised Cited2’s role could, therefore, explain the delayed
expression of mesoderm markers in Cited2-partial_KO cells previously observed (Santos et al.,
2019). To investigate this possibility, a chromatin immunoprecipitation experiment was carried
out with undifferentiated cells (kept under pluripotency conditions) and differentiated cells (as
embryoid bodies at day-4 of differentiation) (Figure 3.29).
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Figure 3.29 Experimental design to assess promoter enrichment of H3K27me3/ac. From C2"[cre] two groups of
cells were treated with EtOH (control) and 1 pm 4HT (Cited2-partial_KO): one group was cultured under
pluripotency conditions (culture medium GMEM containing LIF), and the other group was culture in
differentiation conditions following the hanging drop protocol; each drop of 20 pL contained 1000 cells in
differentiation medium (GMEM+). Embryoid bodies were observed at three time points: day-2 (D2), day-4 (D4)
and day-8 (D8), to measure their area and shape at the first two time points, and to evaluate the spontaneous
differentiation in contractile cardiomyocyte at the last time point. For pluripotency cells, they were harvested after
48 hours, and the embryoid bodies were harvested on day-4 (D4) of differentiation. The plates were divided into
three groups: (1) RNA used was isolated and transcripts analysed with gPCR (4 plates); (2) for the ChIP protocol
20 plates of EtOH, and 40 4HT plates of 4HT were harvested,; lastly, (3) one plate was used for observation day-
8. ChIP samples were sonicated 30’ ON 30°” OFF (3 cycles for undifferentiated cells, and 4 cycles for embryoid
bodies), and then incubated with anti-H3K27me3, or anti-H3K27ac antibodies, the immune complex was captured
with sepharose-G beads. The immunocaptured DNA in the DNA-histone-antibody complex was isolated with
phenol:chloroform; the resulting fragments were analysed with qPCR, or 1.5 % agarose gel to evaluate the smear
of sheared chromatin. This experiment was repeated three times for each histone modification. GMEM++, refers
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to the culture medium supplemented and containing LIF, while GMEM+ refers to only supplemented medium.
“D” stands for day.

Once with validated down-regulated genes modulated by Cited2, undifferentiated cells and
embryoid bodies on day-4 of differentiation were then processed by chromatin
immunoprecipitation (ChIP) targeting the two lysine 27 of histone 3 modifications: tri
methylation and acetylation. Therefore, in ChIP experiments, cells were cultured under
pluripotency conditions for 48 hours and observed before fixation with 1 % paraformaldehyde.
As it can be seen, C2"M[cre] showed the same phenotype from the results described above
(Figure 3.8): Cited2-partial_KO showed increased cell death (Figure 3.30). Similarly, the
embryoid bodies were also observed on day-2 and harvesting day, the day-4 of differentiation
(Figure 3.30). Phase-contrast images were processed in Cell Profiler to quantify the area and
shape of embryoid bodies. The results showed that the Cited2-partial KO embryoid bodies are
smaller than the control at both time points, but increased over time (Figure 3.30). On day-2 of
differentiation, control embryoid bodies showed on average an area of 0.0507 + .0007 (SEM)
um? while the Cited2-partial_KO embryoid bodies showed 0.0329 + 0.0006 (SEM) pm?. Two
days later, the embryoid bodies showed increased size and control showed on average 0.064 +
0.001 (SEM) pum?, while the Cited2-partial_KO embryoid bodies showed 0.0462 + 0.0009
(SEM) um?. While their shape changes from a less to a more circular shape (form factor) on
day-2 than the control (0.62 £ 0.01 vs 0.724 + 0.008 (SEM) AU, respectively). However, they
are similar to the control on day-4 (0.768 £ 0.008 vs 0.766 + 0.008 (SEM) AU, respectively).

Furthermore, embryoid bodies were observed from the differentiation day-5 to day-8 and their
capacity to differentiate was evaluated by the emergence of spontaneous beating foci. Cited2-
partial_KO cells showed at least one beating foci two days later than Cited2-partial_KO cells,
respectively, at differentiations day-8 versus day-6 (Figure 3.31). On day-8 of differentiation,
the percentage of embryoid bodies showing spontaneous contractile activity was lower than the
control, respectively: 9.74 + 0.03 (SEM) and 88.09 £ 0.03 (SEM) %. Moreover, the average
number of beating foci per embryoid body was also lower than the control, respectively: 0.21
+ 0.05 and 2.8 = 0.1 (SEM). However, when only the embryoid bodies with beating foci are
considered, the difference between Cited2-partial KO and control is smaller: 1.1 beating foci
per embryoid body); the observed values were, respectively, 2.1 + 0.3 and 3.2 £ 0.1 (SEM).
These results show evidence that the Cited2-partial KO embryoid bodies seem to show
impairment to undergo cardiac differentiation, specifically to be able to differentiate in
functional cardiomyocytes as observed by a lower number of spontaneous beating embryoid
bodies (Pacheco-Leyva et al., 2016; Santos et al., 2019).
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Next, as mentioned above, sampled undifferentiated cells and embryoid bodies on day-4 were
harvested, both control and Cited2-partial_KO cells. In total, the four sample groups were
analysed according to the ChIP protocol. Thus, to evaluate the sheared chromatin, the DNA
present in the sonicates was isolated and resolved in an agarose gel to confirm that the DNA
smear peaked between 200-300 base pairs (Figure 3.32). The samples were incubated with
antibody anti-H3K27me3 or anti-H3K27ac, and the isolated DNA fragments were analysed
with gPCR. The promoter regions of the following genes were considered: Cdx2, Dkk1, Isl1,
Kdr, Mespl and Wntb5a.
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Figure 3.30 Cited2-partial_KO decreases the size and form factor of embryoid bodies. (a) Representative images
of C2™[cre] cultured under pluripotency and differentiation conditions and embryoid bodies generated using the
hanging drop method were observed at two time-point: day-2 and day-4. The resulting images were used to
quantify their (b) area and (c) shape features in a Cell Profiler pipeline; the inset on the embryoid bodies represents
the segmentation results. Results of six experiments, where each dot represents an embryoid body (n). The scale
bars of undifferentiated cells and embryoid bodies are 250 pm (10x objective) and 100 um (20x objective),
respectively. Means for each differentiation day were compared to the control using the t-test considering the P-
value threshold of 0.05 for significance: (ns) nonsignificant, (****) < 0.0001.
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Figure 3.31 Cited2-partial_KO embryoid bodies show impaired cardiac differentiation. Embryoid bodies
generated through the hanging drop method were (a) observed from day-6 to day-8 to find the first day a beating
foci appeared (n, represents the number of experiments); and (b) shows the percentage of embryoid bodies beating,
and (c) on day-8 the number of contractile foci per embryoid body (n) was counted. The results are from six
experiments; in (a) it is represented as means + SEM. Means were compared to the control using t-test considering
the P-value threshold of 0.05 for significance: (ns) non-significant, (****) < 0.0001.

Figure 3.32 Representative image of the sheared chromatin smear. Undifferentiated cells cultured for 48 hours
and embryoid bodies harvested on day-4 of differentiation, both treated with EtOH or 1 uM of 4HT, were lysed
and sonicated respectively: 3 x 30” ON 30*” OFF, and 4 x 30” ON 30’ OFF. The isolated DNA was separated in
a 1.5 % agarose gel. “bp” stands for base pairs, “undiff” for undifferentiated, and “ebs” for embryoid bodies.

The results show a suggestion of misregulation of H3K27me3 levels in Cited2-partial_KO cells
compared to the control, although without statistically significant results (Figure 3.33). In
undifferentiated cells, there is a tendency to increase repression marks for cardiac mesoderm
genes (Isl1 and Mespl), but not for the mesoderm marker Brachyury. However, genes from

signalling pathways showed reduced repression marks (Dkk1, and Wnt5a), as well as Cdx2 and
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Kdr. Under differentiation conditions, H3K27me3 levels appear to decrease for Brachyury and
Cdx2, while they appear to increase for Dkk1. No changes were observed for the promoter
regions of Isl1, Kdr, Mespl, and Wnt5a. These results suggest that in Cited2-partial KO cells
cultured under undifferentiated conditions, it seems to have an increase in the repression mark
in cardiac mesoderm-specific genes, when under differentiation conditions no changes were

observed; except for the increase on Dkk1.
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Figure 3.33 Suggestion that Cited2-partial KO changes promoter enrichment levels of H3K27me3. From
undifferentiated cells and embryoid bodies harvested on day-4, the samples were processed following the
chromatin immunoprecipitation protocol using the antibody against H3K27me3; for the mock condition anti-
FLAG was used, and 10 % (volume) of the input was sampled. The DNA fragments were then analysed by gPCR
for the indicated target genes. The enrichment relative to the input was calculated using the dCt method,
considering the ‘input’ condition as reference. Results are shown as mean £ SEM from three, experiments with
“n” valid qPCR reads. Within the two groups of undifferentiated and embryoid bodies, the dCt means were
compared with the control using the t-test considering the P-value threshold of 0.05 for significance: no significant
results were obtained.

Next, the acetylation levels of the same promoters were also evaluated. A suggestion of
increased levels of H3K27me3 is indicative of repression, and since the same lysine could be
acetylated by p300 (Bedford and Brindle, 2012; Raisner et al., 2018), the working hypothesis
is that acetylation is misregulated in Cited2-partial KO cells. Therefore, it would be expected
that for some promoters the acetylation levels would be lower than the control; complementary

to this, the methylation levels would be increased; since this histone mark is considered the
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reciprocal of H3K27me3 (Creyghton et al., 2010; Katoh et al., 2018). The samples were
processed as previously stated, with the exception that the antibody used was anti-H3K27ac.

The results showed that similar to H3K27me3, it seems that H3K27ac levels are also
misregulated in Cited2-partial KO cells compared to the control, although without statistically
significant results, except for the Wnt5a promoter in embryoid body samples (Figure 3.34). In
undifferentiated cells, there is a suggestion of an increase in levels at the promoters of
Brachyury, Cdx2, Kdr and Mespl. Although it appears that there is no change for Dkk1, Isl1,
and Wnt5a. Under differentiation conditions, the levels of H3K27ac decrease for Dkk1, Isl1,
Mespl, and Wntba. In contrast, it appears unchanged for Cdx2 and Brachyury. These results
suggest that in Cited2-partial_KO cells cultured under undifferentiated conditions, there is an

increase in activation while a decrease was observed for differentiation conditions.
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Figure 3.34 Suggestion that Cited2-partial KO changes promoter enrichment levels of H3K27ac. From
undifferentiated cells and embryoid bodies harvested on day-4, samples were processed following the chromatin
immunoprecipitation protocol using the antibody against H3K27ac; for the mock condition anti-rabbit-1gG was
used, and 10 % (volume) of the input was sampled. The DNA fragments were then analysed by qPCR for the
indicated target genes. The enrichment relative to the input was calculated using the dCt method, considering the
“input” condition as reference. Results are shown as mean £ SEM from three, experiments with “n” valid gPCR
reads. Within the two groups of undifferentiated and embryoid bodies, the dCt means were compared with the
control using the t-test considering the P-value threshold of 0.05 for significance: non-significant results not
represented, (*) < 0.05.
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Next, to assess the regulation of the expression of the target genes by H3K27me3/ac their
expression was evaluated by gPCR in both undifferentiated and differentiation conditions. The
results showed that under undifferentiating conditions there is a tendency to increase
expression, while under differentiation conditions there is a tendency to decrease expression.
These results validate what was obtained from the microarrays. Note, that although in both
conditions Cited2 was depleted, the expression of the genes is different according to the context:
undifferentiation or differentiation. However, the upregulation in undifferentiating conditions
was not statistically significant for Isl1 and Brachyury. While in differentiation conditions only
the downregulation was not statistically significant for Cdx2, and Kdr. Furthermore, the genes
with the highest up-regulated in undifferentiated cells were Cdx2 and Dkk1, while the genes
with the highest downregulation in differentiation conditions were Mespl and Dkk1; Mespl, a
cardiac mesoderm marker, is the most down-regulated. Together, these results suggest that the
misregulation of Wnt/signalling is constant between the two culture conditions in Cited2-
depleted cells.
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Figure 3.35 Cited2-partial_KO downregulates cardiac differentiation genes in differentiation conditions but
upregulates in undifferentiation conditions. Mouse embryonic stem cells (C2"[cre]) were treated with EtOH
(control) or 1 uM 4HT (m Cited2-partial_KO) under both pluripotency conditions and at the onset of
differentiation and harvested respectively after 48 hours and at day-4. Transcripts were analysed with the ddCt
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method and reported as a fold-change relative to the control; Gapdh was used as the reference gene. In (a), the
relative expression is shown for the undifferentiated cells and in (b) for the embryoid bodies at day-4. Results are
shown as mean + SEM from three, or more, experiments with “n” valid qPCR reads. The dCt means were compared
with the control using the t-test considering the P-value threshold of 0.05 for significance: (ns) nonsignificant, (*)
<0.05, (**)<0.01, (***) < 0.001, (****) < 0.0001.

3.3.1 Cited2 inhibits histone acetyltransferase activity

To better understand how Cited2 could be influencing the acetylation of histone three, a histone
acetyltransferase assay was performed between control and Cited2-partial_ KO cells. Since
Cited?2 interacts with p300, which is described to acetylate H3K27 (Raisner et al., 2018), the
hypothesis for this experiment was that Cited2-partial KO cells would have impairment to
acetylated substrates. Therefore, undifferentiated cells were harvested after 48 hours of
incubation and the whole protein extract was incubated with an anti-p300 antibody following
the immunoprecipitation protocol. Thus, it was assumed that during p300 immunoprecipitation
a complex would be pulled down, and in that complex, the control cells would contain CITED2,
while in Cited2-partial_KO cells they would be deficient of CITED2 in that complex.
Therefore, if CITED2 is required for acetylation then the immunoprecipitates of p300 from

Cited2-depleted cells vs control would show reduced acetylation levels (Figure 3.36).
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c2MMcre] k: anti FpLAG 535 585
GMEM++ mock: anti- . ex. nm em. nm
input

Figure 3.36 Experimental design to assess the ability of histone acetylation. Mouse embryonic stem cells
(C2"M[cre]) were treated with EtOH (control), 1 uM 4HT (Cited2-partial_KO) under pluripotency conditions. The
harvested cells were processed following the immunoprecipitation protocol using anti-p300 antibody, where the
immune complex was captured with sepharose-G beads; for mock IP, anti-FLAG was used, and 10 % (volume) of
input was sampled. The purified complex was eluted and loaded into a 96-well plate for the histone
acetyltransferase fluorometric assay (excitation 535 nm and emission 585 nm). This experiment was repeated three
times.

The results showed that for the whole lysate (input samples) the histone acetyltransferase
activity tends to increase in Cited2-partial KO cells. However, no differences were observed
between the p300 immunoprecipitates (Figure 3.37). The Western blot of the
immunoprecipitation of p300 was unsuccessful. These results suggest that, overall, Cited2
depletion seems to increase the capacity of undifferentiated cells to acetylate histones, at least

in vitro.
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Figure 3.37 Undifferentiated Cited2-partial_KO cells suggested increased global histone acetyltransferase and
unchanged acetylation by p300. Mouse embryonic stem cells (C2™[cre]) were treated for 48 hours with EtOH (M
control), 1 uM 4HT (Cited2-partial_KO) and processed following the immunoprecipitation protocol with antibody
against P300; the mock antibody used was anti-FLAG. The eluted purified protein was used to determine the
histone acetyltransferase activity, which was then expressed relative to the amount of protein. Results are shown
as mean = SEM from two or more, experiments (n).
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4 Discussion

In this study, we provide further evidence that, in mouse embryonic stem cells, Cited2 depletion
impairs not only the ability of cells to maintain self-renewal but also their ability to undergo
cardiac differentiation. In the microarray expression screening, it was found that indeed gene
expression regulation between the control and the Cited2-depleted cells, cultured under
pluripotency and differentiation conditions, clustered separately, as evidenced by the principal
component analysis. Previously published results by our group using part of these microarrays
results group already elucidated this clustering, yet the Cited2-depleted group cultured in
pluripotency conditions was not included (Santos et al., 2019). Therefore, in this study, when
this group was considered in the present study, more information about the similarity between
groups was obtained. For example, Cited2-depleted embryoid bodies showed global gene
expression similar to undifferentiated control cells (pluripotent cells). This confirms that the
initiation of differentiation is somewhat delayed by Cited2 depletion, as previously reported,
indicating that Cited2 could play a role in the decision of cell fate (Santos et al., 2019).
Furthermore, the gene expression of Cited2-depleted cells when maintained in undifferentiation
conditions is different from that of embryoid body differentiation, suggesting that cells
differentiate differently. While undifferentiated Cited2-depleted cells showed colonies with a
morphology that is flatter than the control cells, the Cited2-depleted cells of embryoid bodies
showed impairment in cardiac differentiation with a reduced number of spontaneous
contracting foci, as observed previously (Kranc et al., 2015). These possible alternative
differentiation paths were expected since two major factors are at play: the dimensionality of
culture and the external queues. On the one hand, the induction of differentiation through a
process that leads cells to form a 3D structure (embryoid body) will show different gene
expression than if the same cells were induced to differentiate in a monolayer (Jeziorowska et
al., 2017; Yang et al., 2021). On the other hand, the presence of LIF (an external factor) is also
a contributing factor to the differentiation path (Murray and Edgar, 2001). In the presence of
LIF an imbalance of germ layer specification favouring ectoderm and endoderm (Li et al., 2014)
could be expected since Cdx2 (trophectoderm marker) was found to be up-regulated when
Cited2 is down-regulated, and given that LIF contributes to the regulation of primitive and
parietal endoderm (Murray and Edgar, 2001) in a concentration-dependent manner (Bader et
al., 2001). However, no experiments were carried out using the hanging drop method with
medium with LIF to better understand the role of Cited2. In conclusion, these PCA results

demonstrated that different outcomes are expected when Cited2 is depleted from mESC under
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pluripotency and differentiation conditions. Therefore, to better understand the role of Cited2,
experiments were carried out under both culturing conditions, based on a deeper analysis of the

microarray results using gene set enrichment analysis.

One of the responses observed in mouse embryonic stem cells to DNA damage is spontaneous
differentiation (Fortini et al., 2013; Sherman et al., 2011), which is also observed in Cited2-
partial_KO cells (Kranc et al., 2015). In fact, even when cells are cultured in medium with LIF,
which is acting as an external signal to maintain pluripotency, the expression of differentiation
markers increases (e.g. Brachyrury, Foxa2, and Sox17) (Kranc et al., 2015). The microarray
results also showed that there is misregulation of genes associated with differentiation genes
described to be associated with Cited2 and cardiac differentiation, namely Leftyl and Lefty2
(Wolfgang et al., 2005) which are also associated with pluripotency (Kim et al., 2014; Meno et
al., 1999). Furthermore, related to perturbations in cell cycle check points, which is also
important for cell fate decision, it was observed in the microarrays that Gadd45g is upregulated,
indicating cell cycle arrest in response to DNA damage (Salvador et al., 2013) and
differentiation initiation (Zhang and Branciamore, 2021). The initiation of differentiation was
supported by the confirmation of downregulation of pluripotency factors, for example, Nanog
and Oct4 (Kranc et al., 2015), and Lin28a (Zhang et al., 2016b), thus indicating loss of self-
renewal and pluripotency. Further evidence was found from the gene set enrichment analysis
of the list of down-regulated genes that showed mainly hits of transcription factors involved in
the pluripotency network, for example, NANOG, SOX2, and OCT4. On the contrary, and as
expected, analysis of the list of up-regulated genes showed hits of transcription factors that

involve differentiation processes, for example, SMAD4, SUZ12, and TP63.

However, these observations from the microarrays suggest that Cited2-depleted cells
differentiate even when kept under pluripotency conditions; this does not explain why they
show increased cell death compared to the control cells. Moreover, the gene set enrichment
analysis of Gene Ontology biological processes showed that down-regulated genes appear to
be related to the DNA-repair mechanism. Therefore, Cited2 was hypothesized to be involved
in the regulation of the expression of genes involved in DNA repair in mouse embryonic stem
cells. In fact, there is a suggestion that CITED2 could be playing a role in DNA repair in human
cells (Bo et al., 2004; Liu et al., 2015a). Human oesophageal cancer cells exposed to ionizing
radiation showed downregulation of CITED2 when ITGB4 was up-regulated, which contributes

to cell-cell and cell-matrix adhesion and cell growth (Bo et al., 2004). Although the present
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study did not include irradiation experiments and the cells used were mouse embryonic stem

cells, the same expression between these two genes was observed in the microarray results.

In this study, the role of Cited2 in DNA repair was investigated, in mouse embryonic stem cells.
To support this hypothesis, a detailed look at microarray results allowed the identification of
downregulation of genes associated with DNA repair such as Rad51c, Rad9b, and Mdc1, which
were validated in this work by gPCR. Although few studies are available on the role of Rad9b,
it is suggested that it participates in various functions including DNA repair, cell cycle
checkpoint control, and apoptosis (Leloup et al., 2010; Lieberman, 2006), while the roles of
Mdcl and Rad51c are well described.

When DNA damage is sensed by the cells and histone H2AX is phosphorylated (YH2AX), it is
an indication of double-strand breaks in the DNA. It is thought that yH2AX recruits other repair
factors that mediate the DNA damage response, such as Mdcl (Lou et al., 2006). This will result
in the recruitment of Rad51c which plays a critical role in signalling the sister chromatid for
homologous repair (Houtgraaf et al., 2006). Interestingly, RAD51 was suggested as a mediator
of Cited2 during DNA repair events in human cells treated with cisplatin (Liu et al., 2015b).
Therefore, to investigate this hypothesis, the DNA damage in mESC was verified by the global
levels of histone H2AX phosphorylation by western blot. It was found by Western blot that,
indeed, there is a tendency for higher levels of this marker after 16 hours, followed by a decrease
after 48 hours in Cited2-partial_KO cells; for cells cultured under undifferentiation conditions
(with LIF) and differentiation conditions (without LIF). This is consistent with what was
observed in other studies, in which histone H2AX phosphorylation decreases after radiation
exposure (MacPhail et al., 2003). This decrease in YH2AX levels after the DNA damage
experiment was attributed to the kinetics of the DNA repair which is dependent on the cell type
and the amount of DNA damage induced (Bouquet et al., 2006). Nonetheless, other mechanisms
can be involved, such as the dephosphorylation of yH2AX by the protein phosphatase 2 (PP2A)
(Chowdhury et al., 2005).

Next, in an attempt to rescue the possible increase in DNA damage observed in Cited2-depleted
cells maintained in undifferentiated conditions, an experiment using human recombinant
CITED2 fused with eight arginine at the N-terminal (8R-CITED2) was performed. However,
the results were not conclusive, since all experimental conditions showed similar levels of
phosphorylated H2AX between the experimental groups. This could be attributed to two main
reasons: the shorter sampling time point of 6 hours (vs the 16 hours in the other two

experiments), and the addition of hydrogen peroxide at the onset of the experiment. First, the
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shorter incubation time point, below 16 hours, could not be enough induce the downregulation
of Cited2 by Cre recombinase (Feil et al., 1997; Kranc et al., 2015). Thus, it was not possible
to rule out the possibility that the treatment with recombinant CITED2 rescued the depletion of
Cited2. Second, the additional hydrogen peroxide at the onset could induce stress in cells that
increases the DNA damage near a saturation point since it is similar to that of the positive

control.

Although a correlation between western blot and immunofluorescence techniques using the
same antibody cannot be performed due to possible epitope changes and protocol differences
(Lund-Johansen and Browning, 2017), different information can be read from each technique.
Therefore, histone phosphorylation was also observed, and speckle quantification was obtained.
The results showed that under pluripotency conditions, the number of speckles remains
unchanged between control cells and Cited2-partial KO cells. However, the speckles intensity
has increased in Cited2-partial KO cells compared to the control. In the literature, it is
suggested that the number of speckles correlates with the number of breaks (Kuo and Yang,
2008), and thus the amount of double-stranded DNA breaks present in a cell. Nonetheless, in
mESC it is suggested that the number of speckles does not correlate with increased DNA
damage, but instead with chromatin decondensation (Banath et al., 2009) and pluripotency state
(Turinetto et al., 2012). These observations can explain the results from the experiment in
pluripotency with 16 hours where indeed Cited2-partial_KO cells are less pluripotent, and thus
show fewer speckles. Furthermore, in the experiment without LIF, the reduction in speckles in
Cited2-partial_KO cells was statistically significant and noticeably this was the condition with
more cells presenting zero speckles. Complementary to the number of speckles is their intensity.
In the literature, it is suggested that high intensity may be an indication of increased S-phase
and apoptosis (Cleaver, 2011). In this study, it was found that indeed Cited2-partial_ KO cells
that showed the highest cell death also showed higher speckle intensity when cultured under
pluripotency conditions for 16 hours; the same was not observed when cells were treated for 6
hours with 50 uM of H>O> added to the medium, nor under non-pluripotency conditions. This
suggests that although the cell line is the same, with different supplementation to the culture
media the response to DNA could be different, similar to what was observed in a study that

compares different cell lines (MacPhail et al., 2003).

To further explain apoptosis and the differentiation of Cited2-partial KO cells, it was also
considered after microarray analysis that p53 could be involved. As described in the literature,
p53 acts as a check point for DNA integrity (Gurley and Kemp, 1996; Hirao et al., 2000;
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Kuerbitz et al., 1992), but it can also play a role in determining cell fate (Fu et al., 2020; Li et
al., 2012b; Lin et al., 2005; Zhang et al., 2018); of interest for this work is mesoderm
differentiation (Shigeta et al., 2013). Although the results showed that the expression of p53
was unchanged in Cited2-partial_KO cells compared to the control. Nonetheless, some of the
p53 effectors such as p21, PIk2, Perp, and Ptges were found to be upregulated, suggesting that
the increased apoptosis previously described in (Kranc et al., 2015) for this cell line and in
pluripotency conditions can be associated with p53. Furthermore, from experiments with
Cited2” cells it was observed that the genes PIk2, Perp, p21, and Mdcl were negatively
regulated, except Rad51c and p53 which remained unchanged. These results suggested that
these knockout cells overcame the apoptosis activation pathway that appears to be inducible by
acute depletion of Cited2. The unaltered expression of p53 and the increased expression of its
effectors could be explained by post-translational modifications. Indeed, an experiment in mice
reported that although the expression of p53 remains unchanged, protein acetylation levels
increase in Cited2”" mice embryos (Massa et al., 2019), suggesting that the mechanism could
be through protein modification rather than gene regulation. Similar observations were
observed in the context of leukaemia cells and apoptosis in which CITED2 was knockdown
(Mattes et al., 2017).

The role of Cited2 in pluripotency seems to be linked with its role in differentiation. As
mentioned above, when Cited2 is down-regulated, Leftyl and Lefty2 are also down-regulated,
which are genes important for cardiac development (Deng et al., 2014). Furthermore, the
observed downregulation of Rbm24, a gene necessary for cardiac development, could be
rescued with a deficiency of p53, since the observed heart defects were due to apoptosis of the
endocardial cushion (Zhang et al., 2018). Interestingly, from the gene set enrichment analysis
using the list of upregulated genes of undifferentiation conditions, terms associated with cardiac
muscle contraction were frequent, suggesting that genes associated with these biological
processes are up-regulated in Cited2-depleted conditions, for example, Casq?2 is important for
the regulation of calcium and the contractility of cardiomyocytes (Flores et al., 2018; Rossi et
al., 2021). These results suggest that Cited2 could be modulating the expression of genes
associated with cardiac differentiation/development, since they appeared down-regulated even

in pluripotency.

As mentioned above, in vitro differentiation of mMESC with Cited2-depleted cells at the onset
of differentiation affects cardiac differentiation (Pacheco-Leyva et al., 2016; Santos et al.,
2019). Indeed, the global expression results analysed by PCA showed that the Cited2-depleted
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embryoid bodies are close to undifferentiated control cells (pluripotent cells). This observation
suggests that Cited2-depleted cells seem to be unable to initiate mesoderm differentiation at the
same time point as the control cells, which is reflected in the delayed expression of mesoderm
and cardiac mesoderm markers, such as Brachyury, Mespl and MixI1 (Santos et al., 2019).
Moreover, pluripotency seems to be upregulated in Cited2-partial_KO embryoid bodies on day-
4 as indicated by the upregulation of pluripotency-associated genes (e.g. NrObl, Sox2, and
Dppa2). Note that the ChEA/ENCODE gene set enrichment analysis from the up-regulated
genes in embryoid bodies is similar to the list of downregulated genes in undifferentiated cells
(Figure 3.4). Therefore, the proximity shown in the PCA plot between the Cited2-depleted
embryoid bodies, and the undifferentiated control cells could be explained by the possible delay

in the expression of differentiation genes.

To better understand what could be causing the delay, this work explored the role of Cited2 in
epigenetic regulation, particularly the regulation of histone modifications H3K27 tri-
methylation and acetylation. Evidence for this hypothesis arose from the gene set enrichment
analysis of ChEA/ENCODE consensus. The results showed that down-regulated genes in
Cited2-depleted cells are genes previously shown to be associated not only with SUZ12, but
also EZH2, which are both members of the PCR2 complex (Somorjai et al., 2012). This protein
complex is associated with the methylation of lysine 27 of H3 indicates repression of gene
expression. Therefore, it would be expected that the expression of the genes controlled by PRC2
will be down-regulated, namely mesoderm/cardiac mesoderm markers, such as Brachyury, Isl1,
and Mespl investigated in this work. Adding to those three genes, Cdx2, Dkk1, Wnt5a and Kdr,

were also considered, as they are also down-regulated concomitantly with Cited2-depletion.

The results of promoter enrichment for H3K27me3 and H3K27ac in Cited2-partial KO cells
suggest a tendency for misregulation since there are on average enrichment level differences
between the control and Cited2-partial_KO cells within the two groups (undifferentiated and
differentiated). Although most of the observed differences observed did not reach statistically
significant results. The exception was observed for H3K27ac in the promoter of Wnt5a on
embryoid bodies. This result provides evidence of a new possible role for Cited2 in the Wnt
signalling pathway, in this case, epigenetic regulation of Wnt5a expression, which adds to
previous evidence that human recombinant WNT5a/WNT11 rescued Cited2-depletion in vitro
and in vivo (zebrafish) (Santos et al., 2019). Interestingly, the correct expression of Wnt5a in
cattle embryos is necessary for the implantation and formation of extraembryonic tissues (Biase

et al., 2013). Therefore, it appears that Cited2 defects could be rescued during early
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development (pre-implantation), thus opening new doors for therapies targeting this time point,
and possibly exploring supplementation of WNT5a (Hayashi et al., 2009; Rider et al., 2016).

Although the enrichment of these two histone modifications was not statistically significant,
these experiments suggest that there is a tendency to see an increased enrichment of H3K27me3
at the Isl1 and Mespl promoters in undifferentiated Cited2-partial KO cells compared to the
control. Meanwhile, enrichment of H3K27ac at the same two promoters seems to remain
unchanged. Similarly, at the promoters of Wnt5a and Dkk1 both histone modifications show the
same tendency of low enrichment in undifferentiated Cited2-partial KO cells compared to the
control. At the promoters of Brachyury, Cdx2 and Kdr, the reciprocal functions between
H3K27me3 and H3K27ac were observed in undifferentiated Cited2-partial_KO cells compared
to the control (lower H3K27me3 and higher H3K27ac). However, for the same three genes, this
reciprocity was not observed for the Cited2-partial_ KO embryoid bodies, and in fact, it was
observed a lower enrichment of both H3K27me3 and H3K27ac.

Overall, the promoter enrichment of the two histone modifications (H3K27me3 and H3K27ac)
showed different tendencies. A trend was not observed for the H3K27me3 mark within
undifferentiated cells or embryoid bodies. However, for H3K27ac there was a tendency to see
increased enrichment in undifferentiated Cited2-partial_KO cells compared to the control, and
a decrease in embryoid bodies Cited2-partial KO cells compared to the control. Thus, the
results obtained for H3K27ac enrichment levels, unlike those obtained for H3K27me3, agree
with the expected mRNA transcript levels for the studied genes. That is, for the higher
enrichment of H3K27ac in Cited2-partial_KO undifferentiated cells compared to the control, a
tendency to increase expression was observed. Whereas, for the lower enrichment of H3K27ac
in Cited2-partial_ KO embryoid bodies compared to the control, a tendency to decreased

expression was observed, as was known a priori.

The observation of increased enrichment of H3K27ac in undifferentiated conditions versus a
decrease in differentiation conditions in Cited2-depleted cells compared to the control could
indicate that, indeed, cells undergoing differentiation seem to have impaired capacity to
acetylate H3K27. This could then be observed as a deficient expression of genes important for
early mesoderm commitment, that lead to cardiac differentiation. Furthermore, considering this,
and that under differentiation conditions in Cited2-partial_KO cells there was a tendency to
equal or lower H3K27me3 enrichment of the promoters (except for Dkk1), suggests that the
demethylation processes are not impaired while the acetylation seems to be. Alternatively, it is

suggested that the promoters are under-methylated due to high acetylation, yet not enough to
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induce the transcription of genes. Therefore, it can be speculated that Cited2 could be playing
a role in the acetylation of this H3K27 in a context-dependent manner. Indeed, in the histone
acetyl transferase assay, undifferentiated Cited2-partial KO cells showed an increase in
acetylation, thus suggesting that overall acetylation increases when Cited?2 is decreased, at least
in vitro. However, immunoprecipitated targeting p300 did not show differences, yet careful
interpretations must be taken since the confirmation of immunoprecipitation of p300 by

Western blot was unsuccessful, suggesting technical issues.

Moreover, given that there is high variability in the enrichment results overall, which not only
can result from a technical standpoint, but also can be a result from the biological sample. For
example, in both assays, the enrichment of histones at the promoter of undifferentiated cells
showed a higher signal than the samples from embryoid bodies. This could be explained by the
increased heterogeneity in the population of cells that arises during differentiation. That is, the
population of cells kept in undifferentiated conditions is more homogeneous than cells cultured
in differentiated conditions (Graf and Stadtfeld, 2008). Therefore, since the analysed sample is
a pool of cells, in undifferentiated conditions epigenetic marks will be similar, thus resulting in
increased signal and lower noise. Conversely, the pool of cells from embryoid bodies contains
proportionally fewer cells in the same state, i.e. cells with similar histone modification on a
given promoter, which leads to a decreased signal. Indeed, the mesoderm cells are a portion of
the population that includes other germ layers (Kouskoff et al., 2005), and, as presented in
another study, only about 5 % reached cardiac fate (Zandstra et al., 2003). Moreover, given that
the undifferentiated cells were not synchronized, the spontaneous nature of the differentiation
protocol could be noted as a major source of variations (Zhang et al., 2005). Nonetheless, this
provides evidence of the intricate mechanisms at play in differentiation events that are well
timely regulated (Paige et al., 2015; Rowton et al., 2021). Although the same timings were
followed during the experiments, there is still visible variance in the enrichment of these histone
modifications and the gene expression. Namely, the highest variance was observed for Kdr and
Brachyury, which are genes that are modulated by Wnt signalling, which can be modulated by
the size of the embryoid bodies (Yu-Shik et al., 2009); discussed below.

The validation of the down-regulated genes in differentiation conditions allowed the
confirmation that not only Wnt signalling is affected by Cited2-depletion, but also other

pathways are affected, such as FGF signalling, and TGF-B/BMP signalling.

As previously demonstrated in our lab Wnt signalling is misregulated in the absence of Cited?2,
yet the rescue of Cited2-depletion with recombinant WNT5A and WNT11 was successful both
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in vitro experiment with mESC and in vivo with zebrafish (Danio rerio) (Santos et al., 2019).
Moreover, indirectly the misregulation of the Wnt pathway can be linked to the top
downregulated genes observed in the microarrays: Apinr (Chen et al., 2019) and Kdr (Liu et al.,
2012). Both these genes are associated with cell signalling processes that have been
demonstrated to be important for differentiation events, namely angiogenesis (Helker et al.,
2015; Pulkkinen et al., 2021; Zhou et al., 2020). The misregulation of Kdr could indicate that
proper differentiation into mesendodermal cells is not occurring (Risau and Flamme, 1995), at
least in the expected time window, which has been shown to be important for lineage
commitment (Kouskoff et al., 2005). Furthermore, as observed for gene ontology biological
processes analysis from undifferentiated cells, response to low oxygen levels was one of the
terms found. This suggests that perhaps from an early stage of differentiation (dayl-2) Cited2-
partial_KO cells already have impaired the correct timing of the expression of Kdr that could
be controlled by HIF1a (Yamakawa et al., 2003).

During the differentiation experiment, the embryoid bodies were observed on day-2 and on day-
4 of differentiation to determine their area and shape. The results showed the under both
conditions (control and Cited2-partial_KO) the embryoid bodies grew over time, yet the Cited2-
partial_KO cells are smaller than the control. These results are expected, since, similarly to
what is observed in undifferentiation conditions, there are some cells that die due to Cited2-
depletion, which leads to a lower number of viable cells available to aggregate and form a
sphere in the first two days of differentiation. This lower number of cells and the possible
continuous death of cells during embryoid bodies growth could explain why the Cited2-
partial_KO embryoid bodies are less regular and show a smaller form factor (circular shape)
than the control. Nonetheless, on day-4 of differentiation, the form factor between control and
Cited2-partial_KO cells is not statistically significant, which suggests that the Cited2-
partial_KO embryoid bodies grew and became more round as observed for the control. This
suggests that Cited2-partial_KO embryoid bodies were able to grow despite the initial loss of
cells during the first two days of differentiation. However, cardiac differentiation was not as
successful as control embryoid bodies, since the percentage of embryoid bodies showing
beating foci was lower than control on day-8 of differentiation. Not only that, but the number
of foci per embryoid body was on average lower in Cited2-partial_KO embryoid bodies than
in control, which is consistent with previous work (Pacheco-Leyva et al., 2016; Santos et al.,

2019). Other studies also demonstrated that the initial size of the embryoid bodies has
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4 Discussion

implications for differentiation trajectories (Pettinato et al., 2014). Especially in the ability of
embryoid bodies to differentiate into the three germ layers, where smaller embryoid bodies
showed increased expression of ectodermal markers than the bigger embryoid bodies that
showed increased expression of mesodermal and endodermal markers (Park et al., 2007).
Furthermore, the smaller size was demonstrated to be associated with higher expression of
Wnt5a, which enhanced endothelial cell differentiation, while larger embryoid bodies showed
increased Wnt11 and enhanced cardiogenesis (Yu-Shik et al., 2009). Therefore, the observed
differences in size and shape of Cited2-partial KO embryoid bodies could be considered as

morphological indicators that differentiation is impaired, when compared to the control.

However, the results presented here sometimes suffer considerable variations resulting from
the fact that mouse embryonic stem cells die when Cited2 is depleted. This could be due to the
fact that when cells are treated with 4HT to induce Cited2-depletion. The best results are
obtained after 48 hours, but by that time most of the cells that were indeed depleted of Cited2
are no longer viable. For this reason, the term Cited2-partial KO was used to better represent
the heterogeneous population of sampled cells where some cells are not Cited2-depleted, others
only one allele was excised, and others were depleted but did not enter apoptosis yet. This can
be observed by the variation under Cited2 expression under pluripotency conditions, as shown
in the gPCR results. It can also be hypothesized that the degree of Cited2 depletion or CITED?2

levels, present in the cell can lead to different cell responses.

4.1 The proposed model and future perspectives

CITED?2 is an interactor of p300/CBP, which can acetylate both histones (e.g. H3K27) and
transcription factors (e.g. p53). Based on the results presented, it can be hypothesised, for future
experimentation, that the dual role of Cited2 in pluripotency and differentiation could be to
guide and modulate acetylation by p300/CBP (Figure 4.1). Therefore, Cited2 could be
regulating p300/CBP acetyltransferase in a context-dependent fashion (pluripotency and
differentiation), and in a time-dependent manner (which is intrinsically linked to the transition

from pluripotency to differentiation).

In wild-type pluripotency conditions, the presence of Cited2 promotes the maintenance of self-
renewal. One of the mechanisms that could be at play is the inhibition of p53 acetylation by
p300/CBP by CITEDZ2 (Figure 4.1a). In this way, p53 is steady-stated that does not induce cell
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death or spontaneous differentiation; the inverse would occur when Cited2 is down-regulated.
However, the possible direct connection between CITED2-p300 and p53 acetylation of p53 in

the context of pluripotency in mouse embryonic stem cells remains unclear.

Nonetheless, the results presented in this work showed a tendency to increase histone
acetylation in Cited2-depleted cells compared to the control, under pluripotency conditions.
This suggests an inhibitory mechanism of CITED2 in the acetyltransferase activity of
p300/CBP. Thus, one could predict that Cited2 expression would be lower at a given point to
allow the acetylation of important genes for cardiac differentiation that are controlled by PRC2.
Interestingly, downregulation of Cited2 during differentiation is necessary for proper

differentiation and it occurs at day-2 of differentiation.

Therefore, it could be hypothesised that differentiation conditions Cited2 could partner with
p300/CBP in recruiting other transcription factors to ‘bookmark’ cardiopoietic genes prior to
differentiation (Figure 4.1b). Then, Cited2 is required to be downregulated (on day-2) to allow
the acetylation of H3K27, which, in turn, activates the transcription of the mesoderm and
cardiac mesoderm genes. After this step, the expression of Cited2 increases to levels
comparable to those in pluripotency. The results presented in this work suggested that while
under pluripotency conditions, downregulation of Cited2 tended to increase the H3K27ac mark
and cardiopoietic gene expression, the inverse was observed for differentiation conditions.
However, in this study, it was not possible to establish a direct association of histone acetylation
by p300 and Cited2. Furthermore, it remains to be understood if there is an initial increase in
acetylation on day-1 of differentiation, that needs to be lowered down to levels comparable to
pluripotency, from which cells can proceed with differentiation. Alternatively, the delayed
expression of mesoderm makers is a consequence of the readaptation of cells to Cited2

depletion, due to increased cell death during aggregation of the embryoid body.

91



4 Discussion

j Creo
me3
= H3K27
o / \ ’ 7 correct
— @ /s SN | nhibition of
= ) o mesoderm
2 pluripotency j normal genes
14 self-renewal o = differentiation
s Ac — @RI — Ac
[0}
5
= Ac
5 o ¢ H3k27
* @ early
apoptosis activation of
: . mesoderm
differentiation \ / |n_1pa|rec_l . genes
differentiation
pluripotency
b time [ 48 h 72 h 96 h
differentiation
6 H3K27 H3K27
3 A
& @ *
\ p300/CBP a ;
Cited2 expression
e _H3K27

o //
VAN il v

Key: t activation Linhibition mes methylation Ac acetylation atranfzccrtguon

Figure 4.1 Simplified schematic representation of the proposed model of the role of Cited2 in pluripotency and
differentiation. (a) Role of Cited2 in pluripotency and early hours of differentiation. When Cited2 is
downregulated, there is increased acetylation of p53 by p300/CBP which h stabilized p53 leading to increased cell
death and spontaneous differentiation. In the early stages of differentiation, the downregulation of Cited2 leads to
increased acetylation of H3K27 activating the mesoderm genes ahead of time leading to an impairment of
differentiation. (b) Role of CITED2 in normal differentiation. Before differentiation is initiated Cited2 partners
with p300/CBP and other transcription factors to bind to regulatory regions of mesoderm/cardiopoietic genes.
Then, Cited2 is downregulated and these transcription factors along with p300/CBP bookmark-specific genes
simultaneously occur the acetylation of H3K27 at the correct timing, to signal gene expression activation. Next,
the expression of mesodermal and cardiopoietic genes is initiated, thus starting the cardiac differentiation, while
Cited2 transcript levels return to levels similar to pluripotency.
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5 Conclusion

Evidence suggests that Cited2 could play a dual role in pluripotency and differentiation. In the
present study, the role of Cited2 in pluripotency was investigated to better understand what
leads to increased cell death after Cited2 depletion (or partial knockout). From the microarray
experiment (Affymetrix) comparing the differentially expressed genes between Cited2-
depleted and control cells, cultured under undifferentiated conditions, it was possible to identify
several downregulated genes associated with DNA damage/repair, namely: Rad51c, Rad9b,
Mdcl. At the same time, upregulation of p53 effects was also verified, such as p21, and Ptges.
Therefore, DNA damage was assessed by looking at both the foci and the total levels (by
Western blot) of yH2AX. Although the results failed to demonstrate a clear and statistically
significant difference between the control and the Cited2-depleted cells, a time-dependent
response of yH2AX. After 16 hours of Cited2-depletion, the yH2AX levels increased, while at
48 hours the levels decreased when compared to the control. However, given the difficulties in
maintaining Cited2-depleted cells in culture, it was not possible to demonstrate that the increase
in cell death is caused by an increase in DNA damage. Therefore, other methods should be
applied to better understand. As an example, the single-cell comet assay would allow gain

resolution from the population to the cell and reduce background noise.

Moreover, it was also hypothesized that the cause of increased cell death in Cited2-depleted
cells could be attributed to improper regulation of p53, since similar roles were also observed
in the context of cancer. However, it was not possible to demonstrate a clear link between
Cited2 downregulation and post-translational modifications to p53. For example, increased
acetylation of p53, could be mediated by p300/CBP.

Cited2-depletion in mouse embryonic stem cells causes delayed expression of important
mesoderm and cardiac mesoderm markers (Brachyury, Kdr, Mespl, Isl1), as well as other genes
important for the proper differentiation process (Cdx2, Dkk1, Wnt5a). To better understand this
delayed expression, it was hypothesized that Cited2 could play a role in the epigenetic
regulation of the expression of these genes. The results of the chromatin immunoprecipitation
experiment from embryoid bodies harvested on day 4 of differentiation, which were evaluated
by gPCR, showed that although not statistically significant there is a decrease in the H3K27ac
mark, while the H3k27me3 mark is not always consistent with the respective H3K27ac, as
expected. Hence, the results from the H3K27ac mark were better predictors of gene expression

under both experimental conditions of pluripotency and differentiation.
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5 Conclusion

Overall, this work explored the hypothesis that could explain the role of Cited2 in pluripotency
and differentiation. In pluripotency, the results suggest that the role of Cited2 might be
associated with the regulation of DNA repair, while the apoptosis mediated by p53 remains
unclear. However, the results cannot rule out the direct association of Cited2, DNA
repair/damage and p53-induced apoptosis. In differentiation, the results support the hypothesis
that Cited2 could play a role in the regulation of H3K27 epigenetic modification that precedes
the expression of cardiopoietic genes during the early events of differentiation, which could

begin while cells are pluripotent.
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