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ABSTRACT

The development of the cardiovascular system requires the coordinated
differentiation of several cell types including endothelial cells (EC), smooth
muscle cells and cardiomyocytes. This process involves the differentiation of
cardiopharyngeal mesoderm (CPM) from which these cardiac cell types derive.
The overall aim of my doctoral work is to understand better the genetic and
epigenetic mechanisms responsible for cell fate transitions in multipotent cardiac
progenitors to differentiate into endothelial cells (ECs).

Notably, I have developed a model for differentiation of CPM into ECs starting
from engineered mouse embryonic stem cells (mESCs), using a serum-free
protocol with the addition of specific growth factors that induce cardiac and
endothelial differentiation.

The results showed that this procedure allows rapid vascular differentiation with
high efficiency. I obtained approximately 91% CD144+ (VE-Cadherin) cells
within 8 days. Then I performed RNA-seq and ATAC-seq on the early phases of
CPM (differentiation to define the transcriptomic and chromatin accessibility
profile. First, I demonstrated that mESCs differentiation promoted the expression
of EC-specific markers at day 4 of differentiation (d4), including Pecaml, VE-
Cadherin (Cdh5), Eng, Kdr, Gata2, Gata6, Etsl, Fltl and others. RNAseq
performed between d2 and d4 identified 1735 differentially expressed genes, many
of which are involved in angiogenesis, indicating the activation of an EC
transcription program. ATAC-seq revealed 6348 Differential Accessible Regions
(DARs) that changed their chromatin accessibility during this time window. Most
of them were located in intra- and inter-genic regions. Thanks to the integration of
these two methods, I identified, at the first, 2 putative enhancers defined as regions
of increased accessibility, associated with endothelial-specific genes: Pecaml and
Notchl, both of which are critical for vascular development. Subsequently, I have
extended the search of putative regulatory elements, identifying other 8 open
chromatin regions, associated with Kdr (Vegfr2), Cdh5 (VE-Cadherin), CD34,
Eng, Flt] (Vegfrl), Tall (Scll), Dusp5 and Gata6 endothelial genes.

To validate the putative regulatory regions, I followed two strategies: DNA editing
(putative enhancers deletion) and epigenetic decommissioning.

For the first approach, I generated mESCs with deletion of PecamI-enh.int2 and
Notchl-enh.intl5 (by CRISPR-Cas9 technology), which I then differentiated
towards CM-EC lineages. Two Notchl-A enh.intl5. independent mESC clones
showed a significant reduction of Notchl expression during the later stages of EC
differentiation (d6 and d8). Similarly, Pecaml expression was also downregulated
in two independent Pecaml-A enh.int2. mESC clones at the same time points.



These results indicated that the regions deleted are required for appropriate
expression of the respective genes during EC differentiation process.

The second validation strategy was based on epigenetic reprogramming by
nuclease-deficient dCas9 fused with histone demethylase LSD1 (dCas9-LSD1). It
removes mono and di-methylation of histone H3 lisyne 4 (H3K4mel and me2) to
promote the change of chromatin shape into a repressive configuration. I generated
mESC clones constitutively expressing dCas9-LSD1 and transfected these cells
with gRNAs targeting the putative enhancers and then differentiated into
endothelial cells (ECs). In particular, I have analyzed so far only five putative
enhancer regions: Notchl-enh.intrl5; Kdr-enh.intr10; VE-Cadh.-enh.intrl; Eng-
enh.intr2; Flt/-enh.intr10. The targeted five loci resulted affected by dCas9-LSD1
epigenetically repression, giving rise to relative reduction of gene-related
expression, specifically at day8 of differentiation.

Overall, 6 tested out of 10 identified putative enhancers seems to be regulatory
elements and could be involved during later stages of EC differentiation.
Moreover, to predict, computationally, transcription factor motifs in EC enhancers,
I performed a preliminary motif analysis of DARs regions related to endothelial
cell fate specification. Sequence analyses of regions opened at d4 identified Gatal,
Gata2 and JunB transcription factors. They could regulate the differentiation of
cardiopharyngeal mesoderm progenitors in derivative tissues, including EC.

In conclusion, the experimental model and methods used for differentiation of
CPM into ECs allowed me to efficiently identify novel putative endothelial
enhancers. Thanks to genetic and epigenetic manipulation of these sequences, I
established their requirement for the transcription process during differentiation
from cardiopharyngeal mesoderm to ECs.
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levels of NGN2 and NEUROD!I in dCas9-Activator iPSC lines (Chavez A. et al.,
(2005) )ttt ettt sttt nt et e e sat e aeeneenean 77
Figure 36 a. SAM activation system (left): dCas9 is fused to VP64 and the
sgRNA has been modified so as it contains two MS2 hairpins (green). An
additional activator module (right) binds to an MS2 hairpin via the RNA-binding
protein MCP. The MCP is fused to the activators p65 and HSF1 (La Russa MF. et
al., (2015)). b. A comparison of the activation efficiency between dCas9-VP64
alone (in yellow) and the SAM activator system (in green) in the activation of four
different genes: HBGI, IL-1B, IL1IR2, and ZFP42
(https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9). ..........cccccveeeneee. 78
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Figure 37 a. dCas9 fused to KRAB, a transcriptional repressor
(https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9). b. Stable
suppression of CD71 and CXCR4 gene expression by dCas9 or dCas9-KRAB in
HeLa cells (Gilbert LA. ef al., (2013)).cccuuiieiieeieeeeeeeeeee e 79
Figure 38 a. Schematic of dCas9-p300 system for epigenetic activation: dCas9-
p300 acetylate target sites in the genome, resulting in transcriptional upregulation
(https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9). b. mRNA
expression level of ILIRN, MYOD and OCT4, using both dCas9 alone and dCas9
fused with different activators: VP64 activator, full-lenght p300 (dCas9ftr3%0),
HAT core domain of p300 (dCas9?>% €°) and inactivated HAT core domain of
p300 (dCas9p300 Core 139Ny (Hilton IB. ef al., (2015))...c.cveveeeeeeeeereeeereeeeereenaes 80
Figure 39 a. Epigenetic gene repression by dCas9-LSD1 system: dCas9 is fused to
the Lysine-specific histone demethylase 1 (LSD1). Demethylation of mono- and
dimethyl-group on histone H3K4 lead to genes transcriptional repression
(https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9). b. Left: Genomic
organization of the targeted 7hx3 locus. Right: Relative 7hx3 expression in dCas9-
repressor (LSD1 and KRAB) mESCs treated with sgRNAs specific to an unrelated
control genomic region (Ctrl), the putative 7bx3 distal enhancer (TDE) or the 7hx3
promoter (TPP) (Kearns NA. et al., (2015)). ccceeerieieiieeiieeeeeeeeeeee e 81
Figure 40.a Representative pictures of differentiating EBs between d2 and d4;.. 93
Figure 40.b Representative example of ECs-like in adhesion at day8 of

QUTRTENTIAtION. ...ttt ettt et e et e ens 93
Figure 41 Schematic illustration of both Cardiac (CM) / Endothelial (EC)
differentiation strategies used for mESC. .........cccooiiiiiiniiniiniieeen 94

Figure 42 Expression of pluripotency specific markers (Nanog, Oct3/4, Rexl),
mesodermal (Mespl, Brachyury, Gata4, Pdgfra) and endothelial genes (VE-
Cadherin, Pecaml, Eng, Kdr, Nos3) during CPM/EC differentiation by RT- PCR.
Gapdh is used as normalizer. Marker used 100bp. ........cccevervieniininiiniienenicnens 95
Figure 43 Representative plot of the gating strategy used for immunophenotyping
of cells during mES differentiation. The VE-Cadherint+ (CD144+) subpopulation
was identified at day 4-6-8 of differentiation by FACS using anti-CD144 antibody.

Negative control is isotype control antibody-labeled differentiating cells. ........... 96
Figure 44 In vitro tube formation assay of mESC ECs plated on Matrigel for 24h.
................................................................................................................................ 97
Figure 45 Alignment scores by STAR t0OL. .......ccooiiiiiiiiiiiiiiieceeee 99
Figure 46 MA plot of all expressed genes dataset d2-d4. Log ratio (M) is log fold-
change (y-axis); log average (A) is log mean of normalized counts (x-axis). ....... 99
Figure 47 Intersection of DE genes at d4 vs d2 in Deseq2 and NOIseq methods.
.............................................................................................................................. 101
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Figure 48 Gene expression evaluation of representative marker genes of
pluripotent stem cells, cardiopharyngeal mesoderm and endothelial cells. The
results were indicated as FPKM average of two biological replicates................. 102
Figure 49 Gene ontology enrichment analysis for DEGs between d2 and d4.
Terms related to biological processes, KEGG pathways, REACTOME pathways,
Wiki pathways were considered. In red box there are some interesting and

statistically significant (p-value) biological processes..........ccccueecveeruierveeiieennnnns 105
Figure 50 ATAC-S€0 OVEIVIEW. ...ccccuiieiiieeiiieeiieeeieeeeieeesaeeesseeesseeesseeesseeens 106
Figure 51 Quality check of aligned reads following removal of mitochondrial
GENOME TEAAS. ..eeeuvieeieiieeciieerieeesiee et e e stteeeteeetaeeeteeeeseeessseeesssaeessseeessseeessseeenns 107
Figure 52 Total accessible regions distribution in d2 (in blue) and d4 (in red)
T 1101 0) (1T USRS 108
Figure 53 Heat map of chromatin accessible regions distribution around TSS
(from 1kb to 2kb) of d2 (2replicates) and d4 (2replicates). .......cccecvveeerveerereeennee. 109

Figure 54 Total accessible regions distribution in day2 and day4 mESC. The
annotation pie shows accessible regions distribution around gene features
(Promoter region= £3000bp t0 TSS).....cociiriiriiiiiiiieteeeeeeee e 110
Figure 55 Total accessible regions distribution in day2 and day4 mESC. The
annotation pie shows accessible regions distribution around gene features
(Promoter region=£1000bP t0 TSS).....ccoriimiiiiiiiieiieee e 110
Figure 56 Distribution of common DARs in d4 vs d2. Annotation pie shows
accessible regions distribution around gene features (TSS [£3000] and [£1000]).
.............................................................................................................................. 112
Figure 57 Distance of the common DARs to nearest TSS region (x-axis denotes
the distance to TSS, from 0 bp to 50000bp; y-axis denotes the number of DARs).
.............................................................................................................................. 112
Figure 58 Gene ontology enrichment analysis for genes annotated to common
DARs between d2 and d4. Terms related to biological processes (GO:BP) were
considered. In red there are some interesting and statistically significant (p-value)
b1010ZICAl PrOCESSES. ..veieutieiiieiieiiie ettt ettt ettt e 116
Figure 59 Volcano plot of intersection of DE and DARs genes in d4 vs d2
differentiation. In red were DARs and down-regulated DE genes (n.145); in dark
blue were illustrated DARs and up-regulated DE genes (n.159); in orange were
DARs and down-expressed genes, while in light blue DARs and up-expressed
OTICS . .eeeeeuiitieeeeiettee e et eeeeettteee e e nateee e e bt eee ettt ee e e naatee e e attaeeeantaaeeeanbaeeeennnreeeeannns 117
Figure 60.a ATAC peaks and RNA-seq peaks coverage associated to Kdr. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 119
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Figure 60.b ATAC peaks and RNA-seq peaks coverage associated to Cdh5 (VE-
Cadherin). On vertical axis there are the genome coverage of d2 first replicate, d2
second replicate, d4 first replicate and d4 second replicate. Red box indicates the
open chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 119
Figure 60.c ATAC peaks and RNA-seq peaks coverage associated to CD34. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 120
Figure 60.d ATAC peaks and RNA-seq peaks coverage associated to Eng. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 120
Figure 60.e ATAC peaks and RNA-seq peaks coverage associated to FltI. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 121
Figure 60.f ATAC peaks and RNA-seq peaks coverage associated to Tall (Scll).
On vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 121
Figure 60.g ATAC peaks and RNA-seq peaks coverage associated to Pecami. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 122
Figure 60.h ATAC peaks and RNA-seq peaks coverage associated to Notchl. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
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candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 122
Figure 60.i ATAC peaks and RNA-seq peaks coverage associated to Dusp5. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 123
Figure 60.j ATAC peaks and RNA-seq peaks coverage associated to Gata6. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate cis-Regulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species. .................. 123
Figure 61 Scheme of enhancer validation strategies. The first approach (left) is
based on deletion of the putative enhancer by CRISPR-Cas9 technology; the
second one (right) is using epigenetic reprogramming by fusing LSDI1
demethylase with dCas9, which can erase methylation of histone H3 lysine 4
(H3K4me2) near the enhancer region to abrogate gene expression. ................... 125
Figure 62 Experimental pipeline to generate mutant engineered mouse embryonic
stem cell lines (mESC) using the CRISPR/Cas9 system (Mianné J. et al., (2020).
.............................................................................................................................. 127
Figure 63 Schematic example of T7 endonuclease 1 (T7E1) mismatch detection
assays. Genomic DNA (in blue) from edited cells contains wild type and edited
DNA (mutation in red). PCR amplification around the editing site generates wild
type and edited PCR products (in black). Denaturing and reannealing of these
products generates a fraction of heteroduplexes of mutant and wildtype PCR
amplicons. Mismatches are cleaved by the T7E1 endonuclease. Running these
PCR products on a gel resolves full length DNA and cleavage products. Gel shows
untreated (-) and cells edited with Cas9 and crRNA:tracrRNA (+)
(https://horizondiscovery.com/en/resources/featured-articles/proper-assessment-of-
gene-editing-with-dna-mismatch-detection-assays). .......ccoeceeveeeiiienieenieeneeennen. 128
Figure 64 Strategy to generate a knockout allele of 7hx/ using CRISPR-Cas9 and
homologous recombination. The bottom line indicates the DNA target: WT Tbx1-
exon5 sequence (in light blue); in bold black the gRNA sequence; in bold red
underlined the PAM sequence (CGG). The bottom line indicates the sequence of
the recombinant allele (DNA donor, in bold red), inserted by homologous
recombination. This includes a V5-Tag; a stop codon (TAG) and a diagnostic
EcoRI digestion site (Zreen liNe). .......cceeeecueeeriieeiiieeriee e e e 129
Figure 65 Evaluation of active Cas9 + gRNA efficacy using T7 Endonuclease 1
assay. Control cells (WT) show a single band corresponding to uncut amplicon.
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Amplicons from modified cells (7bx/ -KO) have 3 bands: 1 unmodified + 2
Cleavage PrOAUCES. ......eieeiii ettt e e eree e sreeessaeeesnneeenes 129
Figure 66.a PCR amplification of the targeted region from Tbx1 homozygous
clones 4D and 5H, and from WT digested with EcoRI. The restriction reaction
produces two fragments, 161bp and 120bp, in mutant clones, while in WT is
visible single PCR product at ~300DP. ........cccveeeiiiieiiiieeiieeee e 130
Figure 66.b Sequence of WT and homozygous clones (4D-5H). In bold black is
indicated the WT sequence, that is replaced by the exogenous recombinant
sequence (in bold red), in both samples 4D and 5H. Tbx1-exon5 sequence is in
JIIE DIUC. oot et e e e tee e sre e e ae e e naeeenes 130
Figure 67 ThxI expression revealed by reverse transcription PCR. Left panel:
PCR of samples collected at the differentiation stages indicated on WT mES cells.
At day 4, the analysis was performed on total populations (T) and on FACS-
purified subpopulations. The right panel shows the same experiment performed
using the Tbx 17 clone 5H. P, PDGFRo; K, KDR (Cirino A. et al., (2020))....... 131
Figure 68 Scheme of the steps of targeted Pecaml- enhancer deletion with
CRISPR/Cas9. Red lines indicate the position of the two gRNAs used. ............. 132
Figure 69 Scheme of the CRISPR-Cas9 strategy used to delete the enhancer
region, located in intron2 of Pecaml gene. On vertical axis there are the ATAC-
seq peaks coverage of d2 (two replicates) and d4 (two replicates). Red lines
indicate the gRINAS POSILIONS. ....cveievieriieiiieiie et eeite e eeee e seeeeteeseaeereeseeeeaeeas 132
Figure 70 T7 Endonuclease I digestion of genomic amplicons by WT cells and
pool of PecamI-A-enh. intron2 cells. Control cells (WT) have only a single band
corresponding to uncut amplicon. Amplicons from modified cells (PecamI-A-enh.
intron2) transfected with active Cas9-gRNAs yield 4 bands: 1 unmodified + 3
cleavage products of predicted SIZES. ......ccceeriiriiiiiiiiieieeeee e 133
Figure 71 Diagnostic PCR amplification of the targeted enhancer region from
Pecam1-A-enh. intron2 clones and from WT cells. WT fragment = 569bp; Mutant
fragment = ~250DP. c..eoiiiiiieiie e 133
Figure 72 Sequence of WT PecamI-enh. intron2 and mutated clones (5G-7G). In
bold black is indicated the WT sequence, that is deleted in both samples 5G and
7G. In light blue are gRNAs sequences, while in red are indicated the PAM

SEQUENCE (5 -INGG). uviiiiiiiiiiieeee et ettt e e e et e e eaee e enbeeesnseeenns 134
Figure 73 Scheme of the steps of targeted Notchl- enhancer deletion with
CRISPR/Cas9. Red lines indicate the position of the two gRNAs used. ............. 135

Figure 74 Scheme of the CRISPR-Cas9 strategy used to delete the enhancer
region, located in intronl5 of Notchl gene. On vertical axis there are the ATAC-
seq peaks coverage of d2 (two replicates) and d4 (two replicates). Red lines
indicate the gRINAS POSILION. ....ccuiiiiiiiiiiiiiiiie et 135
Figure 75 T7 Endonuclease I Assay to validate the efficacy of CRISPR/Cas9 +
gRNAs strategy in mESC cells. Control cells (WT) have only a single band
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corresponding to uncut amplicon. Amplicons from modified cells (Notch-A-enh.
intronl5) transfected with active Cas9-gRNAs yield 3 bands: 1 unmodified + 2
cleavage products of predicted SIZES. .......ocvveriieiiienieiiieieeieeeee e 136
Figure 76 Diagnostic PCR amplification of the targeted enhancer region from
Notchl-A-enh. intronl5 clones and from WT cells. WT fragment = 664bp; Mutant
fragment = ~280DP. ....oeeiiiieiiiieciie et e e e aee e 136
Figure 77 Sequencing of WT Notchl-enh. intronl5 and mutated clones (7G-11B)
to determine their exact sequences. In bold black is indicated the WT sequence,
that is deleted in both samples 7G and 11B. In light blue are gRNAs sequences,

while in red are indicated the PAM sequence (5°-NGGQG)......cccceeeevveevcrieenveeennnn. 137
Figure 78 Full sequence map for p-dCas9-LSD1-Hygro
(https://www.addgene.org/104406/SEqUENCES/). .....cevveerreerieiiieeieeieesee e 138

Figure 79 Diagnostic PCR amplification of the p-dCas9-LSD1 expressing clones.
WT sample is parental mESC (no targeted), CTR+ sample is parental mES cells
transiently transfected with the plasmid p-dCas9-LSDI1-Hygro. Red asterisk
indicates the 3 mutant clones (A2; A8; B1). ...ooooiieeiieieiieeeeeeeeee e, 139
Figure 80 Sequencing of plasmid p-dCas9LSD1 WT and mutated clones (A2, A8,
B1) to determine the correct insertion of dCas9-LSD1 fusion protein. In violet is
depicted the final part of dCas9 sequence, in bold black is indicated the 3xFLAG,
in yellow is LSD1 sequence. All three clones show the correct insertion of the
SEUUETICE. «.eeuvveeenereeenereeeureesteeesseeesseeesnseeeassaeeasseeansseesnsseessseesnsseenssnesssseesnnseesnnses 140
Figure 81 Overview of the differentiation scheme. Nofchl-A enh.intronl5 clones
(#7G and #11B) are differentiated in ECs from dayO to day8. Samples are
collected at day4, day6 and day8 to analyze the Notchl expression. .................. 141
Figure 82 Quantitative real-time PCR analysis of Notchl mRNA expression level
in clone #11B Notchl-A enh.in15 during EC differentiation. Notchl is reduced in
clone #11B sample (red) compared to WT cells, used as control (black). X-axis
denotes the three time points (d4-d6-d8); y-axis indicates the gene expression
level, evaluated using the 2"2' method, and Gapdh expression as the normalizer.
Values are the average of five (n=5) biological replicates + standard deviation
(S ettt ettt et a et et b et et e b enee 142
Figure 83.a Top: Quantitative real-time PCR analysis of Nofchl mRNA
expression level in WT and clone #11B Nofchi-A enh.inl5 at day4 of
differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is linear...........ccccceveevciieenciieenciieeie e, 144
Figure 83.b Top: Quantitative real-time PCR analysis of Nofchl mRNA
expression level in WT and clone #11B Nofchl-A enh.inl5 at day6 of
differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
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theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is lin€ar............cccccveeeiieencieeecie e, 145
Figure 83.c Top: Quantitative real-time PCR analysis of Notchi mRNA
expression level in WT and clone #11B Notchl-A enh.inl5 at day8 of
differentiation. Bottom: Normal QQ plot related to d8 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is lin€ar...........ccccccvveeviieencieeecieeeie e 145
Figure 84 Quantitative real-time PCR analysis of Noftchl mRNA expression level
in clone #7G Notchl-A enh.inl15 during EC differentiation. Notchl is reduced in
clone #7G sample (red) compared to WT cells, used as control (black). X-axis
denotes the three time points (d4-d6-d8); y-axis indicates the gene expression
level, evaluated using the 2-ACt method, and Gapdh expression as the normalizer.
Values are the average of five (n=5) biological replicates + standard deviation
(S ettt ettt h ettt na et et nae e 146
Figure 85.a Top: Quantitative real-time PCR analysis of Notchl mRNA
expression level in WT and clone #7G Notchl-A enh.inl5 at day4 of
differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles iS liN€ar............ccceevvevciierieecieeriecieeeieeeene 148
Figure 85.b Top: Quantitative real-time PCR analysis of Nofchl mRNA
expression level in WT and clone #7G Notchl-A enh.inl5 at day6 of
differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is linear............ccoecveeeciieeniieeniieenie e, 148
Figure 85.c Top: Quantitative real-time PCR analysis of Notchl mRNA
expression level in WT and clone #7G Notchl-A enh.inl5 at day8 of
differentiation. Bottom: Normal QQ plot related to d§ dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the

theoretical and sample percentiles is linear............ccoecveeeciieeniieeniieenie e, 149
Figure 86 Localization of the three gRNAs (in red) used to transfect clone #B1 p-
dCas9LSD1 and to induce Notchl-enh.intron15 repression..........ccceeeeevveernneennns 150

Figure 87 Overview of the experimental plan. #B1 p-dCas9LSDI1 clone are
transfected with fluorescent Notchl 3 gRNAs. Fluorescent sorted cells are
differentiated into ECs from day0 to day8. Samples are collected at day4, day6 and
day8 to analyze the Notchl eXpression. ........ccveecveeeiieeeiieeeieeeiee e 151
Figure 88 The dCas9-LSD1 transcriptional repression system, by chromatin
inactivation. Specific gRNA target dCas9 fused with chromatin modifier LSD1 to
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a regulatory region. Lysine-specific demethylase 1A (LSDI1) functions as
transcriptional repressor: LSD1 binds to the CoREST or nucleosome remodeling
and deacetylase repressive complex thus demethylating mono- and dimethyl-group
on histone H3K4 and allowing genes transcriptional repression (Magliulo D. et al.,
(2Z018)). ettt sttt sa et sttt et nbe e 151
Figure 89 Quantitative real-time PCR analysis of Notchl mRNA expression level
in clone #B1p-dCas9LSDI1 transfected with gRNA-Enh.int15-Notchl during EC
differentiation. Notchl 1is reduced in clone #BIlp-dCas9LSDI+gEnh.intl5-
Notchl(red) compared to control #B1p-dCas9LSD1+gNT (black), where gNT is a
non-targeting gRNA. X-axis denotes the three time points (d4-d6-d8); y-axis
indicates the gene expression level, evaluated using the 2-* method, and Gapdh
expression as the normalizer. Values are the average of four (n=4) biological
replicates + standard deviation (SD). ........coceeeviieriiieiiienieeieee e 152
Figure 90.a Top: Quantitative real-time PCR analysis of Notchl mRNA
expression level #Blp-dCas9LSDI+gNT and #BIlp-dCas9LSDI1+gEnh.intl5-
Notchl samples at day4 of differentiation. Bottom: Normal QQ plot related to d4
dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the
relationship between the theoretical and sample percentiles is linear.................. 153
Figure 90.b Top: Quantitative real-time PCR analysis of Nofchl mRNA
expression level #Blp-dCas9LSDI+gNT and #BIlp-dCas9LSDI1+gEnh.intl5-
Notchl samples at day6 of differentiation. Bottom: Normal QQ plot related to d6
dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the
relationship between the theoretical and sample percentiles is linear.................. 154
Figure 90.c Top: Quantitative real-time PCR analysis of Notchl mRNA
expression level #Blp-dCas9LSDI1+gNT and #Blp-dCas9LSDI1+gEnh.intl5-
Notchl samples at day8 of differentiation. Bottom: Normal QQ plot related to d8
dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the

relationship between the theoretical and sample percentiles is linear.................. 154
Figure 91 Comparison of Notchl-A enh.in15 by CRISPR/Cas9 and Notchl-
enh.in15 repression by dCasOLSD1......ccciiiiiiiiiiiiiieeeeeeee e 155

Figure 92 Overview of the differentiation scheme. Pecami-A enh.intron2 clones
(#5G and #7G), as well as mESC WT cells, are differentiated in ECs from day0 to
day8. Samples are collected at day4, day6 and day8 to analyze the Pecaml
CXPTESSION. 1.eevreeerieeeiteeeereeessreeeasseeessseeeasseeasseeassseeasssaeansseesssseenssneessseesssseesssseennns 156
Figure 93 Quantitative real-time PCR analysis of Pecam! mRNA expression level
in clone #5G PecamlI-A enh.in2 during EC differentiation. Pecam! is reduced in
clone #5G sample (red) compared to WT cells, used as control (black). X-axis
denotes the three time points (d4-d6-d8); y-axis indicates the gene expression
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level, evaluated using the 2-2“* method, and Gapdh expression as the normalizer.

Values are the average of five (n=5) biological replicates + standard deviation
(S et ettt h et st na et et nbe e 157
Figure 94.a Top: Quantitative real-time PCR analysis of Pecaml/ mRNA
expression level in WT and clone #5G Pecaml-A enh.in2 at day4 of
differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is lIN€ar.............ccceevverciienieeciienieeieeeie e 158
Figure 94.b Top: Quantitative real-time PCR analysis of Pecaml/ mRNA
expression level in WT and clone #5G Pecaml-A enh.in2 at day6 of
differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles iS liN€ar............ccceevvevciierieecieerieeieeeie e 159
Figure 94.c Top: Quantitative real-time PCR analysis of Pecaml mRNA
expression level in WT and clone #5G Pecaml-A enh.in2 at day8 of
differentiation. Bottom: Normal QQ plot related to d8 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles iS lIN€ar............ccceeveeeiiierieecieenieeieecie e 159
Figure 95 Quantitative real-time PCR analysis of Pecaml mRNA expression level
in clone #7G PecamlI-A enh.in2 during EC differentiation. Pecam! is reduced in
clone #7G sample (red) compared to WT cells, used as control (black). X-axis
denotes the three time points (d4-d6-d8); y-axis indicates the gene expression
level, evaluated using the 2-*“' method, and Gapdh expression as the normalizer.
Values are the average of five (n=5) biological replicates + standard deviation
(S ettt sttt sttt et 160
Figure 96.a Top: Quantitative real-time PCR analysis of Pecaml mRNA
expression level in WT and clone #7G Pecaml-A enh.in2 at day4 of
differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal line
(in dotted red), which passes through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is lIN€ar............cocceeveeriiieiienieenieniieeieeee 161
Figure 96.b Top: Quantitative real-time PCR analysis of Pecaml mRNA
expression level in WT and clone #7G Pecaml-A enh.in2 at day6 of
differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal line
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INTRODUCTION

1. Cardiogenesis in mouse development: signaling pathways from mesoderm
induction to cardiogenic mesoderm progenitors

The heart is the first organ to form during embryonic development and it has
a vital role in the distribution of nutrients and oxygen.
Signaling from the surrounding microenvironment directs the transcriptional
regulation of the developmental program of the heart, necessary for differentiation
and proliferation (Brade T. et al., (2013)). Heart development is a process that
begins soon after embryo gastrulation at embryonic development day 6.5 (E6.5),
when the mesoderm is formed between the ectoderm and the endoderm germ layer
during ingression through the primitive streak (PS) (Aguilar-Sanchez C. et al.,
(2018)). Later during development, early mesoderm-derived cardiac precursors
undergo further lineage restriction and differentiate into progenitor pools that
populate the First Hearth Field (FHF) and Second Hearth Field (SHF),
respectively. In fact, after ingression through the PS, cardiogenic progenitor cells
migrate to an anterior lateral position caudal to the headfolds and form the cardiac
crescent. At this time in development (E 7.5), the first and second heart fields can
be distinguished. FHF progenitor cells start to differentiate toward cardiomyocytes
and smooth muscle cells when they are exposed to BMP and FGF cytokines as
well as to inhibitors of the Wnt pathway. Consequentially, is induced the
expression of key regulators of the cardiac lineage, like Nkx2.5, Gata-4, and Thx5.
Myocytic lineage commitment is associated with expression of contractile proteins
including myosin light chain-2a (MLC2a) and sarcomeric myosin heavy chain
(MHC) first in the cardiac crescent and then throughout the linear heart tube.
Although these FHF progenitors already differentiate, Wnt/b-catenin, FGF, and
endodermal Shh signaling keeps SHF progenitors in a proliferative state at the
same time. SHF precursors are marked by the LIM-homeodomain transcription
factor Is// and its expression is absent in differentiated FHF derivatives (Kelly
RG. et al, (2012)). These SHF progenitors are defined by the molecular signature
Isl1"/Nkx2.5"/Flkl*. Two subpopulations of SHF progenitors can be
distinguished. One population Isl/"/Flkl™ which differentiates into endothelial
cells and smooth muscle cells, whereas a second pool of IslI*/Nkx2.5* SHF
precursors gives rise to smooth muscle cells and cardiomyocytes as well as
contributing to the proepicardial lineages (Wtl*/TbxI8" and Scx'/Sema3D*
populations), which later form cardiac fibroblasts (CF), smooth muscle cells
(SMCs), endothelial cells (EC), and cardiomyocytes (CM). The fate of SHF
progenitors is regulated by many different signaling pathways. Among them, FGF
signaling within the SHF promotes progenitor cell proliferation; Shh-mediated
signals from the endoderm and canonical Wnt signaling from the midline (neural
tube) are important for the maintenance of a proliferative state and inhibition of
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differentiation. On the contrary, BMPs secreted from lateral plate mesoderm as
well as Notch and noncanonical Wnt signals promote cardiac differentiation of
SHF progenitors. This highly complex network of spatiotemporal interactions of
growth factors and transcriptional regulators (e.g., BMP, Wnt, FGF, Nkx2.5, and
Gata4) governs both FHF and SHF development.

Mesoderm induction, a prerequisite for heart development, is evolutionarily
conserved and regulated by numerous signaling pathways. The genetic pathways
underlying cardiogenesis are complex and interconnected.

Key players are Nodal (including Activin) and bone morphogenetic protein (BMP)
signals as well as Wnt and fibroblast growth factors (FGF) (Kimelman D. et al.,
(2006)). Expression of the T-box transcription factor Brachyury/T (Bry), a direct
target gene of Wnt/B-catenin signaling, marks mesodermal cells. Commitment of
nascent Bry" mesodermal progenitors toward a cardiogenic fate requires inhibition
of canonical Wnt/B-catenin signaling and activation of noncanonical Wnt signaling
(Gessert S. et al., (2010)). Additionally, interactions between the mesodermal
germ layer and the endoderm are necessary for the induction of a common
cardiovascular progenitor population from Bry" mesodermal precursors, which
later form both FHF and SHF. Data from cell-tracing studies in mice showed that
cardiac lineage arise from an intermediate mesodermal population that expresses
vascular endothelial growth factor receptor 2 (Vegfr2, ak.a Flk-1 or Kdr) (Ema M.
et al., (2006)).

As depicted in Figure 1, during in vitro mESC differentiation and in vivo mouse
development, BMP, Nodal, Wnt/b-catenin and FGF pathways interact to induce
mesoderm. Bry" mesodermal precursors first differentiate through Bry*/Flk-17
hemangioblasts toward endothelial and blood-cell lineages (around ES.5 during
mouse development). After downregulation of Wnt/b-catenin signaling and
induction of noncanonical Wnt signals, a second wave of Bry*/Flk-1* mesodermal
progenitors appear. They downregulate Bry and activate the expression of
mesoderm posterior 1 (Mespl) gene, upon T7-box transcription factor
Eomesodermin action. Several studies have demonstrated that Mesp1 is the earliest
marker of cardiovascular development and are essential for cardiac mesoderm
formation during embryonic development. It resides at the top of the cellular and
transcriptional hierarchy of cardiovascular lineages during ESC differentiation
(Bondue A. et al., (2011)). Mespl™ mesodermal progenitors contribute to paraxial
mesoderm and skeletal muscle of the head as well as cardiac muscle.
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Figure 1 Signaling pathways for cardiac progenitor cells differentiation and their lineage specification (Brade
T. et al., (2013)).

Recently in 2018, Lescroart et al., investigated the molecular and cellular basis of
the earliest stages of cardiovascular lineage specification and diversification by
single cell RNA-sequencing (scRNA-seq) analysis. They confirmed that mouse
heart development arises from MespI-expressing cardiovascular progenitors (CPs)
that are specified during gastrulation (Lescroart F. et al., (2018)).

As described above, most of the Mesp! CPs differentiate into either CMs or ECs,
suggesting that lineage segregation occurs early during gastrulation. MespI™ cells
give arise to all heart cells, ECs of the aorta and brain, some muscles of the head
and neck, as well as to few somitic derivatives and liver cells from its later
expression (Devine WP. et al., (2014)).
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Since Mespl marks the early CPs within the PS from embryonic day 6.25 (E6.25)
to E7.25, Lescroart et al., (2018) performed scRNA-seq of WT and Mesp/ null
CPs at the two stage of development.

Their scRNA-seq profiling showed that Mespl CPs are molecularly distinct and
make the continuum between epiblast and later mesodermal cells including
hematopoietic progenitors. Single cell transcriptome analysis of MespI-deficient
CPs indicated that Mesp! is required for the exit from the pluripotent state and the
induction of the cardiovascular gene expression program. In fact, several well-
known regulators of pluripotency (including Nanog; Eras), markers of the epiblast
(such as E-Cadherin/Cdhl) were found up-regulated in single Mespl KO cells
(Figure 2). It is consistent with the defect of exiting the pluripotent epiblast stage.
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Figure 2 Violin plots showing the mean and variance difference between WT (red) and Mesp! KO (blue)
cells of genes regulating pluripotency (Nanog, Eras) and epiblast (Cdhl) (Lescroart F. et al., (2018)).

By contrast, the genes down-regulated in Mespl KO cells were enriched for
Mesp] target genes controlling epithelial-mesenchymal transition (EMT) (Snail),
and cardiovascular commitment (E#v2, Handl, Myl7, Gata4, Flkl, and Pdgfra).
Pdgfra/Flkl—expressing cells that mark Mesp! CPs in human and mouse ESC
differentiation in vitro and during mouse gastrulation in vivo were also reduced in
Mespl KO cells, supporting the absence of CP specification (Figure 3).
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Figure 3 Violin plots showing the mean and variance of EMT genes (Snail), cardiovascular markers (Gata4,
Etv2, Myl7 Flkl/Kdr and Pdgfra) expression in WT (red) and Mespl KO (blue) (Lescroart F. et al., (2018)).

Altogether, this single-cell profiling of early CPs shows that Mesp! CPs segregate
rapidly from the epiblast into distinct cardiovascular lineages and it demonstrates
that Mespl CPs are also molecularly heterogeneous, as previously suggested by
scRNA-seq during in vitro ESC differentiation (Chan SS. ef al,, (2018)).
Moreover, SPRING analysis, which allows visualizing high-dimensional single-
cell expression data, of WT MespI-expressing cells at E6.75 and E7.25 identified
five distinct destination cell types (DCTs) protruding from a core of intermingled
cells. Based on gene expression profiling, DCT1 (enriched in Sox7, Etv2, Tall)
and DCT2 cells (marked by Handl, Bmp4, Tnncl, Tbx3, Hand2, Tbx20, Gata4,
Myl4, and Mef2C) clustered respectively with EC and CM lineage. DCT3 (7hx1+,
Foxc2+) and DCT4 (Wnt2b+) correspond to Mespl CPs committed to the anterior
and posterior SHFs, respectively.

Otherwise, DCTS5 expressed endoderm markers (such as Sox/7 and Foxa2) and
may have no relation with cardiac development.

These findings suggest the existence of temporally and spatially distinct Mespl
subpopulations that likely correspond to CPs committed to the different
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cardiovascular lineages and regions of the heart at the early stages of gastrulation.
(Figure 4).
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Figure 4 Scheme of the different Mespl subpopulations (named DCTs 1-4) and their localization during
gastrulation (Lescroart F. et al., (2018)).

2. Specification of the endothelial cell lineage (EC) during mouse development

The development of functional vascular system is essential for embryonic
development and adult life. Defects in endothelial cell development, vessel
formation and function lead to embryonic lethality and are important in the
pathogenesis of vascular diseases (Kriiger-Genge A. et al., (2019)). Endothelial
cell, which line the inside of all blood and lymphatic vessels, have key roles in
delivering oxygen and nutrients, regulating blood flow, modulating immune cell
trafficking and maintaining tissue homeostasis.

The development of a mature vascular system is a complex process, which
requires precise regulation and different types of cells: SCs, progenitor cells,
vascular ECs, and mural cells. Mural cells are composed by VSMCs and pericytes
and interact with ECs to form the complex network of capillaries, arterioles,
arteries, and veins.

The vasculature consisting of arterial, venous, and lymphatic vessels form through
two distinct processes during embryogenesis: (1) vasculogenesis, defined as de
novo vessel formation induced by differentiation of mesodermal angioblasts, and
(2) angiogenesis, the budding and branching of new vessels from pre-existing ones
(Flamme 1. et al., (1997)). Although vasculogenesis is the major mechanism of
formation of blood island vessels, dorsal aorta, endocardium, and vitelline vessels
in the embryo, angiogenesis is the predominant means of vascularization of all
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organs. In addition, vasculogenesis persists during vascular repair in the adult
through differentiation of endothelial progenitor cells (Asahara T. et al., (2011)).
During embryonic development, the first sign of blood vessel formation occurs at
the gastrulation stage, at mouse embryonic day E7.5 in the extraembryonic yolk
sac blood island. In the extraembryonic yolk sac, mesodermal precursor cells
aggregate to form blood island, the site of development of endothelial and
primitive blood cells. Within the blood island, centrally located cells become
primitive blood cells, whereas outer cells give rise to endothelial cells (ECs).
Subsequently, ECs form the vascular primary plexus, which is then remodeled to
form the yolk sac vasculature. In the embryo, mesodermal precursor cells
differentiate into the vascular primary plexus and major vessels, aorta, and
cardinal vein. After arterial and venous ECs are specified, the complex blood
vasculature is formed via extensive remodeling. At embryonic day E9.5, a subset
of ECs of the cardinal vein acquires lymphatic endothelial cell (LEC) fate and
develops into lymphatic vessels (Figure 5).
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Figure 5 Vasculature formation during mouse embryo development (Park C. et al., (2013)).

Within the embryo, endothelial precursor cells, also named angioblasts, appear at
E7.5 and establish the vasculature of intra-embryonic regions including the dorsal
aorta and vitelline vessels, and primary plexuses of lungs, spleen, and heart. The
more complex phase of formation of the embryonic vascular networks occurs by
angiogenesis during which newly formed vessels are stabilized through
interactions of endothelial cells with each other via endothelial junction proteins
and with recruited mural cells, the pericytes, and an ordered extracellular matrix.
Endothelial precursor cells, mainly from mesodermal precursors, at early stage,
already express markers such as CD31, CD34 and VEGFR-2 (Ema M. et al,
(2006)) (Figure 6).
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Figure 6 Map of the selective cell surface markers expression during mesoderm specification and vascular
cell derivation from ESCs (Ema M. ef al., (2000)).

Several published studies have revealed that the endothelial cell-specific vascular
endothelial growth factor (VEGF) and its two receptors, Fltl and Flki/Kdr have
been implicated in endothelial cell generation and formation of the embryonic
vasculature. This is suggested by their colocalized expression during
embryogenesis and by the impaired vessel formation in Flkl and FltI deficient
mouse embryos (Carmeliet P. et al., (1996)).

Endothelial cells are derived from the mesoderm, which can be marked by the
expression of Brachyury/T box gene (as previously described). Experiments in ES
cells showed that Brachyury” mesodermal cells were the first to appear and
subsequently expressed Flkl, thus becoming double positive Brachyury™ Flkl"
cells during the differentiation in vitro. In developing mouse embryos, the
expression of Flkl was first detected in the posterior portion of the primitive steak,
followed by preferential expression in vascular endothelial cells of the yolk sac
and embryonic vasculature including the endocardial tube. Deficiency of Flkl
induced embryonic lethality due to lack of yolk sac blood island and blood vessel
and endocardium formation (Shalaby F. et al, (1995)). These findings define that
Flkl 1s indispensable for the development of both blood and endothelial cell
lineages. Further information indicated that FIkI™ cells obtained from
differentiating ES cells were also shown to generate smooth muscle actin (SMA)
cells (Yamashita, J. et al., (2000)).

In addition, FIkI* cells were also detected in skeletal muscles and cardiomyocyte
of E10.5 embryos, besides the endothelial and blood cells (Figure 7).

Thus, the FIkI™ mesoderm likely represents a multipotent progenitor cell
population in addition to blood and endothelial cell progenitors of the
cardiovascular system.
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Figure 7 Development of blood cells, endothelial cells, cardiomyocytes, vascular smooth muscle cell lineages
from Flkl-expressing mesoderm (Park C. et al., (2013)).

3. Transcriptional control and regulation of endothelial cell and vascular
development
Many transcription factors are known to play an important role in the
activation and maintenance of endothelial gene expression. The specialization of
all endothelial cell subtypes, from their mesodermal progenitors, requires extrinsic
signals and intrinsic regulatory events.

3.1 Tall (Scll)

SCL/TAL transcription factor belongs to the basic helix loop helix (bPHLH)
transcription factor family. Its early expression during embryogenesis is seen in
yolk sac blood progenitors and endothelial cells. Disruption of Tall in either
mouse or zebrafish results in severe defects in the development of the vascular
system. Blood vessels do form in absence of 7al/l, suggesting that it may not be
required for the initial induction of endothelial cells (Patterson LJ. et al., (2005);
Visvader JE. et al, (1998)). Several endothelial-specific gene enhancers are
activated by Tall through essential E-box binding elements, such as Flki, Flil,
VE-Cadherin, Gata2.

3.2 GATA2 (GATA binding protein 2)
The zinc finger transcription factor GATA?2 is also implicated in regulation
of both hematopoietic and endothelial genes. It is the most abundantly expressed

GATA factors in endothelial cells and numerous endothelial enhancers contain
GATA binding sites, like Filkl, Tall, Flil, VE-cadherin, EPCR, ICAM?2, which are
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bound directly by GATA2. The findings that several key endothelial genes contain
GATA binding sites further suggest that GATA2 regulates vessel development
through transcriptional activation of endothelial genes. In this regard, a recent
report showed that GATA?2 regulates endothelial specific gene expression and thus
endothelial specificity through epigenetic modification. The authors found that
ENDOMUCIN, an endothelial specific gene, contained preferential GATA2
binding sites in transcription start site (TSS) as well as -139 kb region of human
dermal microvascular endothelial cells (HMVECs). An epigenetic experimental
approach also demonstrated that both regions are in active chromatin state in
HMVECs. Knockdown of GATA2 in HMVECs significantly reduced the
expression of endothelial genes including ENDOMUCIN and Kdr/VEGFR2 (Kanki
Y.etal, (2011)).

Moreover, mouse embryos deficient in Gata2 died by E11.5 and exhibited anemia.
Gata2”~ ES cells and yolk sac cells generated significantly reduced number of
multipotent progenitors (Tsai FY. et al, (1994)). In addition, experiments in
embryonic stem cells demonstrated the importance of GATA2 in the development
of Flkl'/ Tall* hemangioblast-like cells and in the induction of endothelial-
specific genes (Lugus JJ. ef al., (2007)). So, these studies support that GATA2 is
an early regulator of hematopoietic and endothelial development, and that this
transcription factor may be involved in the specification of hemangioblast
progenitors from the mesoderm early in embryonic development.

Together, these results suggest that GATA2 plays an important role in mediating
endothelial gene expression and the maintenance of endothelial cell fate.

3.3 ETS Transcription Factors in regulation of endothelial gene expression

The ETS transcription factors display a broad range of expression patterns
and activities in developing mouse embryos as well as in adults. However, some of
these factors show a preferential expression in endothelial cells and vessels during
development. Numerous endothelial enhancers and promoters contain multiple,
essential ETS binding sites, and ETS motifs are strongly associated with
endothelial genes throughout the human genome (De Val S. et al., (2009)). Within
the Ets family, Etsl, Elf1, Flil, Tel, and Erg each have well characterized roles in
endothelial gene expression, and each bind to the enhancers and activate the
expression of numerous endothelial genes.
Expression of the ETS transcription factors, Ets/ and Flil, can be detected in the
yolk sac blood islands in the early-stage embryos and their expression is
maintained in developing vessels. Whereas the ETS transcription factor, Ergl, is
highly expressed in mesodermal lineages including endothelial cells, another ETS
transcription factor FEfv6 shows ubiquitous expression pattern throughout
embryogenesis and in adults.
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Knockdown of either Ets/ or Erg expression in endothelial cells in culture results
in decreased endothelial cell migration and tube formation (Birdsey GM. et al.,
(2008)).

The Ets transcription factor Flil is expressed very early in cells of the
hematopoietic and endothelial lineages in mice and zebrafish. Flil”~ embryos
died around E11.5 with extensive hemorrhaging, indicating its dispensable role in
endothelial cell specification (Spyropoulos DD. et al., (2000)).

Interestingly, germline deletion or mutation of the majority of individual Ets genes
in either mouse or zebrafish model systems has resulted in little or no vascular
phenotype or has caused defects only in later vascular remodeling, while
vasculogenesis remained largely intact (Pham VN. ef al., (2006)). An explanation
may be due to redundancy among Ets factors in endothelial development. The
exception to this apparent redundancy among Ets factors in endothelial
development is observed when the function of the Ets protein Exv2 (ER71) is
removed in mice.

3.3.1Role of Etv2 in early vascular development

Several studies have shown that the Efv?2 is essential for the development of
endothelial and blood lineages in the mouse. Etv2 expression is present at the very
early stages of vascular development in the mouse, with expression detected in the
blood islands of the yolk sac and the earliest vessels in the embryo. Then, its
expression begins decreasing within endothelial cell populations by E9.5 and is
essentially extinguished in those lineages by E10.5, suggesting an involvement of
this transcription factor in early vascular development. E#v2 null mice have severe
defects in vasculogenesis and hematopoiesis. Etv2~ embryos die at midgestation
and lack any detectable embryonic vessels, blood islands in the yolk sac, or
endothelial progenitors. Expression of early vascular markers, such as Flkl,
Pecaml, and Tie2 is almost completely abolished in the absence of Efv2, and
endothelial cells are apparently not specified if E#v2 is not present. In fact, Etv2 is
also a potent inducer of FlkI" mesoderm in embryonic stem cells. Furthermore,
Etv2 is a potent activator of several early endothelial genes, including Flkl, Tall,
Mef2c, Pecaml, and Tie2, and has been demonstrated to activate these genes
through direct promoter or enhancer binding. Thus, inactivation of Etv2 causes
profound impairment of vasculogenesis, suggesting a central role for this factor in
endothelial specification (Ferdous A. et al., (2009)).

3.4 Forkhead Proteins are important regulators of endothelial transcription
Among the forkhead transcription factors, FoxC, FoxF, FoxH and FoxO are
implicated in vascular development and endothelial transcription (Papanicolaou
KN. et al, (2008)). Targeted disruption of FoxOl in mice causes vascular
remodeling defects and midgestational lethality, suggesting that FoxOl1 is required
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for vascular development. In fact, in mouse embryos, FoxO! is highly expressed
in the developing vessels and FoxOI™~ mice embryos failed to survive beyond
E10.5 because of defective vascular development in the yolk sac and embryo
(Furuyama T. et al., (2004)).

The FoxC family of Forkhead proteins is essential for vascular development as
FoxC1™~; FoxC2~~ mice have severe vascular defects. Additionally, FoxC1I and
FoxC2 have also been found to regulate arterio-venous specification and lymphatic
vessel differentiation and may be important downstream effectors of Notch
signaling (Hayashi H. et al, (2008)). Promoters of multiple endothelial genes
Flkl, VEcadherin, Pecaml, Tie2 and Scl, contain evolutionarily conserved
FOX:ETS binding motifs (De Val S. et al., (2009)).

FoxF1I and FoxH]I are also involved in endothelial gene regulation. Inactivation of
FoxFI in mice results in a severe vascular phenotype and embryonic lethality.
FoxFI is not expressed within endothelial cells of the differentiated embryonic
vasculature, but it is expressed earlier in the splanchnic mesoderm prior to
endothelial cell specification and may regulate BMP signaling, which is essential
for vascular development (Astorga J. et al., (2007)).

3.5 HEYI/HEY2 (Hairy/enhancer-of-split related with YRPW motif
proteinl/2)

HEY1 and HEY?2, members of hairy and enhancer of split-related family of
bHLH transcription factors, are direct transcriptional targets of the NOTCH
pathway. It controls endothelial cell specification (arterial vs. venous endothelial
cells) and plays an important role in endothelial cell sprouting (Swift MR. et al.,
(2009)). Heyl™”~ and Hey2”~ mouse embryos developed defective vessels and
died at E9.5. In these mice, vasculogenesis was normal, but vessel remodeling in
the yolk sac and placenta was impaired and some mice showed poorly developed
dorsal aorta and cardinal veins (Fischer A. et al., (2004)). In agreement with these
findings, deficiency of Rbpj (recombination signal binding protein for
immunoglobulin kappa J region) in mice, an important transcription factor of the
NOTCH pathway, also induced defective arterial vessel formation. These studies
showed that the NOTCH pathway in endothelial cells controls the development of
arteries through RBPJ-HEY 1/2 signaling.

3.6 SOX F group transcription factors: SOX7, SOX17 and SOX18
Among 20 different members of the SOX factors, the SOX F group (Sox7,
Sox17 and SoxI8) has been found to play a pivotal role in cardio-vascular
development. Expression of Sox/8 and Sox7, but not Sox/7, was detected between
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E7.5 and E8.5 in endothelial cells of the yolk sac vasculature and the dorsal aorta,
and Sox17 was expressed in endothelial cells of the dorsal aorta at E9.5.

According to Sakamoto Y. et al, (2007), Sox17 single-null embryos showed
aberrant heart looping, enlarged cardinal vein and mild defects in anterior dorsal
aorta formation; while the Sox/7/Sox18 double-null embryos showed more severe
defects in formation of anterior dorsal aorta and head/cervical microvasculature,
and in some cases, aberrant differentiation of endocardial cells and defective
fusion of the endocardial tube. Sox/8 was also expressed in endothelial cells of the
developing lymphatic vessels. Indeed, Sox/8~~ mouse embryos showed lethality
at E14.5 and developed no PROXI" (Prospero homeobox transcription factor 1)
lymphatic endothelial cells, indicating a critical role of Sox/8 in lymphatic
endothelial cell specification. Finally, taken together, these studies suggest that the
SOX F group transcription factors function as an important regulator for
endothelial cell specification; arterio-venous specification, and venous-lymphatic
specification.

In Figure 8 is illustrated the different steps within endothelial cell development
from mesodermal progenitors and hemangioblasts to differentiated arterial,
venous, and lymphatic endothelium and the various transcription factors associated
with their development. o
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Figure 8 Different stages in endothelial development, regulated by distinct group of transcription factors.
Based on this scheme, Fli-1, GATA2, and Tall control differentiation of hematopoietic cells from
hemangioblasts, while E#v2 and FoxC proteins control the differentiation of endothelial cells from that
progenitor population and that Etv2 likely sits at the top of this transcriptional cascade (De Val S. et al,

(2009)).
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4. Signaling Pathways in Regulating Endothelial Transcription Factors and
Vascular Development

4.1 VEGF signaling

VEGF-activated signaling is the major pathway regulating multiple aspects
of endothelial cell function including survival, proliferation, and vessel
permeability (Bates DO. et al, (2010)). Following the binding of VEGEF, its
receptor, Flkl/Kdr, transmit signals through several downstream molecules
MAPK-ERK, p38-MAPK, phospholipase C, and phosphatidyl inositol 3-kinase
(PI3K)/Akt/protein kinase B to regulate endothelial function. VEGF signaling
plays a critical role in vessel development during embryogenesis. Vegf™”™ mouse
embryos died due to defects in endothelial and hematopoietic cell development
(Carmeliet P. et al., (1996)). Further, VEGF signaling has a role in arteriovenous
specification. It induced the expression of arterial markers EphrinB2, Nrpl, and
Gja5 in primary EphrinB2~ endothelial cells isolated from E10.5 mouse embryos.
In addition, overexpression of VEGF in cardiomyocytes led to significant increase
in number of cells expressing the arterial marker EphrinB2 with decreased number
of EphB4" venous endothelial cells. Studies in literature suggest also that
transcription factors FOXC1/FOXC?2 interact with the VEGF pathway components
to promote arterial specification of endothelial cells through the NOTCH signaling
pathway.
The receptor tyrosine kinase KDR (also known as VEGFR2/Flk1) and its high-
affinity ligand vascular endothelial growth factor (VEGF) play a pivotal role in
endothelial development, during embryonic vascular growth in the mouse.
Expression of the Kdr gene and its ligand VEGF is restricted to endothelial cells
and their embryonic precursors. In addition, during embryonic mouse
development, Kdr also marks an early multipotent cardiovascular progenitor,
which give rise to cardiomyocyte, endothelial and vascular smooth vascular
lineage (Kattman ef al., (2011)). Highest levels of Kdr expression were observed
during embryonic vasculogenesis and angiogenesis, as well as during pathological
processes associated with neovascularization. In developing mouse embryos, the
expression of Kdr was first detected in mesodermal yolk-sac blood-island
progenitors as early as 7.0 days postcoitum, indicating that it marked the common
embryonic endothelial and haematopoietic precursor, the haemangioblast, and thus
is also involved in early haematopoiesis (as depicted in Figure 9) (Park C. ef al.,
(2013)). Some studies have demonstrated that Kdr”~ mouse embryos die in utero
between 8.5 and 9.5 days post-coitum, because of an early defect in the
development of haematopoietic and endothelial cells. Yolk-sac blood islands were
absent at 7.5 days, organized blood vessels were not observed in the embryo or
yolk sac at any stage, and haematopoietic progenitors were severely reduced.
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These results indicated that Kdr is essential for yolk-sac blood-island formation
and vasculogenesis in the mouse embryo, as well as it is the most important
effector in angiogenesis (Shalaby F. et al.,, (1995)).
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Figure 9 Developmental of FLK1+ mesoderm. FLK1+ mesoderm originates from Brachyury/T-expressing
cells in the primitive streak of the developing embryo and subsequently gives rise to not only endothelial and
blood cells but also other mesodermal lineage cells, including vascular smooth muscle, cardiomyocyte, and
skeletal muscle cells (Park C. et al., (2013))

The VEGFR?2 signaling pathways are induced by its binding to VEGF-C, VEGF-E
and VEGF-A. The binding of ligands to VEGFR2 results in the activation of
different pathways such as SCR, phospholipase-Cy (PLC-y)/Protein kinase C
(PKC), Phosphoinositide-3-kinase (PI3K), p38-Mitogen-activated protein kinase
(P38MAPK) and Focal Adhesion Kinase (FAK). These different pathways control
cell shape, cell adhesion and permeability, proliferation, survival, vasodilatation,
and migration of endothelial cells (Figure 10).
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Figure 10 Schematic representation of VEGFR2 signaling pathways. VEGFR2
(https://www.tocris.com/pathways/vegf-signaling-pathway).
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Flt-1 (fms-like tyrosine kinase-1), also known as vascular endothelial growth
factor receptor 1 (Vegfr-1) encodes a high-affinity tyrosine kinase receptor for
VEGF and is almost exclusively expressed in vascular endothelial cells, both in
fetal and adult mouse tissues (161). Moreover, the Fit-1 mRNA is also detected in
both proliferating and quiescent endothelial cells, suggesting a role for Flz-1 in the
maintenance of endothelial cell (Peters KG. et al., (1993)).

In 2002, Kearney JB et al., reported that F/¢-1 mutant ES cell cultures had vascular
overgrowth that was caused primarily by aberrant endothelial cell division; also
Flt-1 null mice died in the embryonic stage at E-8.5-9.0 due to an overgrowth of
immature endothelial cells and disorganization of blood vessels, not due to a poor
vascularization. Endothelial cells developed but failed to organize in vascular
channels. These results strongly suggested that VEGFR-1 acts early in vascular
development to modulate vessel formation by affecting the rate of cell division in
embryonic endothelial cells and their precursors. It plays a negative role in
angiogenesis by suppressing pro-angiogenic signals in the embryo to establish a
critical balance essential for physiological vascular formation.

Flt-1 signalling pathway regulates normal endothelial cell-cell or cell-matrix
interactions during vascular development. VEGFR-1 binds not only VEGF-A but
also PIGF (placenta growth factor) and VEGF-B. It transduces several
downstream signals including cell migration, vascular permeability and cell
survival.The 1169-tyrosine is phosphorylated and activates PKCy-PKC pathway
towards mild activation of MAP-kinase (MAPK) and DNA synthesis. PI3-kinase
(PI3K) and Akt are also activated upon the stimulation of VEGFR-1 (Figure 11).
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Figure 11 Signal transduction pathways from VEGFR-1 in vascular endothelial cells (Shibuya M. et al,
(2006)
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4.2 NOTCH signaling

The NOTCH pathway is critical for arterial specification of embryonic
vasculature. Four NOTCH receptors (1 through 4) and five ligands (jaggedl, 2,
Delta like ligand (DII)1, 3, 4) have been identified in mammals. Binding between
the ligand and the receptor induces proteolytic cleavage of NOTCH receptor,
resulting in generation of intracellular form of the receptor (NICD, NOTCH
intracellular domain) that translocates into the nucleus to induce its downstream
targets HEY1 and HEY2 (Gridley T. et al., (2010)). DIl4*" heterozygous mice
exhibited severe remodeling defects in yolk sac vessels and smaller dorsal aorta
consistent with the expression of components of NOTCH signaling, NOTCHI,
NOTCH4 and Jaggedl, Jagged2 and DIlI4 selectively in arterial endothelial cells.
Also, these embryos developed abnormal arteriovenous vessels due to fusion
between the dorsal aorta and common cardinal vein. Moreover, DII4~~ mouse
embryos completely lost arterial identity (Duarte A. et al., (2004)). Mice deficient
in both Notchl and Notch4 died in utero with a severe vessel remodeling defects in
both yolk sac and embryo (Krebs LT. ef al, (2000)). Thus, NOTCH, which is
activated by VEGF, has an essential role in mediating arterial specification. In
fact, it was shown that VEGF induced the expression of Notchl and DIl4 through
PI3BK/AKT pathway in cultured endothelial cells. The VEGF-mediated NOTCH
activation was specifically seen in arterial endothelial cells (as opposed to venous
endothelial cells) in vitro (Liu ZJ. et al., (2003)).
Another study has shown that the crosstalk between both pathways could be
mediated by endothelial transcription factors, FoxCI/FoxC2. As mentioned above,
deletion of FoxC1/FoxC?2 led to arterial defects in developing mouse embryo. In
vitro analysis revealed that FoxCI/FoxC2 upregulated the expression of the
arterial endothelial markers Notchl, Notch4, DIl4, Hey? and EphrinB2 through
direct transcriptional activation. Furthermore, FOXC1/FOXC2-mediated promoter
activation of DI//4 and Hey? was augmented by VEGF treatment, and it was
impaired by inhibiting PI3K. These interesting results suggest that the VEGF and
NOTCH pathway promote arterial endothelial cell specification through FOX
transcription factors.
Moreover, the Notch signaling pathway plays a critical role in cell fate
determination during development and postnatally in continuously renewing
tissues, such as the endothelium, the epithelium and in stem cells pool.
Consequently, it can control the expression of a group of target genes involved in
Endothelial-Mesenchymal Transition (EndoMT), angiogenesis and Cancer Stem
Cell (CSC) biology, as shown in Figure 12 (Akil A. et al., (2021)).
The Notch pathway plays also pivotal roles in the cardiovascular system, both
during development and postnatal life. Some evidence show that the dysregulation
of the Notch pathway is involved in the pathophysiology of cardiovascular
diseases (CVDs) (Aquila G. et al., (2019)).
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Figure 12 Overview of the Notch signaling pathway and its role in regulation of target genes involved in
biological processes including EndoMT, angiogenesis and CSC biology (Akil A. et al., (2021)).

Expression of Notch and ligand in vascular endothelium and defects in vascular
phenotypes of targeted mutants in the Notch pathway have suggested a critical role
for Notch signaling in vasculogenesis and angiogenesis. Loss of global Notchl
function results in early embryonic lethality, as the endothelium is the primary
target tissue affected by Notchl signaling (Limbourg FP. ef al., (2005)). General
knockout strategies in the mouse have been used to show that the Notchl signaling
pathway regulates vascular morphogenesis and angiogenesis (Krebs LT. et al.,
(2000)). Moreover, crosstalk between VEGF and Notch signaling is fundamental
for angiogenic process, being both involved in the specification of the tip and stalk
cell phenotype, as well as to sprout formation, vascular EC maintenance, and the
establishment of EC heterogeneity (Blanco R. ef al,, (2013)).

4.3 Signaling via Bone Morphogenetic Proteins (BMP Signaling)

Bone morphogenetic proteins (BMPs) belong to transforming growth factor
(TGF) B superfamily that regulates a multitude of biological processes including
embryonic vessel development (Cai J. et al., (2012)). Upon binding to BMPs, the
type II receptor, which is a constitutively active kinase, activates the type I
receptor by phosphorylating specific serine and threonine residues. The activated
type I receptor in turn phosphorylates SMADs (SMADI, 5, and 8) to transmit
BMP signaling. Subsequently, the phosphorylated SMADs interact with SMADA4,
a common SMAD, and translocate into the nucleus to induce the expression of
genes such as ID. Mice deficient in both Id/ and Id3, the downstream
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BMP/SMAD targets, showed vascular defects in the developing brain, while Bmp4
deficient mice died without posterior mesodermal differentiation. Germ line
deletion of Alk-3, a type IA BMP receptor, failed to survive up to E9.5 stage with
defects in mesoderm formation (Mishina Y. ef al,, (1995)).

Park et al., (2004) demonstrated that BMP4 via SMADI/5 signaling induced the
generation of FlkI™ cells from mouse ES cells in serum-free differentiation
condition. Blocking BMP4 activity by its antagonist, Noggin, reduced FIkI™ cell
generation. Moreover, BMP4-mediated FlkI™ cell development was mediated by
the transcription factor, ER71/Etv2. In addition, GATA2 together with BMP4 was
shown to also promote mouse ES cell differentiation to FIkI™ cells.

4.4 WNT Signaling

WNT signaling is critical for embryogenesis and disease development
(Nusse R. et al, (2005)). WNT signaling is typically categorized into two
pathways: the canonical (B-catenin)- and non-canonical (non-f-catenin-mediated)
pathways. In summary, the non-canonical pathways involve all WNT pathways
that do not lead to the stabilization of B-catenin and plays a role in processes
including cell polarization, cell fate, inflammatory response, and cell migration.
On the contrary, the canonical B-catenin-mediated WNT signaling pathway leads
to the intracellular stabilization of B-catenin, resulting in its translocation to the
nucleus and the transcription of numerous genes involved in cell proliferation,
differentiation, tissue expansion, cell fate, and many more. The canonical WNT/B-
catenin pathway has been the best studied and has a crucial role in vascular
development. In the absence of WNT proteins, B-catenin is phosphorylated by
glycogen synthase kinase 3B (GSK-3B), and the ‘“marked” [-catenin is
ubiquitinated for degradation by proteasomes. Binding of WNT proteins to their
receptor, Frizzled/Lrp (Low-density lipoprotein receptor), activates Dishevelled
(Dvl) which inhibits GSK3f and thus releases P-catenin from the degradation
pathway, allowing the translocation of B-catenin to the nucleus.
Lindsley RC. et al.,, (2006) demonstrate a requirement for WNT signaling during
the earliest steps of mesendodermal differentiation of ES cells. Specifically, during
ES cell differentiation, canonical WNT signaling is required for the expression of
genes associated with the primitive streak and gastrulation in vivo, including
Brachyury, Mixll and EvxI. Furthermore, they showed that inhibition of WNT
signaling abrogated the functional competence of differentiating ES cells, reflected
by their failure to generate FlkI" mesodermal precursors and subsequent mature
mesodermal lineages.
Other studies in developing mouse embryos showed an important role of B-
catenin, which can be stabilized downstream of WNT signaling, in vessel
development. Inactivation of B-catenin in Tie2" cells resulted in embryonic
lethality with vascular remodeling defects and hemorrhages. The mutant embryos
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also displayed defects in endocardial cushion and cardiac valve formation
(Cattelino A. et al., (2003)).

5. In vitro model to induce multipotent cardiac progenitors to differentiate into
endothelial cells (ECs), starting from mESC

5.1 Undifferentiated ES cells

The discovery of mouse embryonic stem (ES) cells >25 years ago was a
major advance in biology and experimental medicine, as ES cells represented an in
vitro model of early mammalian development and a suitable source of
differentiated cell types for cell replacement therapy.

Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of
blastocyst-stage embryos, which are able to divide without differentiating for a
prolonged period in culture (Evans MJ. ef al., (1981)).

Their potential use in modern biology and medicine derives from two unique
characteristics that distinguish them from all other organ-specific stem cells. First,
they can be maintained and expanded as undifferentiated population cells for
extended periods of time, possibly indefinitely, in culture. Moreover, ES cells can
retain normal karyotypes following extensive passaging in culture. Second, they
are pluripotent, possessing the capacity to generate every cell type in the body.
Efficient differentiation of embryonic stem cells (ESCs) to a variety of lineages
requires stepwise approaches replicating the key commitment stages found during
embryonic development.

The pluripotent nature of mouse ES cells was demonstrated by their ability to
contribute to all tissues of adult mice, including the germline, following their
injection into host blastocysts. Beyond their developmental capacity in vivo, ES
cells display a remarkable potential to form differentiated cell types in culture.
Under appropriate conditions in vitro, ES cells can differentiate and form
embryoid bodies that have been shown to contain cells of the hematopoietic,
endothelial, muscle and neuronal lineages (Keller GM. et al., (1995)).

Comparable studies are difficult in the mouse embryo and impossible in the human
embryo. Thus, the potential to generate virtually any differentiated cell type from
embryonic stem cells (ESCs) offers the possibility to establish new models of
mammalian development and to create new sources of cells for regenerative
medicine.

The basic characteristics of ES cells, which include self-renewal, multilineage
differentiation, clonogenicity, a normal karyotype, extensive proliferation, and the
ability to be frozen and thawed, are all the fundamental properties of early
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embryonic cells. External signaling pathways such as LIF-gp130-STAT3, BMP-
TGF-B -Nodal -Smad, MAPK-ERK, and WNT as well as transcription factors
Oct3/4 and Nanog have been reported to play important roles in the self-renewal
of mouse ES cells. Pluripotent mouse ES cells are usually propagated under
complex culture conditions that are poorly defined because they include both
growth-inactivated feeder cells and serum. The exposure of ES cells to these
components has been a major concern for the potential therapeutic use of ES cells
because of their immunogenicity and potential pathogenicity. After the discovery
of LIF as a crucial factor produced by the feeder cells, mouse ES cells have been
propagated in medium containing serum and LIF without feeder cells on gelatin-
coated dishes, mainly (Ward CM. et al., (2002)).

5.1.1 Cell states and identities

The human body is composed of over 37 trillion cells that can give rise to
hundreds of different cell types despite sharing identical genotype (Han X. et al.,
(2020)). This cellular diversity and morphological complexity have been achieved
through cellular differentiation, as well as evolution and development. In addition
to differentiation, cells are constantly challenged by external environment and thus
must develop phenotypic plasticity. While some states are transitory and/or only
present during embryonic development, others can become stable throughout the
cellular lifetime. Cell states change not only during development, but also during
disease. So, a great variety of cell states is present in each multicellular organism.
Regarding the cell identity, many years ago Waddington CH. et al, (1942)
described the most famous and powerful metaphor in developmental biology,
named as epigenetic landscape. It depicts how a cell progresses from an
undifferentiated state to one of several discrete, distinct, differentiated cell fates
during development. The cell is represented by a ball, and it starts out in a valley
at the back of the landscape (Figure 13). As the ball rolls forward and downward,
the valley splits or bifurcates into two new valleys separated by a ridge. These new
valleys represent alternative cell fates. External stimuli, like inductive influences,
or internal influences determine which of the two valleys a particular cell chooses.
Likewise, the several and putative cell fates are dictated by the activity of specific
genes, which support the landscape. The valleys continue to split, and eventually
the cell ends up in one of many terminal sub-valleys, which represent terminally
differentiated states. The cell is kept permanently in its terminally differentiated
state by high valley walls. The steeper the walls, the more ‘“canalized”, in
Waddington’s terminology, the cell fate. The Waddington landscape highlights a
key feature of epigenetic changes; once cells have undergone an epigenetic change
(e.g., differentiation), they (and their progeny) have undergone a stable change that
will not reverse. Transcription factors, which bind to DNA, are especially relevant
for defining cellular states and to influence the expression of many genes. Some of
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cell type-specific transcription factors can (through their absence or robust
activity) affect cellular lineage choices during development and/or differentiation.
In fact, all cell identities and lineage choices are regulated by one or a combination
of master transcription factors (Morris SA. ef al.,, (2013)). A particular subset of
master transcription factors is represented by reprogramming factors, which can
alter identities of differentiated cells beyond their natural potency.

Usually, their function is based on a genetic manipulation, thus the new acquired
states are stable and heritable, even if the added reprogramming factors are
removed. Interestingly, the reprogramming factors are classified according to their
potency. They can: revert development (de-differentiation and induced
pluripotency), induce alternative options for differentiation (trans-differentiation or
trans-determination), or enforce alternative differentiated identities in already
differentiated cells (Figure 13).
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Figure 13 The Waddington’s epigenetic landscape model. A. Cellular properties (plasticity, potency), natural
state changes (fate choice, lineages, cell types, differentiation), and molecular foundations (genes, gene
expression); B. Cellular reprogramming, which changes the cell states; C. Transcription factors controlling
cellular states. Master transcription factors influence cell fate decisions during development. Reprogramming
factors can alter cell identities beyond the natural potency of the cell (Breunig CT. et al., (2020)).
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5.2 Differentiation model of ES cells

By literature, when ES cells were removed from the factors that maintain
them as stem cells, they are able to differentiate and, under appropriate conditions,
generate progeny consisting of derivatives of the three embryonic germ layers:
mesoderm, endoderm, and ectoderm (see Figure 14) (Keller G. et al., (2005)).
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Figure 14 Scheme of early mouse development. ES cells differentiate in derivatives of the three embryonic
germ layers: mesoderm, endoderm and ectoderm (Keller G. et al., (2005)).

Furthermore, ES cells do not differentiate to trophectoderm in vitro and so they
reflect the potential of their founder embryonic population, the inner cell mass.
Contrary, human ES cells can also form the extra-embryonic tissues
(trophectoderm) that differentiate from the embryo before gastrulation. The use of
human ES cells to derive early human trophoblast is particularly valuable, because
it is difficult to obtain from other sources and is significantly different from mouse
trophoblast. According to Xu et al., (2002) when hES cells are induced with bone
morphogenetic protein 4 (BMP4), a member of the transforming growth factor-
beta (TGF-beta) superfamily, they give rise to cells that display characteristics of
the trophoblast lineage.

As outlined in Figure 15, three basic methods have been developed to promote
differentiation of ESCs: (1) the formation of three-dimensional aggregates known
as embryoid bodies (EBs); (2) the culture of ESCs directly on supportive stromal
layers (the most commonly used stromal cell line for such differentiation studies is
OP9); (3) the culture of ESCs as monolayers on extracellular matrix proteins
(Murry CE. et al., (2008)).
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Figure 15 Three general approaches used to induce ES cell differentiation (Murry CE. et al., (2008)).

Each method has been successful for the development of certain lineages. Many
studies that investigated the differentiation capacity of ESCs included fetal calf or
bovine serum (FCS or FBS) in the protocol. The use of FCS/FBS has several
serious drawbacks that include batch-to-batch variability and the lack of identity of
the inducing factors contained in it. Thus, these protocols were often difficult to
reproduce, and most were not well optimized for the generation of any lineage.
These obstacles were overcome by using serum-free media with specific inducers
to direct differentiation and the development of reporter ESCs to monitor early
differentiation steps have.

All three approaches to ES cell differentiation are valuable and have specific
advantages and disadvantages. EBs offer the advantage of providing a three-
dimensional structure that enhances cell—cell interactions that may be important
for certain developmental programs. The complexity of the EBs can also be a
disadvantage as the generation of cytokines and inducing factors within these
structures can complicate interpretations of experiments in which one is trying to
understand the signaling pathways involved in lineage commitment.

Coculture with stromal cells provides the beneficial growth promoting effects of
the particular cell line used. However, undefined factors produced by these
supportive cells may influence the differentiation of the ES cells to undesired cell
types. Another problem is the difficulty that can be occurred when attempting to
separate the ES-cell-derived cells from the stromal cells.

Lastly, differentiation in monolayers on known substrates can minimize the
influence of neighboring cells and supportive stromal cells, but with this protocol
the matrix proteins composition is critical. Different proteins may dramatically
influence the generation and survival of the developing cell types.

Overall, three criteria should be considered when using the ES cell model for
lineage-specific differentiation. First, protocols need to be established that promote
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the efficient and reproducible development of the cell type of interest. If possible,
selection strategies should be combined with optimal differentiation schemes to
enable the isolation of highly enriched cell populations. Second, lineage
development from ES cells should recapitulate the developmental program that
establishes the lineage in the early embryo. Third, the mature cell populations that
develop in these cultures must display appropriate functional properties both in
culture and when transplanted into appropriate animal models.

This developmental biology approach has made it possible to recapitulate in ESC
cultures the key events that regulate early lineage commitment in the embryo,
resulting in the efficient and reproducible generation of highly enriched
differentiated cell populations.

5.3 Cardiac differentiation of mouse embryonic stem cell lines

Heart development depends on precise temporal control of gene expression
patterns, and disruption of transcriptional networks in heart development underlies
congenital heart disease (CHD) (Bruneau BG. et al., (2008)).

Cardiac differentiation is a dynamic process consisting of complex signaling
network. In literature, numerous differentiation protocols have been described to
generate cardiomyocytes from pluripotent stem cells. Overall, various cardiac
differentiation studies were based on the induction of pluripotent stem cells with
various growth factors, at an accurate timing and dose. It is essential for directing
the differentiation process from early mesendoderm via mesoderm towards a more
specific cardiac fate.

As demonstrated by Kattman et al., (2011), it is possible to efficiently generate
cardiovascular cells from different mouse ESCs. Using a serum-free differentiation
procedure, they found that the coexpression of Flkl/Kdr and Pdgfr-o. marked an
early mesoderm population, which had a cardiac potential. Additionally,
Flk"/Pdgfr-a" (F'P) cells developed under precise culture conditions. In fact, ES
cells were able to generate a substantial F*P* population when induced with 2, 4,
8, and 16 ng/ml Activin along with low concentrations of BMP4. Increasing the
amount of BMP4 led to an increase in the size of the F'P" populations in the
presence of the different concentrations of activin tested. Subsequently, F'P" cells
induced with activin 8 ng/ml and BMP4 0.5 ng/ml (~ 50-60%) differentiated and
give rise to a population consisting of 65% contracting cTnT" cells (see Figure 16).
Moreover, mesodermal marker gene Mespl was expressed in the F'P* population
and preceded expression of Is// and Nkx2.5.

54



a Activin A (ng/ml)
4 8 16

60|(9 62
; 0.5
7 Zﬁ i e}
500|117 57 %
b - b
x 25 5
o @
i 6 3
34 43 =
12.5
5 6
PdgfR-c
B ActA B ng/ml
BMP4 0.5 ng/ml
5 50 360,000 cells
234,000 myocyles
z
o 65
|29 g iil l
cTnT
[
Mesp1 1si1 Nkx2.5
04 eas an
5.&!
@ o
% a3
éns ' s
Woe2 0005
2 oo
T a1
2 : ases
Zelm st o
o @ S e & 9 F P Ty
QQ.QQ\\,QQ.(Q((K& PR
NN & F Pl ¢ IR

Figure 16 Cardiac Potential of Flk*/Pdgfr-a* (F*P*) mesoderm cell population (Kattman et al., (2011)).

Subsequently, this type of serum-free protocol was also used by Wamstad et al.,
(2012) to investigate how global patterns of gene expression and chromatin
organization are coordinated in the cardiac lineage. Their results showed that the
model system used reproduced normal cardiomyocyte differentiation and resulted
in approximately 70% cardiac Troponin T (cTnT)-positive cardiomyocytes (Figure
17 a-b-c).
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Figure 17 Cardiomyocyte differentiation of embryonic stem cells. a. Scheme of differentiation protocol,
indicating the time points where differentiating cultures were treated with the specific growth factors listed
below. b. ¢TnT (in red) immunofluorescence of day10 differentiated cells. ¢. Flow cytometry at day10 of cells
stained for ¢TnT or isotype control (Wamstad ef al., (2012)).

Differentiating cultures were highly enriched at earlier stages for the cardiac
transcription factors Nkx2-5 and Is//, indicating that these cells activated
efficiently normal cardiac specific commitment. Based on the gene expression
profile, the authors selected four stages of differentiation that represented key cell
types in the transition from pluripotent cells to cardiomyocytes (Figure 18a):
undifferentiated embryonic stem cells (ESC) expressing pluripotency genes
(Pou5f1/Oct4 and Nanog), cells expressing mesodermal markers (Mesp! and
Brachyury) (MES), cells expressing cardiac transcription factors (Nkx2-5, Thx35,
and Is/I) but not yet beating (CP), and functional CM with cardiomyocyte-specific
gene expression (Myh6 and Myh7) (Figure 18b).
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Figure 18 Transcriptional profile during transition from pluripotent cells to cardiomyocytes. a. A
representation of the four stages of cardiac differentiation. b. Expression of the main marker genes activated
during cardiac differentiation (Wamstad et al., (2012)).

5.4 Vascular endothelial cell differentiation from ES cells

Embryonic stem cells (ESCs), as well as human pluripotent stem cell
(hPSCs), represent a suitable in vitro model to study molecular events involved in
vascular development. It has been demonstrated that ES cells can spontaneously
differentiate into endothelial cell lineage, showing an increase in the expression of
several endothelial cell-specific genes during differentiation and forming vascular
structures in ES-derived EBs (Vittet D. et al., (1998)). The vasculogenic potential
of the embryonic cells could potentially lead to a variety of clinically relevant
applications. In fact, vascular endothelial cells or endothelial progenitors cells
could be used in therapeutic strategies for the repair and revascularization of
ischemic tissue in patients exhibiting vascular defects (Kocher AA. et al., (2001)).
Murine embryonic stem (ES) cell lines can be maintained undifferentiated if
cultured in the presence of leukemia inhibitory factor (LIF), which inhibits their
differentiation. When LIF is removed, ES cells spontaneously differentiate into
three-dimensional aggregates, termed embryoid bodies (EBs), which contain
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derivatives of the three primitive germ layers (ectoderm, mesoderm, endoderm).
The appearance of endothelial-specific markers occurred at different times during
ES differentiation, recapitulating in vivo vasculogenesis steps. It suggested that
endothelial cell commitment follows sequential maturation stages. During in vivo
vascular development, Flkl is the earliest endothelial marker and is expressed in
both extraembryonic and embryonic mesoderm at E7.0. Pecaml is detected from
E7.0/E7.5 simultaneously with Flkl. At E7.5, in the yolk sac mesenchyme (from
which will originate the yolk sac vasculature), is activated the expression of 7Tie2
and VE-Cadherin, followed that of Flkl. Numerous studies in literature indicated
that the addition of various growth factors (i.e., VEGF and GFs cocktail) to the
culture medium could optimize the in vitro model, obtaining a higher level of
endothelial cells differentiation from ES cells. These factors are known to be
involved in the regulation of angiogenesis and/or vascular development.

The two main cellular components of blood vessels are endothelial cells (ECs) and
vascular smooth muscle cells (VSMCs). Both ECs and VSMCs are required for
vascular function, including blood pressure control, interactions with immune
cells, and the uptake of nutrients. In 2015, Patsch et al., developed a rapid and
efficient method to differentiate hPSCs into ECs and VSMCs. First, GSK3f3
inhibition combined with BMP4 treatment enabled the commitment of hPSCs to
mesoderm. Then, differentiation was induced by treatment with VEGF-A for ECs
or PDGF-BB and ActivinA for VSMCs, similarly to vascular development in vivo
(Figure 19a-b).
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Figure 19 a. Schematic illustration of ECs differentiation protocol from hPSCs. b. Schematic illustration of
VSMCs differentiation strategy from hPSCs (Patsch et al., (2015)).
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Overall, the GSK3 inhibition (with CP21 and CHIR molecules) and BMP4
treatment followed by a brief period of VEGF-A and forskolin growth factors
exposure and continued VEGF-A treatment is sufficient to efficiently induce ECs
from hPSCs. Forskolin is a cyclic-AMP signaling activator and data in literature
demonstrated that cAMP enhance the vascular development (Yamamizu et al.,
(2009)). Flow cytometry of VE-Cadherin® (CD144") cells, assessed that the
protocol used promoted the differentiation of hPSCs into ECs with efficiencies of
about 70% (Figure 20a-b). hPSC-derived ECs expressed endothelial markers, like
VE-Cadherin, vWF, Pecaml (Figure 20c). FACS analysis of CD144+ hPSC-ECs
on day 10 showed the expression of ECs-specific markers (KDR, CD31, CD34,
CD105) and the absence of hematopoietic markers (CD43, CD45) (Figure 21).

In the same way, ActivinA and PDGF-BB treatment following mesoderm
induction resulted in the formation of almost exclusively CD140b+ (PDGFRB)
cells (89.4%) with no CD144+ cells detectable (Figure 20a-b). The cells also
expressed other markers of VSMCs, such as aSMA, myosin 1IB, SM22a (Figure
20d).
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Figure 20 a. Differentiation efficiency of hPSC ECs and hPSC VSMCs from four different hESC and induced
PSC lines by evaluation of CD144+ (VE-Cadherin) and CD140b+ positive cells. b. FACS sorting plots from
the differentiation experiments in hPSCs (top panel), hPSC-derived ECs (middle panel) or hPSC-derived
VSMCs (lower panel) stained for CD144 and CD140b. ¢. Immunostaining of EC-specific markers (VE-
Cadherin, vWF, Pecam1) on hPSC ECs for both GSK3 inhibitors. d. Immunostaining of VSMC-specific
markers on hPSC VSMCs (aSMA, myosin IIB, SM22a) (Patsch et al.,, (2015)).
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Figure 21 Flow cytometry analysis of CD144+ hPSC-ECs on day 10 of differentiation. Detection of
endothelial- specific genes expression (KDR, CD31, CD34 and CD105), but no hematopoietic markers
(CD43, CD45) (Patsch et al., (2015)).

Interestingly, when hPSC ECs were plated on Matrigel, they were able to form
vascular network-like structures within 24 h, suggesting that hPSC ECs have
angiogenic potential in vitro (Figure 22).

Figure 22 In vitro tube formation assay by plating hPSC ECs on Matrigel for 24 h (Patsch et al., (2015)).
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6. DNA-regulatory elements: Enhancers

Cellular differentiation requires precisely regulated tissue-specific and
developmental stage-specific gene expression patterns. Numerous studies have
determined that a key regulators of differential gene expression programs are the
enhancers, cis-regulatory sequences that physically contact the target promoters
and thus govern spatiotemporal and quantitative expression dynamics of target
genes (Heinz S. et al., (2018)). Consequently, enhancers contribute to determine
the cell state identity during development. Accordingly, their aberrant activity
could be involved in numerous complex human diseases (Figure 23).

Functional enhancers are non-coding sequences in the genome that activate the
expression of target genes transcribed by the RNA polymerase 11 (RNAPII). They
are discrete small DNA elements, with a size range of tens to hundreds of base
pairs (bp), characterized by dense clusters of transcription factor binding sites
(TFBS). Thus, enhancer is bound by cell type-specific TFs, coregulators,
chromatin modifiers, architectural proteins like Cohesin, Condensin and CTCF
(CCCTC-Binding Factor), other enzymes, and RNAPII. Owing to such large-scale
protein assembly, enhancers are often nucleosome deficient, and are
hypersensitive to nucleases reflecting DNA accessibility, a feature largely
considered as a signature of enhancers. So, the enhancer complex loops over and
physically contact the target promoter and activates gene transcription (Figure 24).

| Cell Fate Determination I

Development role in - -
regulating |Enhancer Biology| Docking site  for
transcriptional Transcription Factors
precision
I Enhancer Reprogramming

Figure 23 Schematic diagram representing enhancer activity for various biological processes governing
development. Enhancers play a central role in cell fate determination; in regulating transcriptional programs
that control development, cell identity and evolutionary processes. They also serve as docking sites for TFs,
and the activity of enhancers is mostly based on the binding of these TFs. Enhancer reprogramming is an
emerging area in developmental biology and cancer research: it could represent a hallmark of carcinogenesis,
as it contributes to the deregulated expression of epigenetic modifiers, leading to abnormal cell growth
(Maurya SS. et al., (2021)).
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Figure 24 Representation of enhancers loop: enhancers can regulate gene expression by recruiting TFs and
the transcriptional machinery and subsequently forming a loop with the promoter region of the target gene
(Claringbould A. et al., (2021)).

Moreover, enhancers can act independent of orientation, distance, and location
with respect to the transcription start site (TSS) of the target genes and can be
located over as much as a million base pairs away. In some cases, they can even
activate transcription of genes located in a different chromosome (Lomvardas S. et
al., (2006)). Interestingly, they are found mostly in the intergenic and intronic
regions, while a few enhancers have been found within exons.

6.1 Molecular assay to identify candidate enhancer regions

As mentioned above, enhancers are hypersensitive to nucleases and DNA
accessibility is widely considered as a signature of enhancers. In order to an
enhancer element to be bound TFs, the chromatin must be in an “open” state (with
the exception of pioneer TFs). For this reason, mapping regions of open chromatin
is a widely used way to identify enhancers, and other regulatory elements, across
the genome of any cell type. In the past, isolation of enhancers has been based on
laborious molecular approaches based on either chromatin structure (e.g., DNase I
hypersensitivity assay) and/or transactivation activity (e.g., gene reporter assays)
(Wu C. et al, (1979)). Now, with the recent development of d high throughput
sequencing technologies, it is possible to identify enhancers at the genome-wide
scale. Chromatin accessibility approaches directly measure the effect of chromatin
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structure modifications on gene transcription and do not require antibodies or
epitope tags that can introduce potential bias, as in ChIP-seq. Current genome-
wide high-throughput chromatin accessibility assays are: MNase-seq; DNase-seq,
FAIRE-seq and ATAC-seq (Figure 25).

6.1.1 MNase-seq chromatin accessibility assay

MNase-seq (micrococcal nuclease digestion with deep sequencing) is used to
map nucleosome positions in eukaryotic genomes to study the relationship
between chromatin structure and DNA-dependent processes. This technique is
based on the use of the non-specific endo-exonuclease micrococcal nuclease, an
enzyme derived from the bacteria Staphylococcus aureus, to bind and cleave
protein-unbound regions of DNA on chromatin. DNA bound to histones or other
chromatin-bound proteins (e.g., transcription factors) remain undigested. The
uncut DNA is then purified from the proteins and sequenced by Next-Generation
sequencing methods (NGS) (Cui K. ef al, (2012)). In a typical MNase-seq
experiment, mononucleosomes are extracted by extensive MNase treatment of
chromatin crosslinked with formaldehyde. The nucleosomal population is
subsequently submitted to NGS procedure. MNase-seq thus probes chromatin
accessibility indirectly revealing the regions of the genome occupied by
nucleosomes and other regulatory factors and providing information on TF
occupancy (Figure 25). Overall, MNase-seq is a useful method for probing
genome-wide nucleosome distributions and also provides an accurate way for
assessing TF occupancy in many cell types. However, it requires a large number of
cells and careful enzymatic titrations for accurate and reproducible evaluation of
differential substrates.

6.1.2 DNase-seq chromatin accessibility assay

DNase-seq (DNase I hypersensitive sites sequencing) is a helpful approach
to identify the location of regulatory regions through genome-wide sequencing of
regions sensitive to cleavage by DNase I. Mapping DNase I hypersensitive (HS)
sites has historically been used for identifying all different types of regulatory
elements, including promoters, enhancers, silencers, insulators, and locus control
regions. In DNase-seq method, DNA-protein complexes are treated with DNase 1,
which selectively digest nucleosome-depleted DNA (presumably by transcription
factors), whereas DNA regions tightly wrapped in nucleosome structures are more
resistant. Digested-DNA fragments are then sequenced to provide accurate
representation of the location of regulatory proteins in the genome (Figure 25)
(Song L. et al, (2010)). DNase-seq has been extensively used by the ENCODE
consortium and others to evaluate cell-specific chromatin accessibility and its
relation to differential gene expression in various cell lines. The main controversy

63



over DNase-seq is the ability for DNase I to introduce cleavage bias, affecting its
use as a reliable TFs detection assay. Moreover, DNase-seq requires many cells
and involves many samples preparation and enzyme titration steps. Altogether,
DNase-seq represents a reliable tool to identify active regulatory elements across
the genome and in any cell type from a sequenced species, without a prior
knowledge of additional epigenetic information.

6.1.3 FAIRE-seq chromatin accessibility assay

One of the easiest methods for directly probing nucleosome-depleted areas

of a genome is FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements).
FAIRE is based on the phenol-chloroform separation of nucleosome-bound and
free arecas of a genome in the interphase and aqueous phase respectively. The
procedure involves the initial crosslinking of chromatin with formaldehyde to
capture the protein-DNA interactions, and subsequent shearing of chromatin with
sonication. Following phenol-chloroform extraction, nucleosome-depleted areas of
the genome are released to the aqueous phase of the solution due to much higher
crosslinking efficiency of histones to DNA, compared to other regulatory factors.
This assay extracts the non-cross-linked DNA and only these nucleosome-depleted
regions will be purified, enriched and sequenced in a high- throughput way using
NGS (Figure 25) (Giresi PG. et al., (2006)).
Thus, FAIRE-seq is a simple and high reproducible protocol, which does not
require antibodies, enzymes (such as DNase or MNase) and does not require a
single-cell suspension or nuclear isolation, so it is easily adapted for use on tissue
samples.

6.1.4 ATAC-seq chromatin accessibility assay

ATAC-seq (Assay for Transposase Accessible Chromatin with high
throughput sequencing) is the most current powerful approach for genome-wide
chromatin accessibility profiling. This method probes DNA accessibility with
hyperactive Tn5 transposase, which inserts sequencing adapters into accessible
regions of chromatin. Sequencing reads can then be used to infer regions of
increased accessibility, as well as to map regions of transcription-factor binding
and nucleosome position. The method is a fast and sensitive alternative to DNase-
seq for assaying chromatin accessibility genome-wide, or to MNase-seq for
assaying nucleosome positions in accessible regions of the genome (Figure 25)
(Buenrostro JD. et al., (2013)). One of the main advantages of ATAC-seq over
other methods, like DNase-Seq or FAIRE-Seq, is that ATAC-seq can be
performed with significantly fewer cells (~ 50,000 cells for ATAC-seq compared
to millions of cells for the other methods). Accordingly, ATAC-seq is fast, simple
and sensitive approach, which works with many cell types and species and does
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not require sonication, phenol-chloroform extraction (like FAIRE) or antibodies
(ChIP-seq). Moreover, modifications have been made to the protocol in order to
perform single-cell analysis. ATAC-seq is used for: nucleosome mapping
(identification of changes in nucleosome position during differentiation or between
experimental conditions); transcription factors occupancy analysis; identification
of novel enhancers during development; deep study of the genomic profile
associated to pathological conditions such as cancer.
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Figure 25 Genomic methods in mapping chromatin accessibility. a. DNase-seq: enzymatic digestion to
extract signal from open chromatin regions that are known as DNase I hypersensitive sites (DHSs); b. FAIRE-
seq: method based on crosslinking of chromatin-interacting proteins to DNA using formaldehyde. Chromatin
is then sheared, and regions that are unbound by proteins (e.g., histones) remain in the aqueous layer of a
phenol-chloroform extraction, while crosslinked DNA remains in the organic layer; ¢. MNase-seq: enzymatic
digestion to extract signal representing nucleosome positioning. After formaldehyde crosslinking, added
MNase digests DNA that is unprotected by bound proteins, allowing one to infer increased accessibility; d.
ATAC-seq based on the hyperactive Tn5 transposase to insert sequencing adapters at accessible regions of the
genome. Following transposition, genomic DNA can be isolated and amplified by PCR, then subjected to deep
sequencing (Klein DC. et al., (2019)).
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6.2 Epigenetic features of enhancer

Enhancers are specified by distinct chromatin features that may contribute to

the repertoire of epigenetic mechanisms responsible for cellular memory and cell
type-specific gene expression. Recent advances in epigenomic profiling
technologies allowed to determine that specific enhancer-associated chromatin
features can be really used to annotate them (Maston GA. et al., (2012)). Indeed,
enhancers have been identified in the form of primed, active, and poised
enhancers. In addition, each type of enhancer is characterized by specific histone
modification patterns and can be easily identified by these signatures (Figure 26)
(Zentner GE. et al., (2011)).
Notably, active enhancers signatures are identified by H3K4 mono-methylation
(H3K4Mel) and H3K27acetylation (H3K27ac). They are also associated with
incorporation of hypermobile nucleosomes containing H3.3/H2A.Z histone
variants. Prior to activation, enhancers can exist in a primed state, characterized by
the presence of histone H3K4 mono-methylation (H3K4mel) only. Other features
that have been associated with enhancer priming are presence of pioneer TFs,
hypermobile H3.3/H2A.Z nucleosomes, DNA 5mC hypomethylation, and
hydroxylation (ShmC). Finally, the signatures of poised enhancers are marked with
H3K4Mel with H3K27me3, but not H3K27ac (Figure 26).
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Figure 26 Epigenetic Features of active (A), primed (B), and poised enhancers (C). A. Active state: enhancers
are associated with incorporation of hypermobile nucleosomes containing H3.3/H2A.Z histone variants, which
compete for DNA binding with TFs. TFs in turn recruit coactivator proteins (e.g. p300 histone
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acetyltransferase) that can modify and remodel nucleosomes. H3K4mel and H3K27ac are the predominant
histone modifications deposited at nucleosomes flanking enhancer elements. In their active state, enhancers
are also bound by general transcription factors (GTFs) and RNA polymerase II (Pol II), leading to the
production of enhancer-originating RNAs termed eRNAs. B. Primed state (prior to activation): enhancers are
characterized by the presence of H3K4mel. Other features that have been associated with enhancer priming
are presence of pioneer TFs, hypermobile H3.3/H2A.Z nucleosomes, DNA 5mC hypomethylation, and
hydroxylation (ShmC). C. Poised enhancer found in mouse and human ESCs: marked by H3K27me3 and
associated with PRC2 (polycomb repressive complex 2); these enhancers are bound by TFs and coactivators
and communicate with their target promoters. (Calo E. et al., (2013)).

The specific epigenetic modifications found at enhancers are derived from the
recruitment of epigenetic writers and erasers. For instance, the myeloid/lymphoid
or mixed-lineage leukemia methylases MLL2, MLL3 and MLL4 (also known as
KMT2D, KMT2C and KMT2B, respectively) are histone methyltransferases
responsible for deposition of the enhancer marks H3K4mel and H3K4me2
(Kaikkonen MU. et al., (2013)). Similarly, lysine acetyl transferases such as CBP
(a.k.a. CREBBP) and P300 (a.k.a. EP300) bind enhancers to increase their activity
through protein acetylation, inclusive of histones (Jin Q. et al., (2011)). The EZH2
methyltransferase is responsible of H3K27me3 modification in silenced or poised
enhancers. DNA methylation in some silent enhancers is established by DNA
cytosine-5-methyltransferases DNMT1, DNMT3A and DNMT3B and the TET
methylcytosine dioxygenases TET1, TET2, TET3 necessary for active removal of
DNA methylation (Turek-Plewa J. et al., (2005); Kohli RM. et al., (2013)).
Normally, active enhancers are linked to expressed genes, while poised enhancers
are always associated to developmental genes, which are inactive in embryonic
stem cells or precursor cells and become expressed during different differentiation
stages (Cruz-Molina S. et al., (2017)).

During development and in terminally differentiated cells, enhancers can switch
between states. Upon embryonic stem cell differentiation, for example, poised
enhancers lose the repressive H3K27me3 mark and gain H3K27ac. The enhancer
state change occurs concurrently with a change in the expression of the target gene
from off to on state and the transition in cell state from undifferentiated to
differentiated (Karnuta JM. et al., (2018)).

Furthermore, during cell differentiation, in early precursors the enhancer region is
cover by nucleosomes and often associated to repressive marks, such as
H3K27me3 or DNA methylation. In this stage the enhancers are in an inactive
state. Subsequently, lineage-specific TFs (also called master regulators or
enhancer organizers) bind to the majority of the tissue-specific enhancers, which
are nucleosome free regions and enriched for H3K4mel, but are generally in a
poised state. Upon cell differentiation and/or external stimuli, induced or activated
TFs binds to some of the accessible enhancers in order to activate gene expression.
Thus, active enhancers are associated with additional cofactors such as BRGI,
p300 and Pol II and correlate with further nucleosome remodeling, acquisition of
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additional histone modifications, such as H3K27ac and H3K4me3, and local
transcription (Figure 27) (Spicuglia S. et al,, (2012)).
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Figure 27 Chromatin enhancer signatures during cell differentiation (Spicuglia S. et al., (2012)).

6.3 Functional validation enhancer assay

The first identified enhancers were defined by functional capacity to amplify
transcriptional activity in reporter plasmids (Moreau P. et al., (1981)).
Putative enhancers have been predicted via DNA conservation using comparative
genomics and, more recently, by epigenetic signatures such as open chromatin
from DNasel hypersensitive site sequencing (DNase-seq) or assaying for
transposase-accessible chromatin using sequencing (ATAC-seq), histone tail
modifications from chromatin immunoprecipitation sequencing (ChIP-seq), and
3D chromatin organization. However, these approaches are primarily descriptive
and not directly evaluate whether a DNA sequence acts as a functional enhancer
(Benton ML. et al., (2019)). Enhancer reporter assays assess the ability of
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candidate regulatory elements to drive expression of a reporter gene and have been
widely used to functionally test activity of predicted enhancers.

6.3.1 Traditional reporter assays for enhancer activity

DNA sequences can be directly tested for their ability to activate or enhance
transcription from a minimal core promoter. In fact, this activity, which is also
independent of the sequence context of the enhancer and can be assessed in
heterologous reporter systems, has been widely used to evaluate enhancer
functionality. Generally, enhancer tests in whole developing embryos (for
example, in flies, nematodes, zebrafish and mice) have readouts based on images,
whereas tests in vitro cell culture typically either use luciferase or directly measure
the abundance of reporter transcripts (Nord AS. ef al, (2015)).

Commonly, a reporter plasmid consists of a portion of a cellular- or viral promoter
(i.e., minimal promoter) that will provide sequences required for transcriptional
initiation. Enhancers are tested by placing the candidate DNA sequences upstream
of a minimal promoter and a reporter gene. The enhancer activity is measured by
evaluating the abundance and localization of the reporter transcript (i.e., in situ
hybridization). Alternatively, the reporter gene is detected at the protein level, such
as by enzymatic activities (for example, luciferase or f-galactosidase, encoded by
lacZ), fluorescence (i.e., GFP) or specific antibodies. Many promoter and enhancer
candidates have been tested in transgenic animals, like D. melanogaster, C.
elegans and mouse embryos.

In addition, the reporter plasmids lacking or containing the test enhancer DNA can
be also introduced into in vitro cultured cells by transfection and analyzed after
24-48 h using luciferase assays. The level of transcription detected in the absence
of the test enhancer represents basal transcription level. The activity of the plasmid
containing the candidate enhancer is measured relative to the basal level in order
to define whether the putative regulatory element act as enhancer (Figure 28).
However, traditional transgenic approaches can test the activity of an individual
enhancer sequence but are not recommended for validating putative enhancers at
scale.
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Figure 28 Schematic representation of traditional enhancer assay. Minimal promoter is indicated as red box;
reporter gene is the green box: candidate enhancer element (test DNA) is indicated in blue box (Dailey L. et

al., (2015)).
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6.3.2Massively Parallel Reporter Assays (MPRA) to study enhancer
function

Massively Parallel Reporter Assays (MPRAs) are an alternative and
powerful technique for functional characterization of enhancer activity in a high-
throughput manner. MPRAs can be used to functionally screen thousands of
sequences for regulatory activity simultaneously. These methods are based on
traditional reporter assays, in which a putative regulatory element is placed
upstream of a reporter coding sequence (e.g., luciferase) in a vector, transfected
into cells, and assayed for reporter activity. In MPRAs, libraries containing
hundreds of thousands of candidate enhancers can be generated and tested for
function in parallel. Each enhancer is cloned upstream of a minimal promoter and
a reporter gene containing a unique sequence barcode in its 3’ untranslated region.
These libraries of barcoded reporter genes can then be introduced into cells or
animals and expression quantified by RNA-seq of the unique sequence barcodes
(Figure 29). Thus, MPRAs can be used to functionally validate numerous putative
enhancer sequences in a single experiment with a quantitative readout (Ryan GE.
et al., (2019)). A variation of MPRA assay is Self-Transcribing Active Regulatory
Region sequencing (STARR-seq), that exploits the characteristic that enhancers
can function independently of their relative positions and places candidate
sequences downstream of a minimal promoter and open reading frame. Enhancer
activity is directly linked to the underlying DNA sequence and measured as
presence of the resulting reporter transcripts among cellular RNA by deep
sequencing. Specifically, DNA fragments are cloned downstream of a core
promoter and into the 3’ UTR of a reporter gene. Active enhancers will transcribe
themselves and become part of the resulting reporter transcripts. They are isolated,
sequenced and counted (Figure 29).
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Figure 29 a. Massively Parallel Reporter Assays (MPRA); b. Self-Transcribing Active Regulatory Region
sequencing (STARR-seq).
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6.4 CRISPR/Cas9-based methods to functionally validate candidate
enhancers

Although for more than 30 years, numerous transgenic animal studies have

been used to provide in vivo evidence for DNA elements that function as
transcriptional enhancers, it is also important explore the functional activity of
enhancers through enhancer deletion or enhancer modification experiments at their
endogenous location. About this, the recent development of highly efficient
CRISPR/Cas9 genome editing technology represents a powerful tool to target and
manipulate individual genomic and epigenomic loci (Doudna JA. et al., (2014)). In
summary, the CRISPR/Cas9 technology originates from type II CRISPR/Cas
systems, which provide bacteria with adaptive immunity to viruses and plasmids.
The CRISPR-associated protein Cas9 is an endonuclease that uses a guide
sequence within an RNA duplex, tracrRNA:crRNA, to form base pairs with DNA
target sequences, enabling Cas9 to introduce a site-specific double-strand breaks
(DBS) in the DNA. The dual tracrRNA:crRNA was engineered as a single guide
RNA (sgRNA) that retains two critical features: a sequence at the 5’ side that
determines the DNA target site by Watson-Crick base-pairing and a duplex RNA
structure at the 3’ side that binds to Cas9. By changing the guide sequence of the
sgRNA complex, Cas9 can target any DNA sequence of interest in the genome.
Cas9-induced DSBs are typically repaired in two ways. First, the ends of the DNA
breaks are re-joined by endogenous DNA repair pathways, known as non-
homologous end-join-ing (NHEJ). However, this mechanism can introduce
insertions or deletions of DNA (indels) that in turn may disrupt the translation of
the targeted gene. Second, by providing a DNA donor template with homology to
the target site, a homology-directed repair (HDR) may occur to repair the double-
stranded break (Figure 30).
The simplicity of CRISPR/Cas9 programming, together with a unique DNA
cleaving mechanism, the capacity for multiplexed target recognition, and the
existence of many natural type II CRISPR/Cas system variants, have allowed
advances to target, edit, modify, regulate, and mark genomic loci of a numerous
type of cells and organisms in precise and efficient manner.
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Figure 30 CRISPR/Cas9 mediated gene-editing mechanism (created by Biorender).

6.4.1 Genetic manipulation of enhancers

Genetic perturbation is a powerful approach to investigate links between
genetic information and cellular functions. Loss-of-function experiments are
essential for the functional investigation of cis-regulatory elements (CREs), such
as transcriptional enhancers. CRISPR/Cas9 system allow to easily manipulate
genomic sequences but, recently, it is also employed to target non-coding
regulatory elements, such as enhancers (Lopes R. et al., (2016)). It was found that
a regulatory element can be fully inactivated by Cas9 nuclease through the
generation of a specific deletion. This can be achieved using pairs of sgRNAs to
target the flanking region of the candidate enhancer (Cebola I. ef al., (2021)).
Numerous scientists applied CRISPR/Cas9 strategy to successfully downregulated
target gene expression by introducing mutations or deleting an enhancer. For
example, Groschel S. et al., (2014) used this system to remove an enhancer that
regulates GATA2 (GATA binding protein 2) expression. Furthermore,
CRISPR/Cas9 gene editing was used to knockout two candidate forelimb 7bx5
enhancers, demonstrating that deletion of the intron 2 and downstream elements,
either singly or together in double knockouts, resulted in no effect on forelimb
development (Cunningham TJ. et al., (2018)).

72



Deletion of a 13kb-long super-enhancer (SE) located 100kb downstream of Sox2
in mouse ESCs, using two sgRNAs flanking the Sox2-SE, have shown that the SE
is responsible for over 90% of Sox2 expression, and Sox2 is the only target gene
along the chromosome (Li Y. et al.,, (2014)).

6.4.2 dCas9 system for gene regulation and epigenome control

A highly related approach to deletion scanning is to use CRISPR to
modulate gene transcription processes and also modify the epigenetic landscape
around candidate enhancer sequences. To adapt CRISPR/Cas9 for gene regulation
studies, in 2013, Qi ef al., mutated the nuclease domains of Cas9 from S. pyogenes
(making an H840A mutation in the HNH domain and a D10A mutation in the
RuvC domain) to create a nuclease deficient “dCas9”, also called dCas9 null
mutant (Qi LS. ef al,, (2013)). Thus, dCas9 is unable to cleave DNA but retains the
ability to specifically bind to DNA when guided by a sgRNA (Figure 31).
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Figure 31 Comparison between Cas9 nuclease (gene editing) and dCas9 nuclease-null (gene regulation). a.
The S. pyogenes Cas9 endonuclease is targeted to specific DNA sequences by direct pairing of sgRNA with
the target DNA. Two nuclease domains, RuvC1 and HNH, allow the cleavage of the target sequence. b. dCas9
protein contains mutations in its RuvC1 (D10A) and HNH (H841A) domains, which inactivate its nuclease
function. dCas9 retains the ability to target specific sequences through the sgRNA and PAM. dCas9 binding
downstream of the transcription start site (TSS) can block transcription elongation by blocking RNA
polymerase II (Pol II) or the binding of important transcription factors (Txn) (Dominguez AA. et al., (2016)).

Qi et al. (2013), showed that dCas9, together with a target-specific sgRNA, can
specifically interfere with transcriptional elongation, RNA polymerase binding, or
transcription factor binding (Figure 32). This process is called CRISPR
interference (CRISPRi). The utility of dCas9 for sequence-specific gene repression
was first demonstrated in E. coli. In bacteria, the CRISPRi1 method using dCas9 is
highly efficient in suppressing genes; is specific, with minimal off-target effects;
and is multiplexable, such that several genes can be simultaneously controlled
using multiple sgRNAs. Moreover, the introduction of CRISPRi into mammalian
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cells using dCas9 alone achieved only modest repression of enhanced GFP (egfp)
in the human HEK293T reporter cell line (Qi LS. et al, (2013)). Targeting
endogenous genes such as the transferrin receptor CD71, C-X-C chemokine
receptor type 4 (CXCR4) and tumour protein 53 (TP53), showed significant gene
expression repression (60%—80% repression) (Gilbert LA. ef al., (2013)).

Hence, the CRISPRi system can used as a general method for efficiently and
specifically regulating gene transcription in many eukaryotes, as well as to
characterize cis regulatory elements for transcription factor binding.

Generally, the CRISPR/dCas9 system is a broadly applicable tool for genome-
wide loss-of-function or gain-of function screening, inducible and reversible gene
regulation and cell fate modulation.
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Figure 32 Mechanism of CRISPR interference (CRISPRi) system (Qi LS. et al., (2013)).
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6.4.3 CRISPR/Cas9-effector system mediated gene activation and
repression

Coupling dCas9 to effector domains with distinct regulatory functions

(transcription activators or repressors) converts the CRISPR/Cas9 technology into
a site-specific programmable system, which can regulate gene expression in
mammalian cells (Figure 33) (Gilbert LA. et al., (2013)).
In CRISPR interference (CRISPRi), dCas9 is targeted to block transcription and
thereby silence genes. The fusion of dCas9 to transcriptional repressors increased
repression efficiency. CRISPR activation (CRISPRa) uses dCas9 fusion proteins to
recruit transcription activators for targeted gene activation. The use of enhanced
dCas9 activation systems allows recruitment of multiple activators with one
sgRNA.
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Figure 33 dCas9 fused to effector domains can efficiently activate or silence transcription (Gilbert LA. et al.,
(2013)).

CRISPRa: dCas9 system for gene activation

dCas9/sgRNA complexes can be modified to activate gene expression in
mammalian systems when targeted upstream of endogenous transcriptional start
sites. One type of effector that can be fused to dCas9 is a transcriptional activator.
There are different forms of these dCas9-activator fusions. For example, Bikard et
al., (2013) fused the ® subunit of RNA polymerase to dCas9 in E. coli. This fusion
was able to activate reporter gene expression up to 3-fold (Bikard D. et al,
(2013)). In eukaryotic cells, instead, the first generation of dCas9 activators
consisted of dCas9 fused to the activation domain of p65 (a transcription factor
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involved in many cellular processes) or a VP64 activator (a synthetic tetramer of
the Herpes simplex VP16) (Figure 34a). The dCas9-VP64 fusion was more
effective than the p65 fusion and has been used more ubiquitously. Several studies
have demonstrated that dCas9-VP64 is able to activate silent endogenous genes
and reporters or to upregulate already active genes. Targeting dCas9-VP64 to the
promoter of the developmentally relevant transcription factor Sox/7 induced its
RNA and protein expression in hPSCs (Kearns NA. et al., (2014)). Studies in
literature showed that targeting of dCas9 fused to two VP64 domains to the
MyoD1 locus of mouse primary fibroblasts activated endogenous myogenic genes
comparably to traditional MyoDI overexpression methods, resulting in the
conversion of fibroblasts into skeletal myocytes (Chakraborty S. et al., (2014)).
However, the activation seen in mammalian cells was usually moderate, about 2-
fold to 5-fold, on average. In order to enhance the activation, dCas9 was fused to a
tandem array of peptides, called a SunTag array, which recruits many copies of the
VP64 activator effector (Figure 34b) (Gilbert LA. et al, (2014)). A 50-fold
increase at the protein level with dCas9-SunTag for endogenous genes such as the
CXCR4 chemokine receptor gene was observed in human erythroleukemia K562
cells. Activating endogenous CXCR4 using dCas9-SunTag was sufficient to
produce significant increases in cell migration.
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Figure 34 a. dCas9 fused with a VP64 activator. b. The SunTag activation system (left) consists of dCas9
fused to several tandem repeats of a short peptide sequence separated by linkers. The SunTag activator module
(right) is an scFv, which specifically binds the SunTag peptide. The scFv is fused to sfGFP and VP64 (La
Russa MF. et al., (2015)).

Another strategy for CRISPR-dependent gene activation, reported by Chavez et
al., (2015) employs multiple different activators to synergistically amplify
activation. The authors created a tripartite effector fused to dCas9, composed of
activators VP64, p65, and Rta (VPR) linked in tandem (Figure 35a). These three
activators were joined in a defined order to strongly activate genes, for example in
this case was selected a set of genes related to cellular reprogramming,
development and gene therapy. Additionally, it can upregulate endogenous gene
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expression from 5- to 300-fold at the mRNA level compared to a single dCas9-
VP64 fusion (Figure 35b). Furthermore, recruitment of dCas9-VPR to NGN2 or
NEURODI induced neuronal differentiation, suggesting the potential use of the
system to modify cell fate through gene activation (Figure 35¢c) (Chavez A. et al.,
(2015)).
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Figure 35 a. The VPR activation system is dCas9 fused to VP64, p65, and Rta linked in tandem (La Russa
MF. et al., (2015)). b. RNA expression of target genes in HEK 293T cells transfected with gRNAs targeting
the indicated genes along with the labelled dCas9-activator construct. Negative controls (Neg.) were
transfected with the indicated guide RNAs alone. c. Analysis of mRNA expression levels of NGN2 and
NEURODI in dCas9-Activator iPSC lines (Chavez A. et al., (2015)).

Subsequently, a third dCas9-activator approach was developed, called the
synergistic activation mediator (SAM) system. This system is based on the
previous dCas9-VP64 structure but includes an sgRNA modified to recruit
additional transcriptional activators for a synergistic activation effect. This
modified sgRNA incorporates two RNA hairpin aptamers that bind to dimers of
the bacteriophage MS2 coat proteins. Fusion of the MS2 proteins to additional
activators such as p65 and the human heat shock factor 1 (HSF1) results in the
recruitment of 13 activation molecules per dCas9 molecule (Figure 36a)
(Konermann S. et al, (2015)). This dCas9-SAM system can amplify gene
expression from 10 to multiple thousand-fold (Figure 36b).
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Figure 36 a. SAM activation system (left): dCas9 is fused to VP64 and the sgRNA has been modified so as it
contains two MS2 hairpins (green). An additional activator module (right) binds to an MS2 hairpin via the
RNA-binding protein MCP. The MCP is fused to the activators p65 and HSF1 (La Russa MF. et al., (2015)).
b. A comparison of the activation efficiency between dCas9-VP64 alone (in yellow) and the SAM activator
system (in green) in the activation of four different genes: HBGI1, IL-1B, IL1R2, and ZFP42
(https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9).

CRISPRIi: dCas9-effector mediated transcriptional repression

CRISPR/dCas9 can be also combined with transcriptional repressors. As
mentioned above, this was first demonstrated in bacterial cells, where dCas9 alone
was able to act as a transcriptional repressor by sterically hindering the
transcriptional activity of RNA polymerase (Qi LS. et al, (2013)). This simple
CRISPRI system can affect up to 1,000-fold repression, efficiently knocking down
gene expression in cells. Although this system works very well in bacteria, yeast,
and other prokaryotic cells, it is less effective in mammalian cells. This is likely
because the binding of dCas9 to DNA is not sufficient to disrupt the action of
eukaryotic RNA polymerases. A strategy to overcome this issue in mammalian
cells has been to fuse the transcriptional repressor domain of Koxl KRAB
(Kriippel-associated box) to dCas9 (Gilbert LA. et al., (2013)). This system is
based on the ability of KRAB to recruit various types of histone modifiers that
reversibly suppresses gene expression through the formation of heterochromatin
(Figure 37a). CRISPR-repressor has been used in PSCs to probe the pluripotency
network required to maintain the stem cell state. Targeting of regions upstream of
the transcriptional start sites of Oct4 and another pluripotency factor, 7bx3, using
dCas9—KRAB in mouse embryonic stem cells (mESCs) effectively repressed their
expression, resulting in spontaneous differentiation (Kearns NA. et al, (2015)).
Similarly, both dCas9 and dCas9-KRAB proteins could repress endogenous
expression of CD71 and CXCR4 gene expression in HeLa cells (Figure 37b)
(Gilbert LA. et al, (2013)). Through CRISPR/dCas9-effector fusion mediated
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transcriptional repression of pluripotency factors; these studies demonstrate the
capability of the system to define the contribution of specific genes to a given
cellular state.
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Figure 37 a. dCas9 fused to KRAB, a transcriptional repressor (https://info.abmgood.com/crispr-cas9-gene-
regulation-dCas9). b. Stable suppression of CD71 and CXCR4 gene expression by dCas9 or dCas9-KRAB in
HelLa cells (Gilbert LA. et al., (2013)).

dCas9-effector mediated epigenetic editing for activation and repression of
gene expression

Epigenetic regulation works by affecting the structure of the chromatin,
either by compressing it into a compact and transcriptionally inactive state
(heterochromatin) or by opening it for active expression. Recently, fusion of
dCas9 to various epigenetic modifiers has given a powerful tool to specifically
target genomic sequences and modify local histone marks in order to study their
effect on gene expression (Table 1).

Construct Function Gene expression
Histone dCas9-p300 Acetylation Activation
Modifications | 4Cas9-LSD1 Demethylation Repression
DNA dCas9-TET1CD Demethylation Activation
Methylation dCas9- Methylation Repression
DNMT3A

Table 1 dCas9-epigenetic modifiers system.
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Fusion of dCas9 to the catalytic core of the transcription activator acetyltransferase
p300 (dCas9-p300°°RE) has been demonstrated to activate genes in human cells.
Notably, the fusion protein catalyzes acetylation of histone H3 lysine 27 at its
target sites, leading to robust transcriptional activation of target genes from
promoters and both proximal and distal enhancers. When compared to dCas9-
VP64, the dCas9-p300°°RE Jeads to higher levels of gene activation of endogenous
genes, including /LI/RN, MYOD and OCT4. Interestingly, a dCas9 fused with an
inactive form of p300 was unable to activate target genes, indicating a crucial role
of acetyltransferase activity for gene activation Figure 38a-b) (Hilton IB. ef al.,
(2015)).
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Figure 38 a. Schematic of dCas9-p300 system for epigenetic activation: dCas9-p300 acetylate target sites in
the genome, resulting in transcriptional upregulation (https://info.abmgood.com/crispr-cas9-gene-regulation-
dCas9). b. mRNA expression level of ILIRN, MYOD and OCT4, using both dCas9 alone and dCas9 fused
with different activators: VP64 activator, full-lenght p300 (dCas9™*3%) HAT core domain of p300 (dCas9r3%°
Core) and inactivated HAT core domain of p300 (dCas9r3%0 Core (D1399Y)) (Hilton IB. et al., (2015)).

dCas9-LSD1 is a complementary gene repressing strategy to the dCas9-p300
activating one. In this system dCas9 is fused to the histone demethylase LSDI
(KDM1A), which catalyze demethylation of H3K4 mono- and di-methylation,
resulting in repression of target gene expression (Figure 39a). The histone
demethylase LSD1 has been previously implicated in repression of enhancers and
transcription  activator—like effector (TALE)-LSD1 can target histone
modifications that correlate with active enhancers (Mendenhall EM. et al., (2013)).
Kearns et al, (2015) demonstrated that dCas9-LSD1 fusion protein reduces
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endogenous gene expression in mESCs (that stably expressed dCas9-LSD1) when
specifically targeted to active enhancer regions of pluripotency-associated genes,
like Oct4 and Thx3 (Figure 39b) (Kearns NA. et al, (2015)). However, when
dCas9-LSD1 was targeted at the Oct4 promoter, no effect was observed. This
suggests that the dCas9-LSD1 system can repress gene expression when targeted
to only distal enhancers, while dCas9-KRAB repressed expression when targeted
to promoters, proximal enhancers, and distal enhancers.

Based on these evidence, dCas9-LSD1 repressing system is able to functionally
annotated cell type-specific enhancer elements that control cellular function in
highly specific manner.
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Figure 39 a. Epigenetic gene repression by dCas9-LSD1 system: dCas9 is fused to the Lysine-specific histone
demethylase 1 (LSD1). Demethylation of mono- and dimethyl-group on histone H3K4 lead to genes
transcriptional repression (https://info.abmgood.com/crispr-cas9-gene-regulation-dCas9). b. Left: Genomic
organization of the targeted 7bx3 locus. Right: Relative 7hx3 expression in dCas9-repressor (LSD1 and
KRAB) mESCs treated with sgRNAs specific to an unrelated control genomic region (Ctrl), the putative 7bx3
distal enhancer (TDE) or the 7hx3 promoter (TPP) (Kearns NA. et al., (2015)).

Overall, CRISPR genome targeting, transcriptional engineering, and epigenome
editing approaches can be used to mutate, activate, and repress individual genes, as
well as to manipulate their epigenomic environment by editing DNA
modifications, histone marks, and other chromatin features. Moreover, these
technologies are applicable in vivo and can have strong potential for therapeutic
approaches to alleviate disease states, or to manipulate disease-associated gene
expression.
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AIMS

The overall aim of my doctoratal work is to understand better the genetic and
epigenetic mechanisms responsible for cell fate transitions in multipotent cardiac
progenitors to differentiate into endothelial cells (ECs).

In particular, I will address the following specific aims:

1. To develop a model for differentiation of cardiopharyngeal mesoderm
(CPM) into ECs starting from engineered mouse embryonic stem cells
(mESCs).

I will generate mutant mESCs and use a serum-free differentiation protocol with
the addition of specific growth factors that induce cardiac and endothelial
differentiation.

2. To identify putative enhancers regulated during cardiopharyngeal
mesoderm (CPM) differentiation into endothelial cells (ECs).
I will perform RNA-seq to define the transcriptomic profile, and ATAC-seq
(Assay for Transposase-Accessible Chromatin with high-throughput sequencing)
to map chromatin accessibility genome-wide. I will use the integration of these
two methods to identify putative enhancers defined as regions of increased
accessibility associated with endothelial-specific genes.

3. To validate putative enhancers and test their requirement in EC
differentiation.

To do this, I will use two validation strategies.
The first approach is based on deletion of the putative enhancer by CRISPR-Cas9
technology. I will generate the deletion in mESCs, and isolate stable mutant mESC
clones. These will be differentiated in ECs and I will evaluate gene expression
consequences.
The second one is using epigenetic reprogramming by nuclease-deficient dCas9
fused with histone demethylase LSD1 (dCas9-LSD1), that remove methylation of
histone H3 lisyne4 (H3K4mel and me2) to de-commission the putative enhancers
and to abrogate gene expression. I will generate stable mESC line expressing
dCas9-LSD1, that will be transfected with a gRNA specific to the target region
and differentiated, in order to evaluate the loss and/or repression of gene
expression.

4. To predict, computationally, transcription factor motifs in EC enhancers.
I will perform a TF motif analysis of DARs region (Differential Accessible
Regions) related to endothelial cell fate specification to identify the regulatory
elements that are specifically enriched in my dataset. They could regulate the
differentiation of cardiopharyngeal mesoderm progenitors in derivative tissues,
including EC.
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MATERIALS AND METHODS

1. Cell biological methods
1.1 Mouse embryonic stem cells (mESC)

Mouse embryonic stem cells (mESC) derive from the inner cell mass of
blastocyst. Due to their ability to differentiate in many cell types, mESCs are
largely used in the research laboratories for in vitro studies and it is a very
powerful tool used in development and stemness field. We have used the line ES-
E14TG2a (ATCC CRL-1821), which were cultured without feeders and
maintained undifferentiated on gelatin-coated dishes in GMEM (Sigma Cat#
G5154) supplemented with 10° U/ml ESGRO LIF (Millipore, Cat# ESG1107),
15% fetal bovine serum (ES Screened Fetal Bovine Serum, US Euroclone Cat#
CHA30070L), 0.1 mM non-essential amino acids (Gibco, Cat# 11140-035), 0.1
mM 2-mercaptoethanol (Gibco, Cat# 31350-010), 0.1 mM L-glutamine (Gibco,
Cat# 25030081), 0.1 mM Penicillin/Streptomycin (Gibco, Cat# 10378016), and
0.1 mM sodium pyruvate (Gibco, Cat# 11360-070). The cells were passaged every
2-3 days using 0.25% Trypsin-EDTA (1X) (Gibco, Cat# 25200056) as the
dissociation buffer.

1.2 In vitro differentiation protocol

E14-Tg2a mESCs were differentiated into the cardiopharyngeal mesoderm
and endothelial lineage using a serum-free protocol (Kattman et al., (2006); Patsch
et al, (2015)). mESCs were dissociated with Trypsin-EDTA and cultured at
75,000 cells/ml in serum-free media: 75% Iscove’s modified Dulbecco’s media
(Cellgro Cat# 15-016-CV) and 25% HAM F12 media (Cellgro #10-080-CV),
supplemented with N2 (GIBCO #17502048) and B27 (GIBCO #12587010)
supplements, penicillin/streptomycin  (GIBCO #10378016), 0.05% BSA
(Invitrogen Cat#. P2489), L-glutamine (GIBCO #25030081), 5 mg/ml ascorbic
acid (Sigma A4544) and 4.5 x 10—4 M monothioglycerol (Sigma M-6145). After
48h in culture, the EBs were dissociated using the Embryoid Body dissociation kit
(cod. 130-096-348 Miltenyi Biotec) according to the manufacturer’s protocol and
reaggregated for 40h in serum-free differentiation media with the addition of 8
ng/ml human Activin A (R&D Systems Cat#. 338-AC), 0.5 ng/ml human BMP4
(R&D Systems Cat# 314-BP), and 5 ng/ml human VEGF (R&D Systems Cat#.
293-VE). The 2-day-old EBs were dissociated and 6 x 10* cells were seeded onto
individual wells of a 24-well plate coated with 0.1% gelatin in EC Induction
Medium consisting of StemPro-34 medium (Gibco #10639011), supplemented
with SP34 supplement, L-glutamine, penicillin/streptomycin, 200 ng/ml human-
VEGF, and 2 pM forskolin (Abcam, ab120058). The Induction Medium was
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renewed after one day. On day six of differentiation, the cells were dissociated and
replated on gelatin 0.1% -coated dishes at a density of 25,000 cells/cm? in EC
Expansion Medium, consisting of StemPro-34 supplemented with 50 ng/ml
human-VEGF. Stem cell derived endothelial cells were maintained until they
reached confluency (about 2-3 days). EC Expansion Medium was replaced every
other day.

1.3 CRISPR-Cas9-Mediated Targeting of mESCs
1.3.1Tbx1 knockout mESC line by CRISPR-Cas9 technology

ThxI knockout was induced in E14-Tg2a using Alt-R™ CRISPR-Cas9
System (IDT) following the manufacturer’s specifications. This genome editing
system is based on the use of a ribonucleoprotein (RNP) consisting of Alt-R S.p.
Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA
(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is
specific for the target (Tbx1KO:/AltR1/rfUrG rGrCrC rGrArG rUrArC rArCrU
rArCrC rArCrC rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/) and contains
a 16 nt sequence that is complementary to the tracrRNA. Alt-R CRISPR-Cas9
tractrRNA-ATTO 550 (5 nmol catalog no. 1075927) is a conserved 67 nt RNA
sequence that is required for complexing to the crRNA so as to form the guide
RNA that is recognized by S.p. Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 pg
catalog no. 1081058). The fluorescently labeled tracrRNA with ATTO™ 550
fluorescent dye is used to FACS-purify transfected cells. The protocol involves
three steps: (1) annealing of the crRNA and tracrRNA, (2) assembly of the Cas9
protein with the annealed crRNA and tracrRNAs, and (3) delivery of the
ribonucleoprotein (RNP) complex into mESC by reverse transfection. Briefly, we
annealed equimolar amounts of resuspended crRNA and tracrRNA to a final
concentration (duplex) of 1 uM by heating at 95°C for 5 min and then cooling to
room temperature. The RNA duplexes were then complexed with Alt-R S.p. Cas9
enzyme in OptiMEM media to form the RNP complex, which was then transfected
into mESCs using the RNAIMAX transfection reagent (Invitrogen). After 48 h
incubation, cells were trypsinized and ATTO 550 + (transfected) cells were
purified by FACS. Fluorescent cells (approximately 65% of the total cell
population) were plated at very low density to facilitate colony picking. We picked
and screened by PCR 96 clones. Positive clones were confirmed by DNA
sequencing.

PCR primers are:
Tbx1-KO FW: CTTCTGCCTTCTGCTCATGG
Thx1-KO RV: CAGAGAAGGGTCGCCTACAT
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1.3.2 Pecaml intron2-enhancer deletion by CRISPR-Cas9 technology

Pecaml intron2-enhancer deletion was induced in E14-Tg2a using Alt-R™
CRISPR-Cas9 System (IDT) following the manufacturer’s specifications. This
genome editing system is based on the use of a ribonucleoprotein (RNP) consisting
of Alt-R S.p. Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA
(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is
specific for the target (crRNA1:/AltR1/rCrU rGrUrC rUrCrC rArGrG rUrGrU
rUrGrC rCrArA rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/; crRNA2:
/AltR1/tGrU rUrCrC rGrArA rUrCrA rGrCrU rCrUrC rGrArG rGrUrU rUrUrA
rGrArG rCrUrA rUrGrC rU/AltR2/) and contains a 16 nt sequence that is
complementary to the tracrRNA. Alt-R CRISPR-Cas9 tracrRNA-ATTO 550 (5
nmol catalog no. 1075927) is a conserved 67 nt RNA sequence that is required for
complexing to the crRNA so as to form the guide RNA that is recognized by S.p.
Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 pg catalog no. 1081058). The
fluorescently labeled tracrRNA with ATTO™ 550 fluorescent dye is used to
FACS-purify transfected cells. The protocol involves three steps: (1) annealing of
the crRNA and tractrRNA, (2) assembly of the Cas9 protein with the annealed
crRNA and tracrRNAs, and (3) delivery of the ribonucleoprotein (RNP) complex
into mESC by reverse transfection. Briefly, we annealed equimolar amounts of
resuspended crRNA and tracrRNA to a final concentration (duplex) of 1 uM by
heating at 95°C for 5 min and then cooling to room temperature. The RNA
duplexes were then complexed with Alt-R S.p. Cas9 enzyme in OptiMEM media
to form the RNP complex, which was then transfected into mESCs using the
RNAIMAX transfection reagent (Invitrogen). After 48 h incubation, cells were
trypsinized and ATTO 550 + (transfected) cells were purified by FACS.
Fluorescent cells (approximately 65% of the total cell population) were plated at
very low density to facilitate colony picking. We picked and screened by PCR 96
clones. Positive clones were confirmed by DNA sequencing.

PCR primers are:
Pecam-A enh.intr.2 (569 bp) FW: GGAGCGGAGGCCGTAGT
PecamI-A enh.intr.2 (569 bp) RV: CCCTCTGTCCTAAGAGAGTAACA

1.3.3 Notchl intronl5-enhancer deletion by CRISPR-Cas9 technology

Notchl intronl5-enhancer deletion was induced in E14-Tg2a using Alt-R™
CRISPR-Cas9 System (IDT) following the manufacturer’s specifications. This
genome editing system is based on the use of a ribonucleoprotein (RNP) consisting
of Alt-R S.p. Cas9 nuclease complexed with an Alt-R CRISPR-Cas9 guide RNA
(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is
specific for the target (crRNAIL: /AltR1/rArG rArGrU rCrArC rCrUrG rGrGrU
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rUrArC rUrCrG rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/; crRNA2:
/AItR1/rUrC rCrArG rUrGrU rUrCrC rUrArU rGrArU rGrCrC rGrUrU rUrUrA
rGrArG rCrUrA rUrGrC rU/AltR2/) and contains a 16 nt sequence that is
complementary to the tracrRNA. Alt-R CRISPR-Cas9 tracrRNA-ATTO 550 (5
nmol catalog no. 1075927) is a conserved 67 nt RNA sequence that is required for
complexing to the crRNA so as to form the guide RNA that is recognized by S.p.
Cas9 (Alt-R S.p. Cas9 Nuclease 3NLS, 100 pg catalog no. 1081058). The
fluorescently labeled tracrRNA with ATTO™ 550 fluorescent dye is used to
FACS-purify transfected cells. The protocol involves three steps: (1) annealing of
the crRNA and tracrRNA, (2) assembly of the Cas9 protein with the annealed
crRNA and tracrRNAs, and (3) delivery of the ribonucleoprotein (RNP) complex
into mESC by reverse transfection. Briefly, we annealed equimolar amounts of
resuspended crRNA and tracrRNA to a final concentration (duplex) of 1 uM by
heating at 95°C for 5 min and then cooling to room temperature. The RNA
duplexes were then complexed with Alt-R S.p. Cas9 enzyme in OptiMEM media
to form the RNP complex, which was then transfected into mESCs using the
RNAIMAX transfection reagent (Invitrogen). After 48 h incubation, cells were
trypsinized and ATTO 550 + (transfected) cells were purified by FACS.
Fluorescent cells (approximately 65% of the total cell population) were plated at
very low density to facilitate colony picking. We picked and screened by PCR 96
clones. Positive clones were confirmed by DNA sequencing.

PCR primers are:

Notchl- A enh.intr.15 (664bp) FW: TGTGGCTACCCCAAGCATATC

Notchl- A enh.intr.15 (664bp) RV: AATGGCGAGAAATAGACCCCC

1.3.4 Generation of dCas9-LSD1 expressing mESC line by
electroporation

20 pg of plasmid p-dCas9-LSDI1-Hygro (kindly donated by Dr. Beck lab)
was linearized with AhdI enzyme and electroporated in mESC (1 x 107 cells/10cm
plate). The electroporation parameters used were 0.24V and 500 pF. The cells
were maintained in Hygro-selection (500pg/ml) for 10 days. Individual colonies
were isolated, expanded and screened by PCR for inserted sequence for both DNA
and RNA.

PCR primers for DNA are:

CMVprom-dCas9 FW: GTAACAACTCCGCCCCATTG
CMVprom-dCas9 RV: TCGGTTATGACAGCCCATCC
LSD1-bGH polyA FW: CGTAACTACCCAGCCACAGT
LSD1-bGH polyA RV: GAGGGGCAAACAACAGATGG
HygrR FW: CCGTCAACCAAGCTCTGATAG

HygrR RV: GGCTCCAACAATGTCCTGAC
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PCR primers for RNA are:

dCas9 start FW: GCAATGAGATGGCCAAAGTT
dCas9_start RV: TCCGAGTTGTCCGGATTTAG

dCas9 middle FW: AAGACCAACCGCAAAGTGAC

dCas9 middle RV: ATAAGTTTCCGCGACAATCG

dCas9 end FW: GCGAACAGGAGATAGGCAAG

dCas9 end RV: GGCCCTTATCCCATACGATT

dCas9 end-3XFLAG FW: TACTCTTACCAACCTCGGCG
dCas9 end-3XFLAG RV: ACTGTGAACTCGGTGGACAA

1.4 mESC reverse transfection protocol

Cells were plated at 5-8 x 10° per well in six-well plates and transfected
with gRNA complex (crRNA:tracrRNA 10nM) in antibiotic-free medium using
Lipofectamine RNA iMAX Reagent (Life Technology), according to the
instructions. 24 hours after gRNA delivery, cells were harvested and processed.
gRNA sequences are listed in Table 2.

Target crRNA sequence (5’-3’)
Non targeting ccceegggggaaaaattttt
Kdr int10-crRNA1 ttcaagctcacttagttcaa
Kdr int10-crRNA2 acagaagatgatccgatgat
Kdr int10-crRNA3 ttctgaaggacatctagact
VE-Cadh_intl-crRNA1 gataactgcccttctacact
VE-Cadh intl-crRNA2 agttcttccccgagceaaatc
VE-Cadh_intl-crRNA3 tecttctaggacagacttgg
Eng int2-crRNA1 tggtggcagccaagaaccce
Eng int2-crRNA2 cceteggectgggeaaacte
Eng int2-crRNA3 gttcttctctacctgaagag
Fltl int10-crRNAI1 accaaggctcaagccctagg
FlItl int10-crRNA2 ggcggaaggegaacaacaag
Fltl int10-crRNA3 gttcttcttctgacacacag
Notchl int15-crRNA1 agagtcacctgggttactcg
Notchl int15-crRNA2 gtttccgacaattgtgcaaa
Notchl int15-crRNA3 tccagtgttcctatgatgee

Table 2 gRNA sequences.
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1.5 Tube formation assay of mESC -ECs plated on Matrigel

To test the functionality of mESC-ECs in vitro, four hundred microlitres of
Matrigel (BD Matrigel Basement Membrane Matrix Growth Factor Reduced,
Phenol Red Free) was aliquoted into each well of a 12-well plate and incubated for
30—60 min at 37 °C to allow the gel to solidify. About 80-100,000 ECs were then
added to the Matrigel-coated well and cultured for 24 h at 37 °C. Formation of
tubular structures on a two-dimensional Matrigel surface was observed after 16 to
24h under an optical microscope.

1.6 Fluorescence Activated Cell Sorting (FACS)
1.6.1 Evaluation of endothelial cells (EC) from differentiated mESC

For flow cytometric analysis, we dissociated the cells with Trypsin-EDTA or
with the Embryoid Body dissociation kit (cod. 130-096-348 Miltenyi Biotec).
Dissociated cells (1 x 10° cells/100 pl) were incubated with primary antibodies
(CD144-APC, mouse cod.130-102-738) directly conjugated (1:10) in PBS-BE
solution (PBS, 0.5%BSA, 5 mM EDTA) for 20 min on ice. Subsequently, cells
were washed twice with 2 ml of PBS-BE. Cells were analyzed using the BD FACS
ARIAII™ cell sorter. Negative controls were incubated with fluorochrome-
labeled irrelevant isotype control antibody (REA Control APC, mouse cod. 130-
113-446 Miltenyi Biotec).

1.6.2gRNA transfection efficiency

To detect and visualize the fluorescently labeled gRNA complex
(crRNA:tracrRNA-ATTO™S550), we dissociated mESC with Trypsin-EDTA 24h
after transfection and analyze the % of fluorescence using the BD FACS
ARIAIII™ cell sorter. Cells containing the transfected gRNA complex were
1solated and differentiated into ECs.

2. Molecular biological methods
2.1 Reverse transcription and PCR amplification (RT-PCR)

Total RNA was isolated from mouse ESCs with QIAzol lysis reagent
(Qiagen #79306), according to the manufacturer’s protocol. The isolated RNAs
were quantified using a NanoDrop spectrophotometer 1000. Before reverse
transcription, RNA samples were treated with DNAse [ to eliminate any
contamination with genomic DNA (located in the interphase during extraction).
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cDNA was transcribed using 1 or 2 pg total RNA with the High-Capacity cDNA
reverse transcription kit (Applied Biosystem catalog. n. 4368814).

cDNAs were amplified using myTaq™ DNA polymerase (Meridian Bioscience)
and a standard 3-step cycling PCR profile: 10 min at 94°C, 30 amplification cycles
(denaturation at 94°C for 30sec, annealing at 60°C for 30sec, and extension at
72°C for 30sec), followed by a final extension at 72°C for 10 min. The amplified
products were separated on agarose gels and visualized by ethidium bromide
staining.

2.2 Quantitative real-time PCR (qRT-PCR)

Quantitative gene expression analyses (QRT-PCR) were performed using
SYBR Green PCR master mix (Applied Biosystem). Relative gene expression was

evaluated using the 22 method, and Gapdh expression as normalizer (Livak KJ.
et al., (2001))

cDNA was amplified by qRT-PCr, using StepOnePlus™ Real-Time PCR System.
The run used was similar to PCR default condition, but the number of cycles is
increases up to 40 cycles. The cycle threshold (Ct) was determined during
geometric phase of the PCR amplification plots, as illustrated in the
manufacturer’s protocol.

Primers are listed in Table 3. Expression data are shown as the mean + SD.

2.3 Statistical Analysis

Graph Pad Prism software v8.00 (GraphPad) was used to analysis of data.

Relative mRNA levels were analyzed in triplicate and data were presented as
means + SD.
Two-way repeated measures ANOVA test (ANOVA 2way-RM) was used to
assess that there is a statistically significant interaction effect between the two
specific factors, “time” and “genotype” on a gene expression variable. Other two
statistical methods between groups of data were used: nonparametric and
parametric test. The first was nonparametric Wilcoxon matched-pairs signed rank
test; the second statistical analysis were performed using the parametric Student’s
paired t- test. Differences were considered significant at p-value < 0.05. Shapiro-
Wilk test was performed to determine the normality distribution of the dataset.

2.4 ATAC-seq

ATAC-seq assay on day2 and day4 mESCs was performed and sequencing
library was prepared from the fragmented amplified tagmented DNA. Two
biological replicates for each condition were sequenced using Illumina
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NextSeq500 system to obtain paired-end (PE) reads of 60bp. The read quality was
assessed using FastQC and multiQC before and after trimming for adaptors and
low-quality reads with Cutadapt :-m 30, -q 30 (Martin M. ef al., (2011)). The PE
reads were aligned to mm10 mouse reference genome using Bowtie2 (-q -t --end-
to-end --very-sensitive -X 1000) (Langmead and Salzberg (2012)) and retain
mapped reads with MAPQ< 20. PCR duplicates were marked (PICARD
markDuplicates) and reads mapped to chrM were removed. BEDPE files were
filtered using customized Rscript to remove mates mapping to different
chromosomes or at distance > 2kb and discordant orientation of read-pairs. The
ATAC-seq peaks were called for each replicate of day2 and day4 vs input with
MACS?2 using parameters --nomodel --shift 100 --extsize 200 -q 0.001 (Feng J.et
al., (2012)). The consensus peaks from replicates were identified and the
blacklisted regions were removed. The Differential Accessible Regions (DARs)
between day4 vs day2 were obtained using DEScan2 1.6.0 (Righelli D. et al.,
(2018)) and using DiffBind (Stark et al., (2012)) with FDR < 0.01. The DARs
common to both analyses were retained. The consensus peaks and common DARs
were annotated using ChIPseeker (annotatePeak) with parameter tssRegion: -
1000,1000 (Yu G. et al,, (2015)). SE BED files from the BEDPE were used to
generate BigWig and uploaded in Cyverse FTP and the coverage was visualized
along with ATAC-seq peaks and DAR tracks in UCSC browser.

2.5 RNA-seq

The total RNA was isolated from day2 and day4 cells and sequenced using
[llumina platform NextSeq 500 as PE reads of length 75bp. The read quality was
assessed using multiQC prior and after quality and adaptor trimming (Cutadapt).
The PE reads were aligned to mml0 genome using STAR aligner default
parameters (Dobin A. et al, (2013)). The read counts were obtained using
featureCounts  function  from  Rsubread  package  (strandSpecific=2,
CountMultiMappingReads=FALSE). The expressed genes and DE genes list from
day4 vs day2 were obtained using DEseq2 with FDR < 0.01 (Love ML et al.,
(2014)) and NOIseq applying posterior probability > 0.9 (Tarazona S. et al,
(2015)). The commonly expressed and DE genes from both analyses were
retained.

90



Gene Primer FW Primer RV
Pecaml tggttgtcattggagtggtc ttctcgetgttggagttcag
Kdr gtcgacatagectccactgttt | gtgatgtacacgatgccatgcet
Nos3 tctaccggcacgaggtactg aggtcttgcacctaggtcttg
VE-Cadherin tcatcaaacccacgaagtce ggtctgtggcctcaatgtaga
Eng gtgttcctggtectegtttc tcttggcetgtecttggaaga
CD-34 ctgcctggaactaagtgaage agcctcctecttttcacaca
Notchl ctccgttacatgcagcagtt ccaggatcagtggagtigtg
Scll attgcacacacgggattctg gaattcagggtcttccttag
Dusp5 gatcgaaggcgagagaagce ggaagggaaggatttcaacc
Gata6 ggtctctacagcaagatgaatgg |  tggcacaggacagtccaag
Flt1 acctccgtgcatgtgtatga catggacagccgataggac
Mespl gegacatgcetggcetcettcta tggtatcactgccgcctcttce
Gata4 ctgtcatctcactatgggcea ccaagtccgagcaggaattt
Brachyury gaacctcggattcacatcgt ttctttggcatcaaggaagg
Isl1 gectcagtcccagagtcate agagcctggtcctccttetg
Oct3/4 tcagcttgggcetagagaagg | tgacgggaacagagggaaag
Tbxl tttgtgccecgtagatgacaa aatcggggctgatatctgtg
Pdgfra ctggtgcctgectectatgac cacgatcgtttctcctgecttat
Nanog aagtacctcagcctccagca gtgctgageccttctgaate
Gapdh tgcaccaccaactgcttagce tcttctgggtggcagtgatg
Tbx1-KO cttctgecttetgetcatgg cagagaagggtcgcectacat
Notchl- Aenh. intronl5 | tgtggctaccccaageatatc | aatggcgagaaatagacccce
Pecaml- A enh. intron2 ggagcggaggccgtagt ccctetgtcctaagagagtaaca
Tbx1-KO cttctgecttetgetcatgg cagagaagggtcgcectacat

Table 3 Primer list used for RT-PCR and qRT-PCR.

2.6 Integrated analysis

The gene list from RNA-seq and DAR-annotated genes were visualized
using Volcano plot. A subset of genes enriched in Angiogenesis and Endothelial
differentiation- GO terms and genes expressed in cluster 7 of the single cell study
on Tbx1 expressing E9.5 mouse embryos (Nomaru H. ef al,, (2021)) were selected
for Transcription Factor motif enrichment analysis. ATAC-seq peaks/DARs and
expressed/DE genes obtained from day4 vs day2 study was subsetted for the above
gene list of interest and motif enrichment study (Hypergeometric Optimization of
Motif EnRichment: HOMER) was performed to identify transcriptional and
epigenetic markers distinguishing day4 and day2 of the directed EC
differentiation.
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RESULTS

Chapter 1.
Establishment of a model for differentiation of cardiopharyngeal mesoderm
(CPM) into endothelial cells (ECs) starting from mouse embryonic stem cells
(mESCs).

For my experiments, I decided to use mouse embryonic stem cells
(mESC). Due to their ability to differentiate in many cell types, mESCs are largely
used in the research laboratories for in vitro studies and it is a very powerful tool
for genetic disease and obviously are extremely used in development and stemness
field. These undifferentiated cells can be induced to differentiate into cardiac
mesodermal progenitors (Kattman et al, (2011)) and endothelial cells (Patsch
(2015)).

For this reason, I sought to develop and optimize an appropriate and well-defined
mESC differentiation model, that allowed me to efficiently obtain cardiac
mesoderm progenitors (CPM) and endothelial cells (EC) in the laboratory.

Studies in literature indicated that is necessary to define and control the signaling
pathways that regulate the specification of the cardiovascular lineages during
embryonic development.

Previous reports have shown that Activin/Nodal, BMP4 and VEGF signaling
pathways have an essential role on the induction of cardiovascular mesoderm in
mESC differentiation cultures (Laflamme ef al., (2007); Yang et al., (2008)).
Studies in the mouse embryo and the mouse embryonic stem cell differentiation
model identified Mespl-expressing cardiopharyngeal mesoderm (CPM) cells
progenitors that were specified during gastrulation. Mesp! is a mesoderm specific
marker gene and Mespl®™ CPM differentiate into cardiomyocytes (CMs),
endothelial cells (ECs) and branchiomeric muscle (Lescroart et al., (2018)).

In this scenario, looking for the most suitable differentiation protocols in literature,
I understood that when mESC were differentiated by supplying a cocktail of
specific growth factors, like Activin A, bone morphogenetic protein 4 (BMP4),
vascular endothelial growth factor (VEGF, also known as VEGF-A) in serum-free
media, at the appropriate stage of development, these cells can form
cardiomyocyte, endothelial cells and vascular smooth muscle cells in vitro.

Based on this evidence, I have chosen two differentiation methods: the first,
described in Kattman et al., 2011, which generates differentiated cell populations
highly enriched for cardiomyocytes. Here, I indicated it as “Cardiac protocol”. The
second, described in Patsch et al., 2015, allows a more specific endothelial cell
differentiation. It produces approximately 90% mature ECs, using a treatment with
high concentration of VEGF-A.
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I compared the two protocols and found that the early common step was the
cardiopharyngeal mesoderm induction, using a combination of BMP-4, Activin-A
and VEFG-A growth factors. So, I decided to combine the procedures and develop
an “hybrid” differentiation model, named as “EC protocol”.

In detail, the protocol used during my doctoral work consists of three steps:

= First, mESCs were plated in suspension as single cells in media without
any factors to induce embryoid bodies (EBs) aggregation (Figure 40);

= Second, BMP4 and Activin A were added to specify cardiac mesoderm
lineage and VEGF-A to promote the formation of cardiovascular
progenitors;

» Third, cells were plated in adhesion plates and differentiated into a
homogeneous endothelial cell population using combined VEGF-A
treatment (high concentration) with forskolin for two days. Forskolin is a
cyclic-AMP signaling activator and data in literature demonstrated that
cAMP enhance the vascular development (Yamamizu et al., (2009)) Then,
the cells were maintained in media with VEGF-A alone for an additional
two days (Figure 40.b).

The Figure 41 illustrates the differentiation scheme.
Examples of differentiating EBs and endothelial-like cells are showed in Figure
40.a and Figure 40.b.
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Figure 40.a Representative pictures of differentiating EBs between d2 and d4;
Figure 40.b Representative example of ECs-like in adhesion at day8 of differentiation.
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Figure 41 Schematic illustration of both Cardiac (CM) / Endothelial (EC) differentiation strategies used for
mESC.

1.1 Characterization of mESC-derived differentiated cells

After establishment of a defined differentiation method, to assess the

efficient differentiation of mesodermal progenitors to endothelial cells, I
performed gene expression profiling at different time points during the procedure,
as well as flow cytometric analysis and functional tests.
I harvested the cells during at days 0-2-4-6-8-10 of differentiation and extracted
total RNA to analyze the expression of several endothelial as well as pluripotency
and mesodermal marker genes involved in the vascular lineage commitment by
RT-PCR (Figure 42).
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Gapdh

Figure 42 Expression of pluripotency specific markers (Nanog, Oct3/4, Rexl), mesodermal (Mespl,
Brachyury, Gata4, Pdgfra) and endothelial genes (VE-Cadherin, Pecaml, Eng, Kdr, Nos3) during CPM/EC
differentiation by RT- PCR. Gapdh is used as normalizer. Marker used 100bp.

As Figure 42 shown, pluripotent cell marker genes such as Nanog, Oct3/4 and
Rex1 were rapidly downregulated. Mesodermal genes, such as Mespl, Brachyury,
Gata4, Pdgfra, were activated between day2 and day4.

The expression of endothelial genes like VE-Cadherin, Pecaml, Endoglin (Eng),
Kdr (Vegfr2), Nos3, were mostly activated at day4 and increased progressively
during differentiation, starting from day 4 (d4) up until day 8 (d8). In addition, EC
related markers were expressed at high level when I used the “EC protocol” than
the “cardiac” one, as expected.
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To confirm endothelial marker expression seen at mRNA level, I also evaluated
the expression of VE-Cadherin (CD144) protein at day4-6-8 by flow cytometric
analysis in both protocols.
I have observed that the percentage of VE-Cadherin+ cells increased progressively
during differentiation, starting from day 4 (20%) up until day 8. More precisely, at
d6 58.3% of total cell population in “EC protocol” was CD144+ (VE-Cadherin),
compared to 39% in “Cardiac” conditions. Similarly, EC protocol induced a higher
% of VE-Cadherin+ cells (91.3%) than the other one (58.7%) at d8. Data shown in
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Figure 43 Representative plot of the gating strategy used for immunophenotyping of cells during mES
differentiation. The VE-Cadherin+ (CD144+) subpopulation was identified at day 4-6-8 of differentiation by
FACS using anti-CD144 antibody. Negative control is isotype control antibody-labeled differentiating cells.
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1.2 mESC-derived endothelial cells form vascular network-like
structures in vitro

Functional endothelial cells are able to build capillary-like structures when
plated on a basement membrane matrix in vitro (Arnaoutova and Kleinman et al.,
(2010)). To assess the ability of cells to form capillary-like structures, I performed
a tube formation assay by plating mESC-derived ECs at d8 on Matrigel and
observed the formation of vascular network-like structures after 16h to 24h. The
results, showed in Figure 44, suggest that mESC-derived ECs can arrange in
highly organized vessel-like structures and demonstrate that the cells have
angiogenic potential in vitro.

r N

4

Figure 44 [n vitro tube formation assay of mESC ECs plated on Matrigel for 24h.

These data demonstrate that, starting from mESC, the experimental model and
methods used for differentiation of CPM into ECs allow me to efficiently produce
differentiated endothelial cells (~91% VE-Cadherin+ cells), as assessed by marker
gene expression and in vitro functional test.

Moreover, because of the goal of my doctoral work is to investigate the early
phases of multipotent cardiac progenitors’ differentiation into ECs, I decided to
perform subsequent analyses between the critical time window day2-day4, based
on the previous results described in Chapter 1.
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Chapter 2.
Transcriptomic and chromatin accessibility profile in early phases of
multipotent cardiac progenitors’ differentiation into mature ECs.

To investigate the transcriptional profile of the early stages of CPM-EC
differentiation, I decided to perform RNA-seq analysis between d2-d4. We have
also defined chromatin state accessibility at the same time points during
differentiation, using ATAC-seq assay, to provide insights into the coordinated
regulation of gene expression programs.

2.1 Gene expression profile of multipotent cardiac progenitors at day2-
day4 (RNA-seq analysis)

I have collected differentiating mESCs at d2 and d4 and processed them for
RNAseq assay (two biological replicates for each condition). In collaboration with
other colleagues in the laboratory, we carried out the bioinformatics analyses.

The overall number of four paired-end reads from d2 and d4 differentiated mESC
is illustrated in the Table 4.

Sample pairs N° of raw reads
d2_repl 15,060,453
d2_rep2 18,042,950
d4_repl 14,104,249
d4_rep2 21,110,492

Table 4 Total number of raw reads in d2-d4 differentiated mESCs.

Next, we aligned RNA-seq paired-end reads to mouse genome (mml0 version),
using STAR (Spliced Transcripts Alignment to a Reference) aligner tool,
identifying both multi-mapped and unique mapped reads.

The Table 5 shows the percentage of alignment and the total number of aligned
reads. Moreover, the quality check of aligned BAM reads is illustrated in Figure
45.

Sample | Input read Alignment % Aligned
pairs Aligned | Unique | Multi | None reads

d2_repl 15,060,453 97.70% 87.42 10.28 231 14,714,063

d2_rep2 18,042,950 97.41% 85.44 11.97 1.30 17,575,638

d4_repl 14,104,249 97.31% 88.60 8.71 3.65 13,724,846
d4_rep2 21,110,492 97.44% 88.25 9.19 2.56 20,561,619

Table 5 Number of aligned reads of 2 replicates d2 and 2 replicates d4.
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STAR: Alignment Scores
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# Reads

@ Uniquely mapped @ Mapped to multiple loci @ Mapped to too many loci
@ Unmapped: too short @ Unmapped: other

Figure 45 Alignment scores by STAR tool.

In Figure 46 is reported the MA plot, which shows the log average (A) in the x-
axis and the log ratio (M) on the y-axis. This type of plot is used to represent the
dataset distribution between the two conditions d2 and d4. It shows that few genes
were highly expressed in d4 compared to d2 and vice versa and they were those
with log2FC close to 10.

10

log fold change
0

-10

mean of normalized counts

Figure 46 MA plot of all expressed genes dataset d2-d4. Log ratio (M) is log fold-change (y-axis); log
average (A) is log mean of normalized counts (x-axis).
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Auver PL. et al.,, (2010) clearly demonstrated that it is important to have
replications in designing RNA-seq experiments and understand the level of
variation in the data. In practice, many RNA-seq experiments are done without or
with only a few replicates. In order to accommodate such situations, Zheng X. et
al., (2013) showed that it is possible to obtain improved differential gene-calling
results by combining the results obtained by two representative methods: one
parametric, DESeq, and one nonparametric, NOISeq. They suggested strategies to
use these two methods individually or combined according to the characteristics of
the data. Both methods showed slightly but consistently higher sensitivities for the
over-expressed genes than for the under-expressed genes. Over-expressed genes
were slightly more likely to be called correctly as differentially expressed than
under-expressed genes. Moreover, DESeq showed length-dependent results where
longer transcripts were called more as differentially expressed, whereas NOISeq
did not show this trend. It indicates that for longer genes, DESeq calls more genes
as differentially expressed, but their results include more false positives. In
contrast, NOISeq calls a smaller number of genes as positives, but with very high
accuracy, regardless of the lengths.

For this reason, since the number of biological replicates (n.=2) was too small, we
have determined differentially expressed genes (DEGs) between d2 and d4, by
combining two representative differential gene-calling methods: one parametric
method, DESeq?2 (applying a threshold of p-adjust < 0.05 and p-adjust < 0.01), and
one nonparametric method, NOISeq (posterior probability threshold > 0.8 and >
0.9).

The total number of expressed genes analyzed in d2 and d4 datasets is 13,841.

The Table 6 summarizes the results obtained using DEseq?2 applying a threshold of
p-adj < 0.05 and p-adj < 0.01; while the Table 7 shows DE analysis using NOIseq
tool.

Comparison N° of DE genes N° up regulated N° down regulated
(DEseq2) (total) genes genes
d4 vs d2 DE genes 5024 2618 2406
(padj <0.05)
d4 vs d2 DE genes 3790 2027 1763

(padj <0.01)
Table 6 d4 vs d2 DE analysis using DESeq2 applying a threshold of P-adjust < 0.05 and < 0.01.

Comparison N° of DE genes N° up-DE genes N° down-DE genes
(NOIseq)
d4 vs d2 DE genes 2326 1139 1177
(pp>0.8)
d4 vs d2 DE genes 970 512 458
(pp>0.9)

Table 7 d4 vs d2 DE analysis using NOISeq (Posterior probability threshold 0.8 and 0.9).
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To perform a stringent DEG analysis, we considered the threshold combination
DEseq2 padj <0.01 and NOIseq pp > 0.8.

By the intersection of DE genes in Deseq2 and NOIseq, we found that there were
1735 DEGs between d2-d4. In particular, 1057 genes were upregulated at d4
compared to d2, while 678 genes were downregulated, as illustrated in the Figure
47.

AllDEG at d4 vs d2 DEG upreg. at d4 vs d2 DEG downreg. at d4 vs d2
NOIseq DEseq2 NOlseq DEseq2 NOIseq DEseq2
(p>0.8) (padj < 0.01) (pp>0.8) (padj < 0.01) (pp > 0.8) (padj < 0.01)

1183 1763
2343 3790 lisD 202
1735 1057

Figure 47 Intersection of DE genes at d4 vs d2 in Deseq2 and NOIseq methods.

Then, to confirm what I have seen by RT-PCR in Figure 42 (Chap.1), I plotted a
time course of gene expression for representative genes from pluripotent cells,
cardiopharyngeal mesoderm and endothelial cell differentiation (Figure 48).

As previously described, these analyses revealed that pluripotent cell markers such
as Nanog, Utfl, Sox2, Rexl, Oct3/4 were rapidly down regulated during
differentiation. Next, I observed a higher expression level of the mesoderm-
specific genes, like Brachyury (T), Eomes, Mixll, Mef2c, Pdgfro. and Gata4 at d4
compared to d2. Similarly, several well-known endothelial marker genes were
highly expressed at day 4 (e.g., Kdr, Pecaml, VE-Cadherin, Eng, Tall, CD-34,
Gata6, Gatal, Gata2, Fltl, Nos3, Ets1, Etv2, Vwf).

These data support the idea that the endothelial lineage commitment is induced
during the time window d2-d4.

Pluripotent stem cell

Nanog Octd/4 (Pousfl)

/\,

FPKM Level

Rexl (Zfpd2)
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Figure 48 Gene expression evaluation of representative marker genes of pluripotent stem cells,
cardiopharyngeal mesoderm and endothelial cells. The results were indicated as FPKM average of two

biological replicates.
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We performed a functional enrichment analysis to find within all 1735 DE genes
the most over-represented Gene Ontology terms, related to biological processes
(GO:BP). We used g:Profiler tool (Raudvere et al., (2019)). The most enriched BP
and Pathways terms are indicated in Figure 49.

I found that the most significant over-represented biological processes for
differentiating mESCs d2-d4 included terms ‘“developmental process”, “cellular
developmental process”, “regulation of developmental process”, as well as
“circulatory system development”, “vasculature development”, “blood vessel
development”, “cell adhesion”, “blood vessel morphogenesis”, “regulation of cell
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migration”, “angiogenesis”, “embryo development” and others.

GO Biological Processes

GO:BP stats
Term name Term ID Padj
anatomical structure morphogenesis GO:0009653 5.338x1060
system development GO:0048731 1.491x1056
multicellular organism development GO:0007275 7.813x10°5¢
anatomical structure development GO:0048856 1.245x10°55
developmental process GO:0032502 9.568x1055
cellular developmental process| GO:0048869 1.197x1047
cell differentiation GO0:0030154 1.032x10%6
animal organ development GO:0048513 2.903x10%4
tube development GO:0035295 3.389x1042
anatomical structure formation involved in morphogenesis GO:0048646 2.982x1041
| regulation of developmental process GO:0050793 4.004x104
positive regulation of cellular process GO:0048522 6.126x1041
circulatory system development | G0:0072359 6.635x1041
positive regulation of biological process GO:0048518 2.300%10%0
tube morphogenesis GO:0035239 9.517x10%0
vasculature development GO:0001944 1.722x1036
blood vessel development GO:0001568 1.820x1073%
negative regulation of cellular process GO:0048523 3.196x1035
tissue development GO:0009888 5.227x1035
negative regulation of biological process GO:0048519 7.256x1033
regulation of multicellular organismal process G0:0051239 9.215x10733
locomotion GO:0040011 1.450x1032
biological adhesion GO:0022610 1.542x10732
cell adhesion GO:0007155 1.934x1032
blood vessel morphogenesis GO:0048514 4.701x1032
movement of cell or subcellular component GO:0006928 7.147x1032

103



cell morphogenesis G0:0000902 1.222x103"

regulation of cell differentiation G0:0045595 2.531x10'31
regulation of multicellular organismal development G0:2000026 4.365x10°31
regulation of cellular component movement G0:0051270 1.899x1030
cell migration GO:0016477 2.177x10730
cellular component organization GO:0016043 2.223x1030
positive regulation of developmental process GO:0051094 2.662x1030
regulation of cell motility GO:2000145 5.979x1030
regulation of locomotion G0:0040012 8.360x10730
nervous system development G0:0007399 8.913x10730
cellular component organization or biogenesis GO:0071840 1.145x102°
regulation of anatomical structure morphogenesis G0:0022603 2.384x10'29
regulation of cell migration G0:0030334 1.389x10%8
cell motility GO:0048870 1.509x1028
localization of cell GO:0051674 1.509%10°28
embryo development GO:0009790 2.765x10°28
angiogenesis GO:0001525 2.969x1028
regulation of cell population proliferation G0:0042127 4.106x1028
cell surface receptor signaling pathway GO:0007166 5.438x10°28
cell population proliferation | G0:0008283 8.131x10°28
cell development GO:0048468 1.480x10°%7
positive regulation of cell differentiation G0:0045597 2.688x1027
enzyme linked receptor protein signaling pathway GO:0007167 3.208x1027
regulation of signaling G0:0023051 1.189x1026
cellular response to chemical stimulus G0:0070887 1.336x1026
regulation of cell communication GO:0010646 1.556x102¢
regulation of signal transduction GO:0009966 1.980x10°26
tissue morphogenesis GO:0048729 3.415%1026
KEGG Pathways
KEGG stats
Term name Term ID Padj
Pathways in cancer KEGG:05200 6.221x10°1°
Focal adhesion KEGG:04510 2.012x10%
Proteoglycans in cancer KEGG:05205 2.328x107
Signaling pathways regulating pluripotency of stem cells KEGG:04550 2.638x107
MicroRNAs in cancer KEGG:05206 5.100x106
PI3K-Akt signaling pathway KEGG:04151 1.794x105
Hippo signaling pathway KEGG:04390 2.261x10°
Rap1 signaling pathway KEGG:04015 2.336x10°5
Ras signaling pathway KEGG:04014 3.745x10°5
MAPK signaling pathway KEGG:04010 1.546x104
ECM-receptor interaction KEGG:04512 1.546x10%
Regulation of actin cytoskeleton KEGG:04810 2.588x10
Wt signaling pathway KEGG:04310 1.045x1073
Human papillomavirus infection KEGG:05165 1.177x1073
Arrhythmogenic right ventricular cardiomyopathy KEGG:05412 1.322x107
Axon guidance KEGG:04360 1.678x1073
AGE-RAGE signaling pathway in diabetic complications KEGG:04933 1.927x1073
p53 signaling pathway KEGG:04115 3.519x1073
Prostate cancer KEGG:05215 3.919x10°
EGFR tyrosine kinase inhibitor resistance KEGG:01521 5.333x1073
Renal cell carcinoma KEGG:05211 6.290x1073
Dilated cardiomyopathy KEGG:05414 7.603x103
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REACTOME Pathways

REAC

Term name

Axon guidance

Nervous system development
Extracellular matrix organization
Hemostasis

Platelet activation, signaling and aggregation

Platelet degranulation

Response to elevated platelet cytosolic Ca2+

Cell junction organization
Signaling by Receptor Tyrosine Kinases
Integrin cell surface interactions

Regulation of Insulin-like Growth Factor (IGF) transport an...

Developmental Biology

Cell-Cell communication

Elastic fibre formation

ECM proteoglycans

Post-translational protein phosphorylation
L1CAM interactions

Molecules associated with elastic fibres
MAPK family signaling cascades
Non-integrin membrane-ECM interactions
Cell-extracellular matrix interactions
Semaphorin interactions

G alpha (12/13) signalling events

Wiki Pathways

WP

Term name

PluriNetWork: mechanisms associated with pluripotency

ESC Pluripotency Pathways
Focal Adhesion

TGF Beta Signaling Pathway
Heart Development
Integrin-mediated Cell Adhesion
Neural Crest Differentiation

Figure 49 Gene ontology enrichment analysis for DEGs between d2 and d4. Terms related to biological
processes, KEGG pathways, REACTOME pathways, Wiki pathways were considered. In red box there are

Term ID

REAC:R-MMU-4...
REAC:R-MMU-9...
REAC:R-MMU-1...
REAC:R-MMU-1...
REAC:R-MMU-7...
REAC:R-MMU-1...
REAC:R-MMU-T7...
REAC:R-MMU-4...
REAC:R-MMU-9...
REAC:R-MMU-2...
REAC:R-MMU-3...
REAC:R-MMU-1...
REAC:R-MMU-1...
REAC:R-MMU-1...
REAC:R-MMU-3...
REAC:R-MMU-8...
REAC:R-MMU-3...
REAC:R-MMU-2...
REAC:R-MMU-5...
REAC:R-MMU-3...
REAC:R-MMU-4...
REAC:R-MMU-3...
REAC:R-MMU-4. ..

Term ID

WP:WP1763
WP:WP339
WP:WP85
WP:WP113
WP:WP2067
WP:WP6
WP:WP2074

some interesting and statistically significant (p-value) biological processes.

Overall, these results are consistent with the in vifro induced developmental
progression from pluripotent stem cells to endothelial cells.

Many of the 1735 DEGs between d2 and d4 were involved in angiogenesis and
endothelial related processes, indicating the activation of an EC transcription

program.

stats

Padj

1.028x10°8
1.028x10°8
2.339x10°7
1.071x10°5
3.971x10°%
5.893x10°5
1.095x10%
1.124x10%
1.443x10%
1.601x104
1.601x10%
1.601x10%
1.601x10%
1.758x10%
3.823x10™
7.349x104
1.241x10°3
1.403x10°3
2.198x10°3
2.837x10°3
3.717x10°3
8.977x10°3
9.364x10°3

stats

Padj

1.663x108
1.888x10°6
2.408x10%
1.465x103
1.465x1073
1.465x1073
5.291x103



2.2 Chromatin accessibility profile in early phases of multipotent cardiac
progenitors’ differentiation into mature ECs.

To generate maps of chromatin accessibility during the early phases of
differentiation, I collected differentiating mESCs at d2 and d4 and they were
processed for ATAC-seq assay (two biological replicates for each condition).
ATAC-seq (Assay for Transposase-Accessible Chromatin with high-throughput
sequencing) is a method for determining chromatin accessibility across the
genome. It utilizes a hyperactive Tn5 transposase to insert sequencing adapters
into open chromatin regions (Figure 50). High-throughput sequencing then yields
reads that indicate these regions of increased accessibility.

Tn5

Amplify &
sequence

Figure 50 ATAC-seq overview.

The overall number of raw reads is illustrated in the Table 8.

Sample pairs N° of raw reads
d2 repl 20,294,457
d2 rep2 23,034,093
d4 repl 32,221,749
d4 rep2 30,364,839

Table 8 Total number of ATAC-seq raw reads in d2-d4 differentiated mESCs.

Next, we aligned the BAM (Binary Alignment Map) reads of d2-d4 samples to
mouse genome mm10, using Bowtie2 (Langmead B et al., (2012)).

To reduce mitochondrial noise from samples (Montefiori L. et al, (2017)),
mitochondrial reads (chrM) were removed from aligned SAM (Sequence
Alignment Map) files. The Sam file is a Tab-delimited text format divided into
two parts: the first one includes header and second one which has details about
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alignment, for example mapping position (Li H. ef al, (2009)). Also unmapped

and random reads were discarded from the analysis.

Table 9 shows the total number of aligned reads without chrM. Moreover, quality

check of these aligned reads (using FastQC tool) is depicted in Figure 51.

Sample | Input Concordant Alignment % | Aligned | Aligned
read read pairs
pairs | Aligned | Unique | Multi | None |  pairs with no

chrM

d2_repl | 20,294,457 | 96.45% | 64.01 | 28.54 | 7.46 | 19,574,004 | 17,097,584

d2_rep2 | 23,034,093 | 97.72% | 53.70 | 40.58 @ 5.72 | 22,508,916 @ 13,192,117

d4_repl | 32,221,749 | 97.15% | 56.66 | 37.32 | 6.03 | 31,303,430 21,539,055

d4_rep2 | 30,364,839 | 97.55% | 57.54 | 36.82 | 5.64 | 29,620,900 20,566,625

Table 9 Number of aligned reads without chrM of 2 replicates d2 and 2 replicates d4.

FastQC: Sequence Counts

d2_repl_nochriM

d2_rep2_nochriM

d4_repl_nochri

d4_rep2_nochri

o

5M 10M 15M 20M 25M 30M

Number of reads

35M 40M 45M  50M

@ Unique Reads @ Duplicate Reads

Created with MultiQC

Figure 51 Quality check of aligned reads following removal of mitochondrial genome reads.
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Subsequently, we carried out ATAC peak calling, which quantifies how many
open regions (peaks) there were in our samples. The algorithm used is MACS2
(Model-Based Analysis of ChIP-seq) (Feng J. et al., (2012)). This tool identifies
statistically enriched accessible regions in the genome.

Overall, we identified 16952 chromatin accessible peaks in differentiating d2
mESC and 13330 in d4 samples. The total number of the called and consensus (a
consensus peak is a peak occurring in at least 2 replicates of the given replicates
and it must pass the significance cutoff q<0.001) peaks identified between d2-d4
were shown in Table 10.

Sample pairs Peaks called Consensus peaks
(q<0.001) (q<0.001)
d2_repl 19887 16952
d2_rep2 22592
d4_repl 16612 13330
d4_rep2 15627

Table 10 Total peaks number (total accessible chromatin regions) in differentiating d2-d4 mESC. A
consensus peak is a peak occurring in at least 2 replicates of the given replicates and it must pass the
significance cutoff (q<0.001).

We found that overall ATAC-seq peaks of d2 and d4 replicates were located
mostly around the transcription start site (TSS) of genes, as seen in two different
graphs in Figure 52-Figure 53, suggesting that the technique was working well.
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Figure 52 Total accessible regions distribution in d2 (in blue) and d4 (in red) samples.
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Figure 53 Heat map of chromatin accessible regions distribution around TSS (from 1kb to 2kb) of d2
(2replicates) and d4 (2replicates).

We annotated the consensus MACS2 peaks common to d2 replicates (16952) and
d4 replicates (13330), using ChIP-seeker (Yu G. et al, (2015)). Two different
promoter definition were used: one was defined as 3000bp upstream to 3000bp
downstream to TSS, the other was defined as 1000bp upstream to 1000bp
downstream to TSS. We evaluated the distribution of peaks relative to gene
features defined as Promoter 1kb and 3 kb (from 1 kb to 3kb from the transcription
start site), 5’-UTR, 3’-UTR, First Exon, First Intron, Other Exon, Other Intron,
Downstream, Distal Intergenic. The results shown that there were no

relevant differences between the two promoter definitions at d2 and d4 samples, as
seen in Figure 54-Figure 55.

In summary, at day2, 59% of regions were localized around promoter, 22.7% were
intragenic and 18.23% were distal intergenic; while at day 4, 66.5% of regions
were localized around promoter, 21% were intragenic and 12.9% were distal
intergenic. In both cases, peaks were distributed mostly at the promoter regions of
the genes and in the intragenic regions, as expected. Overall distribution suggested
no differences in chromatin accessibility regions between the two different
conditions.
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Promoter region=+3000bp to TSS

Day2 (Peaks-16952)

E0s0CoCoEEOEO

Promoter (<=1kb) (55.27%)
Promoter (1-2kb) (2.44%)
Promoter (2-3kb) (1.35%)
5'UTR (4.04%)

3'UTR (1.02%)

1st Exon (0.71%)

Other Exon (1.89%)

1st Intron (4.83%)

Other Intron (9.67%)
Downstream (<=300) (0.55%)
Distal Intergenic (18.23%)

Day4 (Peaks-13330)

E0N00EEEONO

Figure 54 Total accessible regions distribution in day2 and d

Promoter (<=1kb) (62.17%)
Promoter (1-2kb) (2.53%)
Promoter (2-3kb) (1.29%)
5'UTR (4.41%)

3'UTR (0.74%)

1stExon (0.74%)

Other Exon (1.26%)

1st Intron (4.71%)

Other Intron (8.55%)
Downstream (<=300) (0.61%)
Distal Intergenic (12.97%)

ay4 mESC. The annotation pie shows accessible

regions distribution around gene features (Promoter region=£3000bp to TSS).

Promoter region=+1000bp to TSS

Day2 (Peaks-16952)

EDoEEEOEBO

Promoter (55.27%)
5'UTR (5.03%)

3'UTR (1.07%)

1st Exon (19%)

Other Exon (2.2%)

1st Intron (5.5%)

Other Intron (9.77%)
Downstream (<=300) (0.93%)
Distal Intergenic (19.23%)

Day4 (Peaks-13330)

EDEEEEEEO

Figure 55 Total accessible regions distribution in day2 and d

Promoter (62.17%)

5'UTR (5.35%)

3'UTR (0.8%)

1st Exon (1.02%)

Other Exon (1.56%)

1st Intron (5.44%)

Other Intron (8.77%)
Downstream (<=300) (0.94%)
Distal Intergenic (13.95%)

ay4 mESC. The annotation pie shows accessible

regions distribution around gene features (Promoter region=£1000bp to TSS).
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Next, we performed a search of differentially accessible regions (DARSs), using the
d2 and d4 replicate peaks, with two different methods: DEScan2 and DiffBind.
DARs are regions that increase/decrease their chromatin accessibility during the
differentiation procedure in a statistically significant measure.

For DiffBind and DEScan2 analysis, MACS2 peaks with q<0.001 (g-value
statistical cutoff) from the replicates were given as input and regions with
FDR<0.01 were considered as DARs. Total number of DARs regions identified in
d4 vs d2 comparison are shown in Table 11.

I found 6348 regions identified as DARs with both methods (common DARs). In
particular, there were 2409 DARs with increased accessibility at d4 vs d2, and
3939 with decreased accessibility (Table 12).

Sample pairs DiffBind DEScan2 Common
(d2-d4 peaks) DARs
(intersection
DEScan2 with
DiffBind)
Total DARs 11798 9650 6348
Increased DARs 4237 3977 2409
Decreased DARs 7561 5673 3939

Table 11 Total number of Differential Accessible Regions (DARs) between d2-d4 using DiffBind and
DEScan? tools.

Common DARs were then annotated using ChIPSeeker and two different promoter
definitions TSS [£3000] and TSS [£1000]. Each DAR was annotated to at least
one gene and, in some cases, more than one. Hence, the number of genes was less
than the number of DARSs, as seen in Table 12.

Classification Number of DARs Number of genes in
DARs
DARs 6348 5054
Increased DARs 2409 2080
Decreased DARs 3939 3394

Table 12 Annotation of common_DARs in d4 vs d2. The DARs were annotated with two different promoter
definition TSS [£3000] and [+1000].

We evaluated genomic feature annotation and observed that while the majority of
day4 peaks were located in the promoters, the DARs in day4 were primarily
annotated to intra- (43.8%) and inter-genic (37-39%) regions, implying that the
chromatin landscape is mainly altered within gene body or at enhancers located far
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from the target genes. Only about 15-18% of them were around promoter regions
(Figure 56).

N° of DAR regions- 6348

I fomti} (1451%) O Promoter (14.81%)
romoter (<=1kb) (14. .

B Promoter (1-2kb) (2.22%) B 5UTR (266%)

@ Promoter (2-3kb) (2.06%) B 3'UTR (252%)

B 5'UTR (2.38%) B 1stExon (1.2%)

B 3 UTR (249%)

® 1stExon (1.04%) B Other Exon (4.41%)

@ Other Exon (4.13%) @ 1stintron (10.95%)

@ 1stintron (10.35%) B Other Intron (22.5%)

@ Other Intron (22.32%)

O Downstream (<=300) (1.1%) @ Downstream (<=300) (1.8%)
W Distal Intergenic (37.1%) B Distal Intergenic (39.16%)

Promoter definition= TSS(-3000,3000) Promoter definition= TSS(-1000,1000)

Figure 56 Distribution of common DARs in d4 vs d2. Annotation pie shows accessible regions distribution
around gene features (TSS [£3000] and [+1000]).

The distance between each common DARs to its nearest TSS region was
calculated and plotted in Figure 57 (x-axis denotes the distance to TSS, from 0 bp
to 50000bp; y-axis denotes the number of DARS).

940 out 6348 DARs lie within 1kb distance from TSS and 2082/6348 DARs
within 10kb distance from TSS.

750~

500~

Number of DARs

250 -

OWTHWTHTH_I‘HWW

0 10000 20000 30000 40000 50000
Shortest Distance of DARsto TSS

Figure 57 Distance of the common_DARs to nearest TSS region (x-axis denotes the distance to TSS, from 0
bp to 50000bp; y-axis denotes the number of DARS).
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Gene ontology analysis (g:Profiler2) of genes annotated to the common DARs
(5054) was performed and the most enriched BP and Pathways terms are depicted
in the Figure 58. Many genes associated with new accessible regions are involved
in cardiac and endothelial cell fate specification. In particular, I found that the
most significant over-represented biological processes included terms
“developmental process”, “cell development”, “regulation of developmental
process”, “stem cell differentiation” as well as “vasculature development”, “blood
vessel development”, “blood circulation”, “blood vessel morphogenesis”, “heart
development”, “angiogenesis”, “embryo development”, “regulation of vasculature
development”, “cardiomyocyte differentiation”, “regulation of endothelial cell
migration”, ‘“endothelial cell migration”, “regulation of vascular endothelial
growth factor signaling pathway” and so on.

GO Biological Processes

source term_name term_id adjusted_p_value

GO:BP  anatomical structure morphogenesis GO:0009653 5.56E-62
GO:BP system development GO:0048731 7.49E-60
GO:BP anatomical structure development G0:0048856 2.68E-59
GO:BP  multicellular organism development GO:0007275 2.68E-59
GO:BP developmental process G0:0032502 4.72E-51
GO:BP nervous system development GO:0007399 6.75E-51
GOBP generation of neurons GO:0048699 9.79E-44
GO:BP neurogenesis G0:0022008 6.67E-43
GO:BP localization GO:0051179 2.72E-37
GO:BP cell morphogenesis G0:0000902 2.72E-37
GO:BP neuron differentiation G0O:0030182 8.93E-37
GOBP animal organ development G0:0048513 4.86E-36
GO:BP cell development GO:0048468 5.21E-36
GOBP regulation of localization GO0:0032879 2.41E-35
GOBP cell-cell signaling G0:0007267 3.58E-33
GO:BP tissue development G0:0009888 5.95E-33
GO:BP regulation of biological quality GO:0065008 6.01E-32
GO:BP plasma membrane bounded cell projection organization G0:0120036 1.84E-31
GOBP  cell projection organization GO:0030030 3.85E-31
GO:BP  cell differentiation GO:0030154 1.06E-30
GO:BP regulation of signaling G0:0023051 1.20E-30
GO:BP regulation of cell communication GO:0010646 1.20E-30
GO:BP  cellular developmental process GO:0048869 4.20E-30
GO:BP regulation of developmental process GO:0050793 1.58E-29
GO:BP neuron projection development GO:0031175 7.39E-29
GO:BP movement of cell or subcellular component . G0O:0006928 8.49E-29
GO:BP regulation of multicellular organismal process GO:0051239 1.07E-28
GO:BP  cell morphogenesis involved in differentiation GO:0000904 1.86E-28
GO:BP  cell projection morphogenesis GO:0048858 5.20E-28
GO:BP multicellular organismal process G0:0032501 1.46E-27
GO:BP  plasma membrane bounded cell projection morphogenesis GO:0120039 1.46E-27
GO:BP tube development G0:0035295 249E-27
GO:BP neuron projection morphogenesis GO:0048812 3.21E-27
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GO:2000145
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GO:BP positive regulation of endothelial cell migration  * - GO:0010595 0.004758447

GO:BP endothelial cell migration G0:0043542 0.005455253
GO:BP protein glycosylation G0O:0006486 0.005455253
GO:BP  salivary gland morphogenesis GO:0007435 0.005593742
GO:BP negative regulation of actin filament bundle assembly G0:0032232 0.005593742
GO:BP regulation of biomineral tissue development GO:0070167 0.005632109
GO:BP  chloride transmembrane transport GO:1902476 0.005632109
GO:BP  positive regulation of biomineral tissue development GO:0070169 0.005666867
GO:BP  stress-activated protein kinase signaling cascade GO:0031098 0.005884021
GO:BP  protein localization to cell junction GO:1902414 0.005911937
GO:BP regulation of receptor internalization GO:0002090 0.005943248
GO:BP SMAD protein signal transduction GO:0060395 0.006276349
GO:BP regulation of heart growth G0:0060420 0.006276349
GO:BP regulation of presynapse organization GO:0099174 0.006283557
GO:BP positive regulation of calcium ion transmembrane transporter activity G0:1901021 0.006283557
GO:BP  embryonic hindlimb morphogenesis GO:0035116 0.006327184
GO:BP regulation of ossification G0:0030278 0.006412351
GO:BP regulation of cardiac muscle tissue growth G0:0055021 0.006556352
GO:BP regulation of vascular endothelial growth factor signaling pathway GO0:1900746 0.007531054

Figure 58 Gene dntology enrichment analysis for genes annotated to common DARs between d2 and d4.
Terms related to biological processes (GO:BP) were considered. In red there are some interesting and
statistically significant (p-value) biological processes.

2.3 Intersection of DE genes and DARs regions between day?2 and day4
of CPM-EC differentiation.

We compared DE genes list and genes associated with DARs. The volcano
plot in Figure 59 shows the intersection of DE and DARs genes in d4 vs d2
differentiation. By this data integration, we obtained a subset of genes that were
both altered in terms of chromatin accessibility and its expression.

The X and Y-axis are in terms of expressed genes. The X-axis denotes the fold
change of expressed genes, while the Y-axis denotes the posterior probability (pp).
Genes with pp > 0.8 (-log10(1-pp) > 1) were considered DEGs.

In red were DARs and down-regulated DE genes (n.145); in dark blue were
illustrated DARs and up-regulated DE genes (n.159); in orange were DARs and
down-expressed genes, while in light blue DARs and up-expressed genes.
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Figure 59 Volcano plot of intersection of DE and DARs genes in d4 vs d2 differentiation. In red were DARs
and down-regulated DE genes (n.145); in dark blue were illustrated DARs and up-regulated DE genes (n.159);
in orange were DARs and down-expressed genes, while in light blue DARs and up-expressed genes.
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Chapter 3.
Identification of putative endothelial regulatory elements (enhancers)
regulated during CPM differentiation into endothelial cells (EC) by
integration of RNA-seq and ATAC-seq data.

In general, enhancers are distal regulatory elements that can impact gene
expression regardless of their position, orientation, and distance relative to a target
promoter. These elements are essential for precise spatiotemporal regulation of
gene expression, which is required for proper cell development and differentiation.
Assays of chromatin accessibility, which provide an indication of how “open” a
region is, can be used to identify enhancer elements. Moreover, enhancers are
found mostly in the intergenic and intronic regions, while a few enhancers have
been found within exons (Panigrahi et al., (2021)).

Since most of DARs found in d4 vs d2 samples are located in intra- (43.8%) and
inter-genic (37-39%) regions (see Figure 17, Cap2), I have searched for DARs
opening at d4 and located within 10 kb endothelial-specific genes activated at d4.
We uploaded RNA-seq and ATAC-seq data on the USCS genome browser
(https://genome.ucsc.edu/) and by comparison of the two methods, I have
identified in total 10 putative endothelial-specific enhancer regions, which
increased their chromatin accessibility and are associated with endothelial genes
activated at day 4 of differentiation, compared to day2, as shown in Table 13.

Gene ATAC peaks position DE genes
(increased at d4) d4 vs d2
Kdr (Vegfi2) Intron10 +
Cdh5 (VE-Cadherin) Intronl +
CD34 10 kb upstream to TSS +
Eng Intron2 +
Flt1 (Vegfrl) Intron10 +
Tall (Scll) 5 kb upstream to TSS +
Pecaml1 Intron2
Notchl Intron15 +
Dusp5 5 kb upstream to TSS No DEG
but involved in angiogenesis
Gatab Intron6 +

Table 13 List of total 10 identified putative enhancers regions associated with endothelial-specific genes. The
table contains: gene names (left column); position of the ATAC peaks increased at d4 (middle column); DE
genes d4 vs d2 (right column) (gene expression variations during d2-d4 differentiation; + refers to genes
whose expression increases at d4).
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Examples of ATAC-seq and RNA-seq peaks coverage related to the 10 regions,
which show different chromatin accessibility and gene expression at these two
stages of differentiation (d2-d4), are depicted in Figure 60.a-j.
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Figure 60.g ATAC peaks and RNA-seq peaks coverage associated to Pecami. On vertical axis there are the
genome coverage of d2 first replicate, d2 second replicate, d4 first replicate and d4 second replicate. Red box
indicates the open chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of candidate cis-
Regulatory Elements (cCREs) in the mouse genome is showed; black parallel lines indicate detected
conservation between species.
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Figure 60.h ATAC peaks and RNA-seq peaks coverage associated to Notchl. On vertical axis there are the
genome coverage of d2 first replicate, d2 second replicate, d4 first replicate and d4 second replicate. Red box
indicates the open chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of candidate cis-
Regulatory Elements (cCREs) in the mouse genome is showed; black parallel lines indicate detected
conservation between species.
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Figure 60.i ATAC peaks and RNA-seq peaks coverage associated to Dusp5. On vertical axis there are the
genome coverage of d2 first replicate, d2 second replicate, d4 first replicate and d4 second replicate. Red box
indicates the open chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of candidate cis-
Regulatory Elements (cCREs) in the mouse genome is showed; black parallel lines indicate detected
conservation between species.
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Figure 60.j ATAC peaks and RNA-seq peaks coverage associated to Gata6. On vertical axis there are the
genome coverage of d2 first replicate, d2 second replicate, d4 first replicate and d4 second replicate. Red box
indicates the open chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of candidate cis-
Regulatory Elements (cCREs) in the mouse genome is showed; black parallel lines indicate detected
conservation between species.
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3.1 Putative endothelial enhancers validation strategies

Although enhancers can be predicted based on genome-wide datasets
associated with open chromatin and other epigenomic features, the function of
predicted enhancers needs to be experimentally validated.

For this reason, one of the aims of my PhD work was to determine whether any of
these 10 putative regulatory elements was required for transcriptional regulation of
the associated gene during CPM differentiation into ECs.
To validate the putative endothelial enhancers, I followed two strategies:

1) Genetic deletion of putative enhancers, using CRISPR-Cas9 technology;

2) Epigenetic repression/decommission, by targeting the deactivated Cas9

(dCas9) coupled with the repressive effector LSDI1 (Lysine-specific
histone demethylase 1) (dCas9-LSD1 system) onto the putative enhancer.

During the first period of my PhD project, I only focused on 2 putative enhancer
regions, associated with Pecaml and Notchl genes, both of which are critical for
vascular development. For this reason, I have focused on their validation using
gene editing (by CRISPR-Cas9 system).
The Cas9 nuclease was directed by two sgRNA, designed to target the extremities
of each specific putative enhancer region. Thus, the Cas9 will induce two double-
strand breaks (DSB) at the targeted genomic region. The DSB is generally repaired
by the error-prone repair pathway non-homologous end joining (NHEJ), resulting
in the formation of insertion and deletion (indel) mutations. In detail, I have
generated mESCs with deletion of putative Pecaml-enhancer and Notchl-
enhancer separately, which I then differentiated towards CPM-EC lineages.
Subsequently, during the PhD course, I have extended the search of putative
regulatory elements, identifying other 8 open chromatin regions, associated with
Kdr (Vegfr2), Cdh5 (VE-Cadherin), CD34, Eng, Fltl (Vegfrl), Tall (Scll), Dusp5
and Gata6 endothelial genes. For these putative enhancers I have used the second
validation strategy, based on epigenetic reprogramming by nuclease-deficient
dCas9 fused with effectors, which could be transcription activator or repressor. In
general, dCas9 fusion proteins can target and alter epigenetic marks in enhancers
and promoters, thereby modulating gene expression. Kearns et al. fused dCas9
with the histone demethylase LSD1 (lysine-specific histone demethylase 1), which
was implicated in enhancer repression (Kearns NA. ef al., (2015)). LSD1 removes
mono and di-methylation of histone H3 lysine 4 (H3K4mel and me2) to repress
putative enhancers.
In their study, they demonstrated that epigenetic alterations in regulatory elements
were sufficient to cause strong changes in gene expression. Such tools should
therefore enable the functional annotation of regulatory elements.
Genome-wide mapping of histone post-translational modifications revealed that
H3K4mel (histone H3 Lys4 monomethylation) and H3K27ac (H3K27 acetylation)
are enriched at active-enhancer regions (Ernst J. et al, (2011)), whereas active-
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promoter regions are marked by H3K4me3 and H3K27ac. This 'histone code' is
widely used to annotate regulatory elements.

So, I decided to generate mESC clones constitutively expressing dCas9-LSD1 and
delivered into them guide RNAs (gRNAs) targeting the putative enhancers. Then
the cells were differentiated into endothelial cells (ECs).

Figure 61 illustrates the scheme of enhancer validation strategies.

Putative enhancer
validation strategies
1. Enhancer deletion by 2. Enhancer de-commisioning/
CRISPR/Cas9 repression by

CRISPR/dCas9-LSD1
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Figure 61 Scheme of enhancer validation strategies. The first approach (left) is based on deletion of the
putative enhancer by CRISPR-Cas9 technology; the second one (right) is using epigenetic reprogramming by
fusing LSD1 demethylase with dCas9, which can erase methylation of histone H3 lysine 4 (H3K4me2) near
the enhancer region to abrogate gene expression.
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Chapter 4.
Generation of mutant engineered mouse embryonic stem cell lines (mESC)
using the CRISPR/Cas9 system.

During my PhD training, I had the opportunity to develop the CRISPR-Cas9
technique to induce precise genome editing in mouse embryonic stem cells
(mESC). CRISPR/Cas9 is the most widely used tool for genome engineering
projects due to its simplicity, versatility, efficacy, and low cost (Hsu et al,
(2014)). CRISPR-Cas9 system relies on a universal Cas9 nuclease, that can
generate a DNA double-strand break (DBS) when combined with a single-guide
RNA (sgRNA) to form a ribonucleoprotein complex (RNP). In this RNP complex,
sgRNA will guide the Cas9 to a specific locus in the genome, thus allowing
nuclease activity and cleavage of the target site. The sgRNA can be designed to
target any 20-nucleotide-long sequence that must be followed in the targeted
sequence by a 5’-NGG tri-nucleotide recognition site, called protospacer adjacent
motif (PAM).

In particular, the experimental process to generate mutant mESC lines via
CRISPR-Cas9 includes four main phases (schematic workflow is shown in Figure
62).

(1) Transfection of CRISPR reagents: delivering the reagents (single guide RNA,
Cas9, and if required, a DNA donor template for homologous recombination) in
the parental mESC line to introduce a targeted DNA double strand break (DSB).
The DSB will be repaired by the endogenous DNA repair pathways. The non-
homologous end-joining (NHEJ) mechanism leads to the introduction of small
insertions/deletions (indels), while the Homology-directed repair (HDR) pathway
introduces precise exogenous nucleotides (by providing a DNA donor template
with homology to the target site).

(2) Clone isolation: it can be facilitated by adding a positive selection marker (e.g.,
sgRNA fluorescent complex, or antibiotic resistance gene) to specifically select
the transfected cells. Cells that express a fluorescent reporter are selected by
fluorescence-activated cell sorting (FACS), whereas cells that include an antibiotic
resistance gene will survive antibiotic selection. Then, a pool of transfected cells is
plated at low density and later, colonies are picked and manually transferred in
individual wells.

(3) Screening: is performed to identify the correctly modified clones. At the first, a
PCR-based screen (using primers that surround the target region) is performed to
quickly detect clones with the desired modification. Then, positive clones are
checked by Sanger sequencing to determine their exact sequence.

Another important point is this step is gene editing efficiency by T7 endonuclease
1 (T7E1) mismatch detection assay (Vouillot L. et al., (2015)). T7 endonuclease 1
recognizes and cleaves structural deformities in DNA heteroduplexes. Genomic
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DNA of a pool of transfected cells is amplified and PCR product is then denatured
and reannealed to produce fraction of heteroduplexes of mutant and wildtype PCR
amplicons. DNA mismatches in those heteroduplexes are recognized and cleaved
by T7EIl, and the cleavage products are easily detectable by an agarose gel
analysis. A schematic example of a DNA mismatch detection T7 assay is shown in
Figure 63.

(4) Molecular characterization: the selected clones are finally characterized and
validated using additional analyses. For example, the detection of pluripotency
markers (e.g., Nanog, Oct3/4, Rexl) by qPCR to assess the pluripotency status of
the selected clones; RNA expression of the modified target gene in clones
harboring the mutation; the ability of mutated mESC to differentiate.
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Figure 62 Experimental pipeline to generate mutant engineered mouse embryonic stem cell lines (mESC)
using the CRISPR/Cas9 system (Mianné J. et al., (2020).
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Figure 63 Schematic example of T7 endonuclease 1 (T7E1) mismatch detection assays. Genomic DNA (in
blue) from edited cells contains wild type and edited DNA (mutation in red). PCR amplification around the
editing site generates wild type and edited PCR products (in black). Denaturing and reannealing of these
products generates a fraction of heteroduplexes of mutant and wildtype PCR amplicons. Mismatches are
cleaved by the T7E1 endonuclease. Running these PCR products on a gel resolves full length DNA and
cleavage products. Gel shows untreated (-) and cells edited with Cas9 and crRNA:tractRNA (+)
(https://horizondiscovery.com/en/resources/featured-articles/proper-assessment-of-gene-editing-with-dna-
mismatch-detection-assays).

4.1 Tbxl knockout (TbxI”") mESC lines

The first CRISPR-Cas9 strategy used in our laboratory was performed to

induce the knockout of the gene 7hx/ in mESC. Our goal was to produce a cell-
based model of the mutation in exon 5 of the murine gene 7hx/, previously
generated in vivo.
In details, mouse ES cells were targeted in order to generate a homozygous 7hx!/
loss of function mutation by inserting multiple stop codons and polyA signals into
exon 5 by homologous recombination of a DNA donor sequence. The single guide
RNA (sgRNA) used was complementary to a specific region of 7hx/-exon5. The
DNA donor sequence was an exogenous template, containing homology arms for
the DNA target and also carried out multiple stop codons, polyA signals,
enzymatic restriction site (EcoRl) and V5-Tag. A scheme of the strategy is
depicted in Figure 64.
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Figure 64 Strategy to generate a knockout allele of 7bx/ using CRISPR-Cas9 and homologous
recombination. The bottom line indicates the DNA target: WT Tbx1-exon5 sequence (in light blue); in bold
black the gRNA sequence; in bold red underlined the PAM sequence (CGG). The bottom line indicates the
sequence of the recombinant allele (DNA donor, in bold red), inserted by homologous recombination. This
includes a V5-Tag; a stop codon (TAG) and a diagnostic EcoRI digestion site (green line).

To estimate the CRISPR-Cas9-mediated editing efficiency in a pooled cell
population, I used T7 endonuclease 1 (T7E1) mismatch detection assays, as
previously described. Overall, I observed high frequency of mutations detected by
the T7E1 test. In Figure 65, the arrows indicate bands related to the cleavage
products of expected sizes (range 100-200bp).

As can be seen, Cas9 nuclease, when combined with specific gRNA, provides
consistent and effective gene editing.

Figure 65 Evaluation of active Cas9 + gRNA efficacy using T7 Endonuclease 1 assay. Control cells (WT)
show a single band corresponding to uncut amplicon. Amplicons from modified cells (7hx/ -KO) have 3
bands: 1 unmodified + 2 cleavage products.

I obtained two correctly targeted homozygous mutant clones, named 4D and 5H,
confirmed by diagnostic PCR screening (using primers that surround the target
region), followed by EcoRI restriction reaction, and by sequencing. The results
showed the correct insertion of the precise homologous nucleotides in the target
site (Figure 66.a-b).
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Figure 66.a PCR amplification of the targeted region from Tbx1 homozygous clones 4D and 5H, and from
WT digested with EcoRI. The restriction reaction produces two fragments, 161bp and 120bp, in mutant
clones, while in WT is visible single PCR product at ~300bp.

> Thxl WT exon5
AGGTAGTCTGTGGGAGTCTTCTGGTTACCTATATTGTATGACCCCCCCTCCCACGATGTTGCCCTAG
GTATGCTTTCCATAGC
TCCTCCTGGCTGGTGGCCGGCAAGCAGATCCTGCTACACCTGGCCGAGTACACTACCA
CCCGGACTCGCCGGCTAAGGGCGCACAGTGGATGAAACAGATTGTGTCTTTCGACAAGCTGAAACTGACCAATAA
CCTGCTGGATGACAATGGCCATGTAGGCGACCCTTCTCTG

> Thx1-KO clone 4D
GACGTAGGTGGGTGGGGAGGCTTCTGGTTACCTATATTGTATGACCCCCCCTCCCACGATGTTGCCCTAG
GTATGCTTTCCATAGC

GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGTAGAATTCATG
CCCGGACTCGCCGGCTAAGGGCGCACAGTGGATGAAACAGATTGTGTCTTTCGACAAGCTGAAACTGACCAATAA
CCTGCTGOGATGACAATGGCCATGTAGGCGACCCTTCTCTG

> ThxI1-KO clone SH
ACGGAGGTGGCTGGTCAGTCTTCTGGTTTACCTATATTGTATGACCCCCCCTCCCACGATGTTGCCCTAG

GTATGCTTTCCATAGC

GGTAAGGGTATCCCGAACCCTCTGCTCGGTCTCGATTCTACGTAGAATTCATG
CCCGGACTCGCCCGCGAAGGGTGCACAGTGGATGAAACAGATTGTGTCTTTCGACAAGCTGAAACTGACCAATAA
CCTGCTGGATGACAATGGCCATGTAGGCGACCCTTCTCTG

Figure 66.b Sequence of WT and homozygous clones (4D-5H). In bold black is indicated the WT sequence,
that is replaced by the exogenous recombinant sequence (in bold red), in both samples 4D and 5H. Tbx1-
exon5 sequence is in light blue.

In laboratory, clone SH Tbx1-KO was selected and used for experiments of my
colleague’s paper, to explore genome-wide gene expression and chromatin
remodeling in cellular models of 7hx/ loss of function (Cirino A. ef al., (2020)).
Clone 5H did not express any 7hx/ mRNA, when it and the parental cell line (WT)
were subjected to a differentiation protocol. WT cells expressed 7hx/ at day 4,
while no expression was detected in Tbx 17 cells (Figure 67).
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Figure 67 Thx!I expression revealed by reverse transcription PCR. Left panel: PCR of samples collected at the
differentiation stages indicated on WT mES cells. At day 4, the analysis was performed on total populations
(T) and on FACS-purified subpopulations. The right panel shows the same experiment performed using the
Tbx1” clone 5H. P, PDGFRa; K, KDR (Cirino A. et al., (2020)).

TBX1I encodes a T-box transcription factor, a family of DNA binding proteins that
has important roles in development and their mutation is associated with
developmental disorders in humans and mice. 7bx/ is expressed in several tissues,
but its mesodermal domain is critical for heart development, suggesting that the
major role of 7bx/ in heart development is effected in precursors destined to
populate the heart (Zhang Z. et al, (2006)). Previous data obtained in my
laboratory demonstrated that 7hx/ is expressed in multipotent cardiac progenitors
cells (CPCs) that, in clonal assays, can give rise to 3 heart lineages expressing
endothelial, smooth muscle and cardiomyocyte markers (Chen L. et al,, (2009)).
Moreover, Thxl expression in endothelial cells (ECs) is essential for vascular
development in mice. EC-specific inactivation of 7hx/ leads to lymphatic and
brain vessel anomalies. 7hx/ regulates two essential vascular genes, Vegfr2 and
Vegfr3, in ECs mutants (Chen L. ef al., (2010); Cioffi S. et al., (2014)).

Based on these data, in my future experiments, I would use clone SH Tbx1-KO to
determine whether 7hx/ affects lymphatic EC differentiation and by what
mechanism.

4.2 Pecaml-A enh. intron2 mESC lines

I used CRISPR/Cas9 technology to induce the deletion of the putative
enhancer identified in intron2 of Pecam! gene during differentiation (as previously
described). For the deletion of a large segment of genomic DNA (569bp), I used
two guide RNAs against the targeted locus, which recognized the extremities of
the segment (as indicated in Figure 68-Figure 69) (Zheng Q. et al., (2018)). In this
case, the DBS generated by CRISPR/Cas9 are joined through the error-prone
nonhomologous end-joining (NHEJ), which results in the loss of the segment
between the two DBSs.
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Figure 68 Scheme of the steps of targeted Pecam1- enhancer deletion with CRISPR/Cas9. Red lines indicate
the position of the two gRNAs used.
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Figure 69 Scheme of the CRISPR-Cas9 strategy used to delete the enhancer region, located in intron2 of
Pecaml gene. On vertical axis there are the ATAC-seq peaks coverage of d2 (two replicates) and d4 (two
replicates). Red lines indicate the gRNAs positions.

I harvested a pool of cells transfected with RNP complex and used the genomic
DNA to amplify by PCR the region flanking the target site. The PCR product was
denatured, followed by re-annealing, leading to a mix of double strand fragments,
some of which contain mismatches. These mismatches were detected by the T7
endonuclease 1 test and resolved on an agarose gel. [ used WT cells as control.
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As showed in Figure 70, the presence of three shorter bands, compared to WT
sample, of predicted sizes suggested that CRISPR/Cas9 editing had successfully
introduced mutations at the targeted site.
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Figure 70 T7 Endonuclease I digestion of genomic amplicons by WT cells and pool of Pecaml-A-enh.
intron2 cells. Control cells (WT) have only a single band corresponding to uncut amplicon. Amplicons from
modified cells (Pecami-A-enh. intron2) transfected with active Cas9-gRNAs yield 4 bands: 1 unmodified + 3
cleavage products of predicted sizes.

I obtained 17 correctly targeted mutant clones, confirmed by diagnostic PCR
screening, using primers that surround the target region (see Figure 71).
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Figure 71 Diagnostic PCR amplification of the targeted enhancer region from Pecam-A-enh. intron2 clones
and from WT cells. WT fragment = 569bp; Mutant fragment = ~250bp.

6 out of 17 positive clones (PecamI-A-enh. intron2) are checked by sequencing to
determine their exact sequences. Subsequently, for my experiments, I selected
only two mutant Pecam I-A-enh. intron2 clones, named 5G and 7G (Figure 71).

In Figure 72 is depicted the sequence of the two clones 5G and 7G, confirming the
deletion of the entire WT target region (in bold black) located between the two
specific gRNAs (sequence in light blue).
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> Pecaml WT enh. intron2 [chr11:106575022-10657559]

CCTGACATTCTAGGCTGAGTCATGTCTTTCTGAGGCTCACCCATCCCACCCTTTAGTGGGGATGACTTGAAGACAATA
CACAGTCTGTICTCCAGGTGTTGCCAAGGGAGCCAGAAGCCTAAGGAATCACAGACTCACAGACCACAGCCCTCC
CCACCCTGGGGCCACAGCTCCATCCCTGGCTCAACTCAGCCCTGTCACGTTCTTCAGCTCAAAAATGCCTGCA
GCCCAGCATCCCTAGTCTTCCCACACTGGAATAACTTTTGACTGAGCCAGTGTAATCTGTGGCCTTCTTCCTG
ACCCACAATCCCTGGGCTGGGCTGAGCCTCTTCCTTCAGAGTCTCTGATGGACGGAGCGAGACAGATCCTCT
TAATCTGAAAAATTCGGAGCGTTCCGAATCAGCTCTC
GAGTGGATGATAGGTCTGACTTTAAAGACAGGCAGAACCCTTCCCCACAAGCAAGCTCAGATAGGAGCGGAGCCTCC
CCGGTGGGAGGGAAAGGGGATCTGGCTGGTCCTTTTTGTTACTCTCTTAGGACAGAGGGA

> Pecaml A enh. intron2 clone 5G
CCTGACTCAGGCTGAGTCATGTCTTTCTGAGGCTCACCCATCCCACCCTTTAGTGGGGATGACTTGAAGACAATA
CACAGTCTGTCTCCAGGTGTTGC

GAGTGGATGATAGGTCTGACTTTAAAGACAGGCAGAACCCTTCCCCACAAGCAAGCTCAGATAGGAGCGGAGCCTCC
CCGGTGGGAGGGAAAGGGGATCTGGCTGGTCCTTTTTGTTACTCTCTAGGTACAGAGGGA

> Pecaml A enh. intron2 clone 7G
CGAACTACTCTAGGCTGAGTCATGTCTTTCTGAGGCTCACCCATCCCACCCTTTAGTGGGGATGACTTGAAGACAATA

CACAGTCTGTCTCCAGGTGTTGCC
GAGTGGATGATAGGTCTGACTTTAAAGACAGGCAGAACCCTTCCCCACAAGCAAGCTCAGATAGGAGCGCACTCC
CCCGGTGGGAGGGAAGGGGATCTGGCTGGTCCTTTTTGTTACTCTCTAGAGGTTTTCCTCCTT

Figure 72 Sequence of WT PecamI-enh. intron2 and mutated clones (5G-7G). In bold black is indicated the
WT sequence, that is deleted in both samples 5G and 7G. In light blue are gRNAs sequences, while in red are
indicated the PAM sequence (5’-NGG).

4.3 Notchl-A enh. intronl5 mESC lines

As described in the previous paragraph about the putative enhancer in
intron2 of Pecaml gene, I used CRISPR/Cas9 technology to also induce the
deletion of the putative enhancer identified in intronl5 of Notchl. For the deletion
of a large segment of genomic DNA (664bp), I used two guide RNAs against the
targeted locus, which recognized the extremities of the segment (as indicated in
Figure 73 - Figure 74). Also in this case, the two DBSs generated by
CRISPR/Cas9 are joined through the error-prone nonhomologous end-joining
(NHEJ), which results in a deletion.
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Figure 73 Scheme of the steps of targeted Notchl- enhancer deletion with CRISPR/Cas9. Red lines indicate
the position of the two gRNAs used.
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Figure 74 Scheme of the CRISPR-Cas9 strategy used to delete the enhancer region, located in intronl5 of
Notchl gene. On vertical axis there are the ATAC-seq peaks coverage of d2 (two replicates) and d4 (two
replicates). Red lines indicate the gRNAs position.

I carried out T7 endonuclease 1 assay to evaluate the efficiency of CRISPR/Cas9
genome editing. As can be seen in Figure 75, modified cells (Notchl-A-enh.
intron15) transfected with active Cas9-gRNAs showed 3 different PCR products: 1
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unmodified + 2 cleavage products of predicted sizes. The results suggested that
indel mutations were successfully introduced in the target region.
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Figure 75 T7 Endonuclease I Assay to validate the efficacy of CRISPR/Cas9 + gRNAs strategy in mESC
cells. Control cells (WT) have only a single band corresponding to uncut amplicon. Amplicons from modified
cells (Notchl-A-enh. intronl5) transfected with active Cas9-gRNAs yield 3 bands: 1 unmodified + 2 cleavage
products of predicted sizes.

Two correctly targeted mutant clones, named 7G and 11B, were confirmed by
diagnostic PCR screening, using primers that surround the target region and by
sequencing to determine the exact sequences (see Figure 76).

<«— WT= 664bp

<+— Mut=~280bp

Figure 76 Diagnostic PCR amplification of the targeted enhancer region from Notchl-A-enh. intronl5 clones
and from WT cells. WT fragment = 664bp; Mutant fragment = ~280bp.

In Figure 77 is depicted the sequence of the two clones 7G and 11B, confirming
the deletion of the entire WT target region (in bold black) located between the two
specific gRNAs (sequence in light blue).
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> Notchl WT enh. intron15 [chr2:26330427-26331154]
ATAACACTAGGGCAGTGAAATCTGATAACCG

CTTGGGGGAGCCACGAGTAACCCAGGTGACTCTCCTTGCAATCCCAGTTAGCTTTCCTGTTTATGGCCATGGTTG
GCTCCAGGAGCTAAGCAAGGAAACCTTATCTTCCTTGTCTCCCACCATGTCCCCAGCCCACTGGTGAGACTCT
CCAGGGCCTCTCTCTCTATCGGTTTCCACGGTGACCTGGGCAGACAGGAACTTTGACAGAGTTTCCGACAATT
GTGCAAAGGGAAGCAGGAAGCTGGTCAGCGCGGCTTGACTCCTCCCGCTAGCCCCGATAGCAGCAAGACCAA
AAGGAACATGGGGTGTGCCTGGCTGCTGACAGTTTC
CTCACTGACCAACACAGGAGACAAAATCCAGGCCCTTTAACTTTGTCAAAGAAAACAGCATCCTGCCAGG
CATCATAGGAACACTGGAAGGGCCTCCACCTTCACAGACCCACTTGCTATGTCCAGAACCTAGCAGCAGCAGCATGA
AGCCACCAGTACTCTGTGGCAGTATTTGGAGCTGCAGGGTTGGGGGCCATGTGGTCACGGCTTTCATGTTCAATGCAC
ATCTCTCCTGCAGGGGCA

> Notchl A enh. intron15 clone 7G

ATATCACACTAGGGCAGTGAAATCTGATAACCG
CATAGGAACACTGGAAGGGCCTCCACCTTCACAGACCCACTTGCTATGTCCAGAACCTAGCAGCAGCAGCATGAAGC
CACCAGTACTCTGTGGCAGTATTTGGAGCTGCAGGGTTGGGGGCCATGTGGTCACGGCTTTCATGTTCAA
TGCACATCTCTCCTGCAGGGGGTCTATTTCCTCGCCATTGACCA

> Notchl A enh. intronl5 clone 11B
TATTAGCTTCTGCTTCTTGTCCTGCAGTCATAGTTAGTGAAATCTGATAACCG
CTTGGGGGAGTATTTT

CATAGGAACACTGGAAGGGCCTCCACCTTCACAGACCCACTTGCTATGTCCAGAACCTAGCAGCAGCAGCATGAAGC
CACCAGTACTCTGTGGCAGTATTTGGAGCTGCAGGGTTGGGGGCCATGTGGTCACGGCTTTCATGTTCAATGCACATC
TCTCCTGCAGGGGGTCTATTTCTCGCCATT

Figure 77 Sequencing of WT Notchl-enh. intronl5 and mutated clones (7G-11B) to determine their exact
sequences. In bold black is indicated the WT sequence, that is deleted in both samples 7G and 11B. In light
blue are gRNAs sequences, while in red are indicated the PAM sequence (5°-NGG).

4.4 dCas9-LSD1 mESC lines

To generate mESC lines expressing dCas9 fused with LSDI1 repressor, |
decided to deliver the plasmid p-dCas9-LSD1-Hygro (Addgene plasmid # 104406,
kindly donated by Dr. Beck lab) into the cells by electroporation. As shown in
plasmid map, in Figure 78, it dCas9 from the Streptococcus pyogenes Type II
CRISPR/Cas system; three tandem FLAG epitope tags (3XxFLAG) and LSDIA
isoform B catalytic domain (a.a. 171-852). Moreover, a HygR cassette confers
resistance to hygromycin.
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Figure 78 Full sequence map for p-dCas9-LSD1-Hygro (https://www.addgene.org/104406/sequences/).

24 hours after electroporation, cells were maintained in Hygromycin B selection
for 10 days. Individual colonies were isolated (n.25), expanded and screened by
PCR for inserted sequence in the DNA, and for RNA expression. I designed
specific primers for different fragments of the plasmid: CMVpromoter-dCas9;
dCas9start _sequence; dCas9middle sequence; dCas9end sequence; dCas9end-
3xFLAG-LSD1 and LSD1-bGH poly(A) signal.

I obtained 3 correctly targeted mutant clones, named A2; A8, B1 (indicated with
red asterisk in Figure 79).
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Figure 79 Diagnostic PCR amplification of the p-dCas9-LSD1 expressing clones. WT sample is parental
mESC (no targeted), CTR+ sample is parental mES cells transiently transfected with the plasmid p-dCas9-
LSD1-Hygro. Red asterisk indicates the 3 mutant clones (A2; A8; B1).

To determine if they expressed the sequence region between dCas9 - 3XxFLAG and
LSDI1 fusion protein, the three clones were sequenced using primers specific for
this region (indicated previously as dCas9 End-3xFLAG-LSD1).

In Figure 80, in violet is depicted the final part of dCas9 sequence, in bold black is
indicated the 3xFLAG, in yellow is LSD1 sequence. The results suggested that
A2, A8, Bl clones contained in their sequences the correct fragment, carrying
dCas9 end part (in violet in Figure 80); 3xFLAG (in bold black in Figure 80) and
LSDI (in yellow in Figure 80). The three clones were compared with the sequence
of the plasmid p-dCas9-LSD1, available on the Addgene site
(https://www.addgene.org/104406/sequences/). I selected clone B1 p-dCas9LSDI1
for all my experiments.
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>p-dCas9LSD1 plasmid sequence WT

GATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATAT |
e C GG ATCCCCCAAGAAGAAGAGGAAAGTCTCGAGCGACT
ACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGGAGG
CGGAGGTAGCCCATCGGGTGTGGAGGGCGCAGCTTTCCAGAGCCGACTTCCTCATGACCGGATGACTTCTCAAGAA
GCAGCCTGTTTTCCAGATATTATCAGTGGACCACAACAGACCCAGAAGGTTTTTCTTTTCATTAGAAACCGCACACTG
CAGTTGTGGTTGGATAATCCAAAGATTCAGCTGACATTTGAGGCTACTCTCCAACAATTAGAAGCACCTTATAACAGT
GATACTGTGCTTGTCC

>clone A2 p-dCas9LSD1

GATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATAT
e C GGATCCCCCAAGAAGAAGAGGAAAGTCTCGAGCGACT
TACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGG
AGGCGGAGGTAGCCCATCGGGTGTGGAGGGCGCAGTTTTCCAGAGCCGACTTCCTCATGACCGGATGACTTCTC
AAGAAGCAGCCTGTTTTCCAGATATTATCAGTGGACCACAACAGACCCAGAAGGTTTTTCTTTTCATTAGAAACC
GCACACTGCAGTTGTGGTTGGATAATCCAAAGATTCAGCTGACATTTGAGGCTACTCTCCAACAATTAGAAGCAC
CTTATAACAGTGATACTGTGCTTGTCC

>clone A8 p-dCas9LSD1

GATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATATG
I C GGATCCCCCAAGAAGAAGAGGAAAGTCTCGAAGCGACT
ACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGGA
GGCGGAGGTAGCCCATCGGGTGTGGAGGGCGCAGCTTTCCAGAGCCGACTTCCTCATGACCGGATGACTTCTCA
AGAAGCAGCCTGTTTTCCAGATATTATCAGTGGACCACAACAGACCCAGAAGGTTTTTCTTTTCATTAGAAACCG
CACACTGCAGTTGTGGTTGGATAATCCAAAGATTCAGCTGACATTTGAGGCTACTCTCCAACAATTAGAAGCACC
TTATAACAGTGATACTGTGCTTGTCC

>clone B1 p-dCas9LSD1

GATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATATG
N GG ATCCCCCAAGAAGAAGAGGAAAGGTCTCGAGCGACT
ACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGGA
GGCGGAGGTAGCCCATCGGGTGTGGAGGGCGCAGCTTTCCAGAGCCGACTTCCTCATGACCGGATGACTTCTCAA
GAAGCAGCCTGTTTTCCAGATATTATCAGTGGACCACAACAGACCCAGAAGGTTTTTCTTTTCATTAGAAACCGCA
CACTGCAGTTGTGGTTGGATAATCCAAAGATTCAGCTGACATTTGAGGCTACTCTCCAACAATTAGAAGCACCTTA
TAACAGTGATACTGTGCTTGTCC

Figure 80 Sequencing of plasmid p-dCas9LSD1 WT and mutated clones (A2, A8, Bl) to determine the
correct insertion of dCas9-LSDI fusion protein. In violet is depicted the final part of dCas9 sequence, in bold
black is indicated the 3XFLAG, in yellow is LSD1 sequence. All three clones show the correct insertion of the
sequence.
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Chapter 5.
Validation of putative endothelial enhancers and verification of their
requirement during EC differentiation

5.1 Notchl-intronl5 enhancer validation: evaluation of gene expression
consequences during ECs differentiation.

Based on literature data described above (Section 4.2), I decided to investigate the
function of the putative enhancer region identified in intronl5 of Notchl gene in
my experiments, assessing its requirement during mESC differentiation in ECs
(Figure 60.h, Chap.3).
To validate this regulatory element, I followed the two previously described
approaches:

1) Enhancer deletion, using CRISPR-Cas9 technology;

2) Epigenetic enhancer repression/decommission, by dCas9-LSD1 system.

5.1.1Assessment of Notchl-intronl5 putative enhancer using
CRISPR/Cas9 deletion strategy

As previously mentioned in Chap. 4.3, one of the first putative enhancer
identified and tested was in intronl5 of Notchl.
I used CRISPR/Cas9 technology to induce the deletion of the specific target
region, generating two Notchl-A enh.intron15 mESC lines, named #7G and #11B
clones, which were differentiated into ECs. I collected the cells at day4, day6 and
day8 of differentiation and evaluated the expression level of the Notchl gene. A
schematic experimental workflow is illustrated in Figure 81.
My hypothesis was that if the regulatory element in Notchl-intronl5 acts as an
enhancer element, its deletion should cause dysregulation of Notchl gene
expression consequences during EC differentiation.

Notchl gene
expression evaluation

mESC
NotchlI-A enh.intronl5 ! !
(#7G, #11B) l l

X

Day 0 Day 2 Day 4 Day 6 Day 8

EC differentiation protocol

Figure 81 Overview of the differentiation scheme. Notchl-A enh.intronl5 clones (#7G and #11B) are
differentiated in ECs from day0 to day8. Samples are collected at day4, day6 and day8 to analyze the Notchl
expression.
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The first clone analyzed was #11B NotchI-A enh.intron15.
Results showed that Notchl expression is significantly reduced in clone #11B
Notchl-A enh.inl5 at d6 and d8 during EC differentiation (Figure 82). The
experiments were done on five biological replicates (n. =5).

0.10
0.08+

0.06 WT

0.04+

b #11B NotchI-A enh.inl5
0.024

0.00 1 T T
dd dé6 ds

Notchl mRNA expression level

Figure 82 Quantitative real-time PCR analysis of Notchl mRNA expression level in clone #11B Notchl-A
enh.in15 during EC differentiation. Notchl is reduced in clone #11B sample (red) compared to WT cells, used
as control (black). X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression level,
evaluated using the 22 method, and Gapdh expression as the normalizer. Values are the average of five
(n=5) biological replicates + standard deviation (SD).

Then, I carried out statistical analysis, using GraphPad Prism8 software, choosing
at first two-way repeated measures ANOVA test (ANOVA 2way-RM).

A two-way repeated measures ANOVA (also known two-factor or two-way
ANOVA with repeated measures) compares the mean differences between groups
that have been split on two within-subjects factors (also known as independent
variables). This test is often used in studies where you have measured a dependent
variable (in this case “gene expression level”) over two or more conditions (i.e.,
the two factors are "time points" and "genotype"). The primary purpose of a two-
way repeated measures ANOVA is to understand if there is a statistically
significant interaction between these two factors on the dependent variable.

Results from ANOVA 2way-RM analysis suggested that there was a significant
change in all dataset population across the two factors “genotype” and “time”
(Table 14).
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ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time 0.0215 * yes
Genotype 0.0220 * yes
Interaction: time x 0.0204 * yes
genotype

Table 14 Two-way repeated measures ANOVA results, when compared WT and clone #11B Notchl-A
enh.inl5 dataset. p-value < 0.05 is considered significant.

However, two-way repeated measures ANOVA cannot tell which specific groups
within each factor were significantly different from each other.

In order to find out exactly which groups are different from each other, I
conducted subsequent tests, by pairwise comparisons of the two samples, WT and
#11B Notchl-A enh.inl5 cells, at different time points (d4, d6, d8), separately.
Since the number of biological replicates (n.=5) was too small, I selected in
GraphPad Prism8, together with the statistician, two types of paired test: (1)
Wilcoxon matched-pairs signed rank test; (2) Paired t-test.

(1) The Wilcoxon matched-pairs signed rank test is a nonparametric test that
compares two paired groups. That means that the test does not assume any
properties regarding the distribution of the variables in the analysis. GraphPad
Prism8 first computes the differences between each set of pairs and ranks the
absolute values of the differences from low to high. Then, it sums the ranks of the
differences where column A was higher (positive ranks), sums the ranks where
column B was higher (it calls these negative ranks), and reports the two sums. If
the average sums of ranks are very different in the two groups, the p-value will be
small.

(2) Paired t-test is a parametric test commonly used to test whether there is a
statistical difference between two paired measurements. It assumes that the
distribution of the data follows a Gaussian distribution. In particular, I tested for
normality using the Shapiro-Wilk test, especially recommended for small samples.
Furthermore, normality is the assumption that also the underlying residuals are
normally distributed, or approximately so. A residual plot helped me to assess this
assumption and QQ plot was the most useful way.

When I run a normality test on each paired dataset or on residual, Prism8 created a
QQ plots, where the X-axis is the actual values, the Y-axis is the predicted ones
(assuming sampling from a Gaussian distribution). Figure 83.a-b-c shows the
graph related to Notchl mRNA expression level (at the top) and the corresponding
normal QQ plot (at the bottom).

In the QQ graphs, the points followed a straight line that matched the line of
identity (shown by Prism), suggesting that the data had a Gaussian (normal)
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distribution. In this way, I could also apply a parametric statistical t-test on my
dataset, in addition to the previous nonparametric Wilcoxon matched-pairs signed
rank test.

The following Table 15 indicates the statistical analysis results, when the two
samples (WT and #11B Notchl-A enh.in15) were compared at the three different
time points (d4, d6, d8), separately.

Day of differentiation = Wilcoxon matched-pairs Paired t-test
(#11B Notchl-A signed rank test (parametric)
enh.inl5 vs WT) (nonparametric)

d4 * ns
p-value= 0.0313 p-value= 0.0566

d6 * *
p-value=0.0313 p-value= 0.0481

d8 k sk
p-value=0.0313 p-value= 0.0008

Table 15 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #11B Notchl-A enh.inl5 vs WT samples at d4, d6, d8, separately. p-value < 0.05 was
considered significant and indicated with an asterisk (*).
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Notchl mRNA expression level
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Normal QQ plot

Predicted

0.005 0.010 0.015 0.020
Actual

® d1WT
4 d4 #11B Notchl-A enhinls

Figure 83.a Top: Quantitative real-time PCR analysis of Nofch] mRNA expression level in WT and clone
#11B Notchl-A enh.inl5 at day4 of differentiation. Bottom: Normal QQ plot related to d4 dataset. The
diagonal line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution,
is helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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Figure 83.b Top: Quantitative real-time PCR analysis of Notchl mRNA expression level in WT and clone
#11B Notchl-A enh.inl5 at day6 of differentiation. Bottom: Normal QQ plot related to d6 dataset. The
diagonal line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution,
is helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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Figure 83.c Top: Quantitative real-time PCR analysis of Notch] mRNA expression level in WT and clone
#11B Notchl-A enh.inl5 at day8 of differentiation. Bottom: Normal QQ plot related to d8 dataset. The
diagonal line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution,
is helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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The second mutant cell line analyzed during differentiation was clone #7G
Notchl-A enh.intronl5.

The enhancer deletion induced a statistically significant reduction of Notchl in
#7G Notchl-A enh.inl5 clone, at d4- d6-d8 during EC differentiation (Figure 84).
Also in this case the experiments were done on five biological replicates (n=5).
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Figure 84 Quantitative real-time PCR analysis of Notchl mRNA expression level in clone #7G Notchl-A
enh.in15 during EC differentiation. Notchl is reduced in clone #7G sample (red) compared to WT cells, used
as control (black). X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression level,
evaluated using the 2-ACt method, and Gapdh expression as the normalizer. Values are the average of five
(n=5) biological replicates + standard deviation (SD).

As described above in detail, I performed statistical analysis, using GraphPad
Prism8 software. The first test used was two-way repeated measures ANOVA test
(ANOVA 2way-RM), to determine if there is a statistically significant interaction
effect between the two specific factors, “time” and “genotype” on a Notchl
expression variable.

Data on Table 16 suggests that there was a significant change in Nofchl mRNA
expression level across the two factors “genotype” and “time”.
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ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time 0.0015 *ok yes
Genotype 0.0072 *ok yes
Interaction: time x 0.0265 * yes
genotype

Table 16 Two-way repeated measures ANOVA results. Comparison between WT and #7G Notchl-A
enh.inl5 samples at d4, d6, d8, together, p-value < 0.05 is considered significant.

Then, I used other two test (Wilcoxon matched-pairs signed rank test and Paired t-
test) to determine which groups are different from each other. I compared the two
samples, WT and #7G Notchl-A enh.inl5 cells, at different time points (d4, d6,
d8), separately. I could apply the t-test as I demonstrated that the data had a
Gaussian (normal) distribution.

Table 17 summarizes the Wilcoxon matched-pairs and Paired t-test results, after
comparison of WT and #7G Notchl-A enh.inl5 at d4, d6, d8, separately.

Day of differentiation = Wilcoxon matched-pairs Paired t-test
(#7G Notchl-A signed rank test (parametric)
enh.inl5 vs WT) (nonparametric)
d4 * ok
p-value=0.0313 p-value= 0.0014
d6 *k %
p-value= 0.0313 p-value=0.0121
d8 *k %
p-value= 0.0313 p-value=0.0115

Table 17 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #7G Notchl-A enh.inl5 vs WT samples at d4, d6, d8, separately. p-value < 0.05 was
considered significant and indicated with an asterisk (*).

Notchl mRNA expression level graph (at the top) and the corresponding normal
QQ plot (at the bottom) are illustrated in Figure 85.a-b-c. It demonstrated that the
distribution of the data follows a Gaussian distribution.
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Figure 85.a Top: Quantitative real-time PCR analysis of Notchl mRNA expression level in WT and clone
#7G Notchl-A enh.in15 at day4 of differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal
line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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Figure 85.b Top: Quantitative real-time PCR analysis of Notch] mRNA expression level in WT and clone
#7G Notchl-A enh.in15 at day6 of differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal
line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.

148



0.06

0.04

0.02

Notchl mRNA expression level

T T
d8 wt d8 #7G Notchl-Aenh.inl5

Normal QQ plot
0.08

Predicted

4 =4

4 =
*

-

>

e
H

T T 1
0.04 0.06 0.08
Actual

s
=
(=3

e diwt
4 d8 #7G Notchl-A enh.inl§

Figure 85.c Top: Quantitative real-time PCR analysis of Notchl mRNA expression level in WT and clone
#7G Notchl-A enh.in15 at day8 of differentiation. Bottom: Normal QQ plot related to d8 dataset. The diagonal
line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.

Taken together these data offered the first evidence that CRISPR/Cas9-based
Notchl-enh.in15 deletion resulted 1in statistically significant Notchl
downregulation at day6 and day8 during EC differentiation process, in two
Notchl-A enh.intl5. independent mESC clones. I have summarized the results in

Table 18.

Day of differentiation = Downregulation of gene expression in
Notchl- A enh.intr15

(#11B, #7G)
d4 ;
dé *
d8 *

Table 18 Significant Notch! downregulation at day6 and day8 during EC differentiation in Notchl- A
enh.intr15 cells (compared to WT). The asterisk (*) indicates the statistical significance of the data.
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5.1.2Assessment of Notchl-intronl5 putative enhancer using
CRISPR/dCas9 — LSD1 epigenetic repression strategy

A second enhancer validation strategy was based on epigenetic

repression/decommissioning of the putative regulatory element, using inactive
“dead” version of Cas9 (dCas9) fused with the histone demethylase LSDI, in
order to endow dCas9 with gene repression abilities (previously described in detail
in Chap.3). dCas9 is no longer able to cleave DNA but can still target and bind
DNA with the same precision when guided by gRNAs. Instead, LSD1 regulates
chromatin accessibility through its demethylating activity on histone H3 Lys4
residues, allowing chromatin inactivation and transcriptional repression.
I induced mESC to express dCas9 fused with LSDI repressor, generating stable
mutant cell lines. I decided to proceed with validation of NotchlI-intronl5 putative
enhancer, using clone #B1 p-dCas9LSDI1 (see Chap. 4.4). To do this, I transfected
three gRNAs against the targeted locus, which recognized the extremities (the
same gRNAs used for enhancer deletion) and the middle part of the of the segment
(as indicated in Figure 86) in the cells. I also transfected clone #B1p-dCas9LSDI1
with a non-targeting control gRNA (gNT), which do not recognize any sequence
in the genome. It was used as control sample. The experiments were done on four
biological replicates (n=4).

Notchl-enh.intronl5
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Figure 86 Localization of the three gRNAs (in red) used to transfect clone #B1 p-dCas9LSD1 and to induce
Notchl-enh.intronl5 repression.

24h after the transfection, I visualized the fluorescently labeled gRNAs complex
(crRNA:tracrRNA-ATTO™S550), using the BD FACS ARIAIII™ cell sorter to
evaluate the % of fluorescent cells and the transfection efficiency. Cells containing
the transfected gRNAs complex were isolated and differentiated into ECs. The
experiments were done on four biological replicates (n=4).
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A schematic experimental workflow is illustrated in Figure 87.

FACS - Sorting of Notchl gene
Fluorescent fluorescent cells i i
Notchl 3 gRNAS +24h - expression evaluation
Transfection r >90% L .
| l | | |
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(undifferentiated cells)
| #B1 p-dCas9LSD1 | EC differentiation protocol

Figure 87 Overview of the experimental plan. #B1 p-dCas9LSDI1 clone are transfected with fluorescent
Notchl 3 gRNAs. Fluorescent sorted cells are differentiated into ECs from day0 to day8. Samples are
collected at day4, day6 and day8 to analyze the Notchl expression.

My hypothesis was that the guide RNAs (gRNAs) target dCas9-LSD1 repressor, to
the putative enhancer in intronl5 of Notchl, changing its chromatin marks. LSD1
binds to several proteins, such as the CoREST transcriptional repressor complex
and the Mi-2/nucleosome remodeling and deacetylase (NuRD) complex, to
promote H3K4 demethylation and shape chromatin into a repressive configuration
(Figure 88) (Magliulo D. et al., (2018)).
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Figure 88 The dCas9-LSD1 transcriptional repression system, by chromatin inactivation. Specific gRNA
target dCas9 fused with chromatin modifier LSDI to a regulatory region. Lysine-specific demethylase 1A
(LSD1) functions as transcriptional repressor: LSD1 binds to the CoREST or nucleosome remodeling and
deacetylase repressive complex thus demethylating mono- and dimethyl-group on histone H3K4 and allowing
genes transcriptional repression (Magliulo D. ez al., (2018)).
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Targeting of dCas9-LSD1 to the Notchl-enh.intrl5 resulted in repression of
Notchl expression during endothelial differentiation, specifically at day 6 and
day8 (Figure 89).
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Figure 89 Quantitative real-time PCR analysis of Notchl mRNA expression level in clone #B1p-dCas9LSD1
transfected with gRNA-Enh.int15-Notchl during EC differentiation. Notchl is reduced in clone #Blp-
dCas9LSD1+gEnh.intl15-Notchl(red) compared to control #B1p-dCas9LSD1+gNT (black), where gNT is a
non-targeting gRNA. X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression
level, evaluated using the 2-2“* method, and Gapdh expression as the normalizer. Values are the average of
four (n=4) biological replicates + standard deviation (SD).

I performed statistical analysis, using GraphPad Prism8 software. The first test
used was two-way repeated measures ANOVA test (ANOVA 2way-RM), to
determine if there is a statistically significant interaction effect between the two
specific factors, “time” and “genotype” on a Notchl expression variable.

The Table 19 suggested that there was a significant change in Nofchl mRNA
expression level across the two factors “genotype” and “time”.

ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time 0.0004 wokx yes
Genotype 0.0013 *ok yes
Interaction: time x 0.0018 *ok yes
genotype

Table 19 Two-way repeated measures ANOVA results. Comparison between #B1p-dCas9LSD1+gNT and
#B1p-dCas9LSD1+gEnh.int15-Notchl samples at d4, d6, d8, together. p-value < 0.05 is considered
significant.

I also used Wilcoxon matched-pairs signed rank test and Paired t-test to determine
which groups are different from each other, comparing #B1p-dCas9LSD1+gNT
and #B1p-dCas9LSD1+gEnh.int15-Notchl samples at each different time points
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(d4, d6, d8). I demonstrated that the data had a Gaussian (normal) distribution, so
that I could perform a parametric statistical analysis (Figure 90.a, b, c).

The statistical results are showed in Table 20.

Day of differentiation | Wilcoxon matched-pairs Paired t-test
(#Blp- signed rank test (parametric)
dCas9LSD1+gEnh.int15- (nonparametric)
Notchl vs gNT)
d4 ns ns
p-value= 0.0625 p-value= 0.0506
do ns *
p-value= 0.0625 p-value=0.0111
d8 ns ok
p-value= 0.0625 p-value= 0.0024

Table 20 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #B1p-dCas9LSD1+gNT and #B1p-dCas9LSD1+gEnh.int15-Notchl samples at d4, d6,
d8, separately. p-value < 0.05 was considered significant and indicated with an asterisk (*).
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Figure 90.a Top: Quantitative real-time PCR analysis of Notchl mRNA expression level #Blp-
dCas9LSDI1+gNT and #Blp-dCas9LSDI1+gEnh.int15-Notchl samples at day4 of differentiation. Bottom:
Normal QQ plot related to d4 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical

and sample percentiles is linear.
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Figure 90.b Top: Quantitative real-time PCR analysis of Notchl mRNA expression level #Blp-
dCas9LSD1+gNT and #Blp-dCas9LSD1+gEnh.int15-Notchl samples at day6 of differentiation. Bottom:
Normal QQ plot related to d6 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.
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Figure 90.c Top: Quantitative real-time PCR analysis of Notchl mRNA expression level #Blp-
dCas9LSDI1+gNT and #Blp-dCas9LSDI1+gEnh.int15-Notchl samples at day8 of differentiation. Bottom:
Normal QQ plot related to d8 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.
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In conclusion, I detected similar transcriptional effect in Notchl expression during
EC differentiation, using both enhancer validation strategies (enh.intr15 deletion
via CRISPR/Cas9 and enh.intrl5 epigenetic repression by dCas9LSDI1). These
results indicate that Notchl enh.intr15, which increased its chromatin accessibility
at day4 of differentiation, may function as a regulatory elements. I observed a
relative reduction of Notchl mRNA expression upon both deletion of the
enh.intr15 and targeting with dCas9LSD1, at day6 and day8 of differentiation
(Figure 91).
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Figure 91 Comparison of Notchi-A enh.in15 by CRISPR/Cas9 and Notchl-enh.inl5 repression by
dCas9LSDI.

5.2 Pecaml-intron2 enhancer validation: evaluation of gene expression
consequences during ECs differentiation, using CRISPR/Cas9 deletion
Strategy

Platelet endothelial cell adhesion molecule-1 (PECAM-1, also known as
CD31) is a 130 kDa transmembrane glycoprotein expressed by endothelial cells
and a variety of hematopoietic cells, as well as by platelets and some leucocytes. It
is thought to be a sensitive and specific marker for vascular differentiation. In fact,
Pecaml 1s widely used as a marker during vasculogenesis, angiogenesis,
endothelial cell migration from embryonic stem (ES) cells (Li et al, (2005)).
Some studies have shown that mouse inner cell mass (ICM) of blastocyst
expresses PECAM1 where embryonic stem (ES) cells derived from (Redick SD. et

155



al., (1999)). PECAMI1 is expressed in early endothelial precursors first within the
yolk sac and subsequently within the embryo itself. Furthermore, PECAMI is also
found on the entire vascular endothelium in the adult mouse (Baldwin HS. ef al.,
(1994)); Garlanda and Dejana (1997)).

According to Cao G. et al., (2002), the endothelial cells cultured in the presence of
anti-PECAM-1 antibodies fail to form normal cell-cell contacts, not only in vitro
but also in vivo, in PECAMI1-null mice. This inhibition is reversed by removal of
the antibody, suggesting that PECAMI1 is involved in angiogenesis and in
endothelial cell-cell interactions, important in the formation of new vessels.

Based on this evidence, I decided to investigate the function of the putative
enhancer region identified in intron2 of Pecaml gene at day4 of EC
differentiation, assessing its requirement during mESC differentiation. (Figure
60.g, Chap.3).

To validate this regulatory element, I used the approach based on enhancer
deletion, by CRISPR/Cas9 system.

As previously mentioned in Chap. 4.2, I induced the deletion of the putative
enhancer region in Pecaml-intr2, by CRISPR/Cas9 technology, generating two
Pecami1-A enh.intron2 mESC lines, named #5G and #7G clones, which were
differentiated into ECs. I collected the cells at day4, day6 and day8 during the
differentiation process and evaluated the expression level of Pecaml gene. A
schematic experimental workflow is illustrated in Figure 92.

The hypothesis was that if the regulatory element in Pecam-intron2 acts as an
enhancer element, its deletion should induce an alteration of Pecaml expression
during EC differentiation.

Pecaml gene
expression evaluation

mESC )
Pecam 1-A enh.intron2 f !
(#5G, #1G) l i i

Day 0 Day 2 Day 4 Day 6 Day 8

EC differentiation protocol

Figure 92 Overview of the differentiation scheme. PecamI-A enh.intron2 clones (#5G and #7G), as well as
mESC WT cells, are differentiated in ECs from dayO0 to day8. Samples are collected at day4, day6 and day8
to analyze the Pecami expression.

At first, I analyzed the clone #5G PecamI-A enh.intron2.

Pecaml expression is significantly reduced in this mutant cell line, compared to
WT mESC, at d6-d8 during EC differentiation (Figure 93). The experiments were
done on five biological replicates (n. = 5).
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Figure 93 Quantitative real-time PCR analysis of Pecaml mRNA expression level in clone #5G Pecami-A
enh.in2 during EC differentiation. Pecam! is reduced in clone #5G sample (red) compared to WT cells, used
as control (black). X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression level,
evaluated using the 2-2C' method, and Gapdh expression as the normalizer. Values are the average of five
(n=5) biological replicates + standard deviation (SD).

Then, I performed statistical analysis, using GraphPad Prism8 software, choosing
two-way repeated measures ANOVA test (ANOVA 2way-RM), to assess that
there is a statistically significant interaction effect between the two specific
factors, “time” and “genotype” on a Pecam expression variable (Table 21).

ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time <0.0001 oAk yes
Genotype 0.0010 ok yes
Interaction: time x <0.0001 oAk yes
genotype

Table 21 Two-way repeated measures ANOVA results, when compared WT and clone #5G PecamlI-A
enh.in2 dataset. p-value < 0.05 is considered significant.

To also determine which groups are different from each other, I have performed
two subsequent tests (Wilcoxon matched-pairs signed rank test and Paired t-test),
by pairwise comparisons of the two samples, WT and #5G Pecami-A enh.in2
cells, at different time points (d4, d6, d8), separately.
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Table 22 summarizes the statistical comparison results. The Gaussian distribution
of the data was confirmed by normality test and QQ plots (Figure 94.a,b,c).

Day of differentiation = Wilcoxon matched-pairs Paired t-test
(#5G PecamI-A enh.in2 signed rank test (parametric)
vs WT) (nonparametric)
d4 ns ns
p-value=0.3125 p-value= 0.2663
do * kokkk
p-value=0.0313 p-value= <0.0001
d8 * ok
p-value=0.0313 p-value= 0.001

Table 22 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #5G Pecaml-A enh.in2 vs WT samples at d4, d6, d8, separately. p-value < 0.05 was
considered significant and indicated with an asterisk (*).
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Figure 94.a Top: Quantitative real-time PCR analysis of Pecaml mRNA expression level in WT and clone
#5G Pecaml1-A enh.in2 at day4 of differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal
line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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Figure 94.b Top: Quantitative real-time PCR analysis of Pecaml mRNA expression level in WT and clone
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Figure 94.c Top: Quantitative real-time PCR analysis of Pecam! mRNA expression level in WT and clone
#5G Pecaml-A enh.in2 at day8 of differentiation. Bottom: Normal QQ plot related to d8 dataset. The diagonal
line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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Subsequently, I induced the second mutant cell line, clone #7G PecamlI-A
enh.intron2, to differentiate into EC and then I have evaluated the transcriptional
effects.

The enhancer targeting induced a statistically significantly reduction of Pecaml in
#7G PecamlI-A enh.intron2, at d4-d6-d8 during EC differentiation (Figure 95).
Also, in this case the experiments were done on five biological replicates (n=5).
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Figure 95 Quantitative real-time PCR analysis of Pecaml mRNA expression level in clone #7G Pecami-A
enh.in2 during EC differentiation. Pecam! is reduced in clone #7G sample (red) compared to WT cells, used
as control (black). X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression level,
evaluated using the 2-C' method, and Gapdh expression as the normalizer. Values are the average of five
(n=5) biological replicates + standard deviation (SD).

The data were then analyzed to evaluate the statistical significance of the
differences between the two conditions (WT vs #7G Pecaml-A enh.in2 cells)
during the three time points (d4-d6-d8).

ANOVA 2way-RM suggested that there was a significant correlation between the
two factors (“time” and “genotype”) on a Pecaml expression variable (Table 23).
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ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time <0.0001 oAk yes
Genotype 0.0008 ok yes
Interaction: time x <0.0001 oAk yes
genotype

Table 23 Two-way repeated measures ANOVA results. Comparison between #7G Pecaml1-A enh.in2 cells
and #WT samples at d4, d6, d8, together. p-value < 0.05 is considered significant.

As previously mentioned in details, I applied other two statistical tests, by paired
comparisons of the two samples, WT and #7G Pecam1-A enh.in2, at different time
points (d4, d6, d8), separately.

The two types of paired test were: (1) Wilcoxon matched-pairs signed rank test;
(2) Paired t-test. In the QQ graphs (Figure 96.a,b,c), the points followed a straight
line that matched the line of identity (showed by Prism), demonstrating that the
data had a Gaussian (normal) distribution. I could so apply a parametric statistical
t-test on my dataset, in addition to the previous nonparametric Wilcoxon matched-
pairs signed rank test.
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Figure 96.a Top: Quantitative real-time PCR analysis of Pecam! mRNA expression level in WT and clone
#7G Pecaml-A enh.in2 at day4 of differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal
line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.
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line (in dotted red), which passes through the lower and upper quartiles of the theoretical distribution, is
helpful to assess that the relationship between the theoretical and sample percentiles is linear.

The following Table 24 indicates the statistical analysis results, when the two
samples (WT and #7G Pecaml-A enh.in2) were compared at the three different
time points (d4, d6, d8), separately.

Day of differentiation = Wilcoxon matched-pairs Paired t-test
(#7G PecamI-A enh.in2 signed rank test (parametric)
vs WT) (nonparametric)
d4 * ok
p-value=0.0313 p-value= 0.0020
do * o
p-value=0.0313 p-value= 0.0073
d8 * sk
p-value=0.0313 p-value= 0.0003

Table 24 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between ##7G Pecam1-A enh.in2 vs WT samples at d4, d6, d8, separately. p-value < 0.05 was
considered significant and indicated with an asterisk (*).

In summary, the obtained results indicated that Pecam! enh.intr2, which increased
its chromatin accessibility at day4 of differentiation, could act as a regulatory
elements. The precise enhancer deletion impaired Pecaml gene expression,
resulting in statistically significant Pecam! downregulation at day6 and day8
during EC differentiation process, in two independent PecamI-A enh.int2. mESC
clones. (Table 25).

Day of differentiation = Downregulation of gene expression in
Pecaml- A enh.intr15

(#5G, #1G)
d4 _
dé6 *
d8 *

Table 25 Significant Pecam! downregulation at day6 and day8 during EC differentiation in Pecaml- A
enh.intr2 cells (compared to WT). The asterisk (*) indicates the statistical significance of the data.

163



5.3 Kdr-intronl0 enhancer validation by epigenetic repression, using
CRISPR/dCas9-LSD1: evaluation of transcriptional consequences
during ECs differentiation.

An in-silico search of the mouse Kdr locus for enriched chromatin accessibility at
day4 during EC differentiation, allowed me to identify a region in the10th intron
of Kdr (Kdr-enh.int10) as a putative regulatory element (Figure 60.a).

For this putative enhancer, I have used the second validation strategy (described in
Chap. 3), based on epigenetic reprogramming by dCas9 fused with LSDI, by
transfection of ES p-dCas9LSDI1 (clone#B1) with three gRNAs against the
targeted locus, which recognized the extremities and the middle part of the of the
segment (as indicated in Figure 97) and with a gRNA specific to an unrelated
control genomic region, as control sample (gNT).

Kdr -enh.intr10
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Figure 97 Localization of the three gRNAs (in red) used to transfect clone #B1 p-dCas9LSD1 and to induce
Kdr-enh.intron10 repression.

24h after the transfection, I visualized the fluorescently labelled gRNAs complex
(crRNA:tracrRNA-ATTO™S550), using the BD FACS ARIAIII™ cell sorter to
evaluate the % of fluorescent cells and the transfection efficiency. Cells containing
the transfected gRNAs complex were isolated and differentiated into ECs. The
experiments were done on four biological replicates (n=4).

A schematic experimental workflow is illustrated in Figure 98.
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Figure 98 Overview of the experimental plan. #B1 p-dCas9LSD1 cell clone is transfected with fluorescent
Kdr 3 gRNAs. Fluorescent sorted cells are differentiated into ECs from dayO0 to day8. Samples are collected
at day4, day6 and day8 to analyze the Kdr expression.

The hypothesis was that the guide RNAs (gRNAs) target dCas9-LSD1 fusion
protein to the putative enhancer in intron10 of Kdr, modifying its chromatin state.
Overall, results (showed in Figure 99) indicated that targeting of Kdr-enh.int10 by
dCas9-LSD1 resulted in repression of Kdr expression during endothelial
differentiation, specifically at days8.
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Figure 99 Quantitative real-time PCR analysis for Kdr mRNA expression level in clone #B1p-dCas9LSD1
transfected with gRNA-Enh.int10-Kdr during EC differentiation. Kdr is reduced in clone #Blp-
dCas9LSD1+gEnh.int10-Kdr (red) compared to control #B1p-dCas9LSD1+gNT (black), where gNT is a non-
targeting gRNA. X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression level,

evaluated using the 2-*“* method, and Gapdh expression as the normalizer. Values are the average of four
(n=4) biological replicates + standard deviation (SD).

According to ANOVA 2way-RM statistical analysis performed, there is a
statistically significant interaction effect between the two specific factors, “time”
and “genotype” on a Kdr expression variable, indicated in Table 26.
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ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time 0.1314 ns no
Genotype 0.0404 * yes
Interaction: time x <0.0001 oAk yes
genotype

Table 26 Two-way repeated measures ANOVA results. Comparison between #B1p-dCas9LSD1+gNT and
#B1p-dCas9LSD1+gEnh.int10-Kdr samples at d4, d6, d8, together. p-value < 0.05 is considered significant.

I also used Wilcoxon matched-pairs signed rank test and Paired t-test to determine
which groups are different from each other, comparing #B1p-dCas9LSD1+gNT
and #B1p-dCas9LSD1+gEnh.int10-Kdr samples at each different time points (d4,
do6, d8). I demonstrated the Gaussian (normal) distribution of the data, so that I
performed a parametric statistical analysis (Figure 100.a, b, ¢).

The statistical results are showed in Table 27.

Day of differentiation | Wilcoxon matched-pairs Paired t-test
(#Blp- signed rank test (parametric)
dCas9LSD1+gEnh.int10- (nonparametric)
Kdr vs gNT)
d4 ns ns
p-value= 0.5000 p-value= 0.7490
de ns ns
p-value= 0.1250 p-value= 0.1225
d8 ns *E
p-value= 0.0625 p-value= 0.0043

Table 27 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #B1p-dCas9LSD1+gNT and #B1p-dCas9LSD1+gEnh.int10-Kdr samples at d4, d6, d8,
separately. p-value < 0.05 was considered significant and indicated with an asterisk (¥).
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Figure 100.a Top: Quantitative real-time PCR analysis
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Figure 100.b Top: Quantitative
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quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical and
sample percentiles is linear.
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Figure 100.c Top: Quantitative real-time PCR analysis of Kdr mRNA expression level #Blp-
dCas9LSDI1+gNT and #B1p-dCas9LSD1+gEnh.int10-Kdr samples at day8 of differentiation. Bottom: Normal
QQ plot related to d8 dataset. The diagonal line (in dotted red), which passes through the lower and upper
quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical and
sample percentiles is linear.

In conclusion, results showed that Kdr-enh.intr10, which increased its chromatin
accessibility at day4 of differentiation, may function as a regulatory elements. The
targeted locus was affected by dCas9-LSD1 epigenetic repression, giving rise to
relative reduction of Kdr mRNA expression at day8 of differentiation.

5.4 VE-Cadherin-intronl enhancer validation by epigenetic repression,
using  CRISPR/dCas9-LSDI1:  evaluation of  transcriptional
consequences during ECs differentiation.

VE-Cadherin (Cdh5) is a component of endothelial cell-to-cell adherens
junctions, and it has a key role in the maintenance of vascular integrity. During
embryo development, VE-Cadherin is one of the first cell-specific markers to be
expressed by endothelial cells in embryo vasculature. VE-Cadherin transcripts
have been detected at very early stages of vascular development (embryonic day
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7.5 [E7.5]) in mesodermal cells of the yolk-sac mesenchyme. Consequently, VE-
Cadherin is essential during embryonic endothelial differentiation. At later
embryonic stages, VE-Cadherin was expressed in vascular structures of organs,
which included, for example, the ventricles of the heart, the inner cell lining of the
atrium, the dorsal aorta, the intersomitic vessels, and capillaries entering the brain.
This suggested that VE-Cadherin is needed for the correct organization of a stable
vascular system and in the adult, it controls vascular permeability and inhibits
unrestrained vascular growth (Giannotta M. et al., (2013)).

Looking for genomic regions with increased chromatin accessibility during
cardiopharyngeal mesoderm (CPM) differentiation into endothelial cells (ECs), I
identified a region of the Ist intron of the VE-Cadherin (Cdh5) gene (VE-
Cadherin-enh.intl) as a putative enhancer and tested it during in vitro EC
differentiation (Figure 60.b).

In particular, I used the validation strategy based on dCas9LSD1 enhancer
repressing system. I transfected into stable clone #B1 p-dCas9LSD1 (see Chap.
4.4) three gRNAs against the targeted locus, which recognized the extremities and
the middle part of the of the segment (as indicated in Figure 101). As control
sample, I used a non-targeting control gRNA (gNT). The experiments were done
on four biological replicates (n=4).
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Figure 101 Localization of the three gRNAs (in red) used to transfect clone #B1 p-dCas9LSD1 and to induce
VE-Cadherin-enh.intl repression.

169



24h after the transfection, I visualized the fluorescently labeled gRNAs complex,
using the BD FACS ARIAIII™ cell sorter to evaluate the % of fluorescent cells
and the transfection efficiency. Cells containing the transfected gRNAs complex
were isolated and differentiated into ECs. The experiments were done on four
biological replicates (n=4). An experimental workflow is depicted in Figure 102.

FACS - Sorting of VE-Cadherin gene
Fluorescent +24h fluorescent cells expression evaluation
VE-Cadherin_3 gRNAs >9()%
Transfection : 1 \
Day -1 Day 0 Day 2 Day 4 Day 6 Day 8
(undifferentiated cells)
| #B1 p-dCas9LSD1 | EC differentiation protocol

Figure 102 Overview of the experimental plan. #B1 p-dCas9LSD1 clone are transfected with fluorescent VE-
Cadherin_3 gRNAs. Fluorescent sorted cells are differentiated into ECs from day0 to day8. Samples are
collected at day4, day6 and day8 to analyze the VE-Cadherin expression.

The idea was that the gRNAs could specifically direct dCas9LSD1 fusion protein
to the enhancer region in intronl of VE-Cadherin, modulating the chromatin
landscape and achieving targeted gene repression in differentiating cells.

Indeed, when dCas9-LSD1 activity was targeted to the VE-Cadherin-enh.intl, 1
observed a significant downregulation of VE-Cadherin expression at day8 of EC
differentiation (Figure 103).

=

>
= -

= 0.8

S

@

W

= 0.6

5

< #B1 pdCas9LSD1 + gNT
é 0.4

g

E 02 #B1 pdCas9LSD1 + gEnh.int1-VE-Cadherin
5 .

b=

=

g 0.0 - T

= d4 de ds

Figure 103 Quantitative real-time PCR analysis of VE-Cadherin mRNA expression level in clone #Blp-
dCas9LSD1 transfected with gRNA-Enh.int1-VE-Cadherin during EC differentiation. VE-Cadherin is reduced
in clone #Blp-dCas9LSD1+gEnh.intl-VE-Cadherin (red) compared to control #Blp-dCasOLSD1+gNT
(black), where gNT is a non-targeting gRNA. X-axis denotes the three time points (d4-d6-d8); y-axis indicates
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the gene expression level, evaluated using the 2-2t method, and Gapdh expression as the normalizer. Values
are the average of five (n=4) biological replicates + standard deviation (SD).

ANOVA 2way-RM test (by GraphPad Prism8) suggested that there was a
significant change in VE-Cadherin mRNA expression level across the two factors
“genotype” and “time” (Table 28).

ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time 0.0010 ok yes
Genotype 0.0575 ns no
Interaction: time x 0.0143 * yes
genotype

Table 28 Two-way repeated measures ANOVA results. Comparison between #B1p-dCas9LSD1+gNT and
#B1p-dCas9LSD1+gEnh.intl-VE-Cadherin samples at d4, d6, d8, together. p-value < 0.05 is considered
significant.

I also used Wilcoxon matched-pairs signed rank test and Paired t-test to determine
which groups are different from each other, comparing #B1p-dCas9LSD1+gNT
and #Bl1p-dCas9LSD1+gEnh.intl-VE-Cadherin samples at each different time
points (d4, d6, d8). The statistical results are showed in Table 29.

The Gaussian distribution of the data was confirmed by normality test and QQ
plots (Figure 104.a,b,c).

Day of differentiation | Wilcoxon matched-pairs Paired t-test
(#Blp- signed rank test (parametric)
dCas9LSD1+gEnh.int1- (nonparametric)
VE-Cadherin vs gNT)
d4 ns ns
p-value=0.3125 p-value= 0.7454
de ns ns
p-value= 0.0625 p-value= 0.0829
dg8 ns sk
p-value= 0.0625 p-value= 0.0246

Table 29 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #B1p-dCas9LSD1+gNT and #B1p-dCas9LSD1+gEnh.int1-VE-Cadherin samples at d4,
d6, d8, separately. p-value < 0.05 was considered significant and indicated with an asterisk (¥).
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VE-Cadherin mRNA expression level

Predicted

Actual

® d4#B] pdCas9LSD1 + gNT
4 d4#B1 pdCas9LSD1 + gEnh. VE-Cadh.

Figure 104.a Top: Quantitative real-time PCR analysis of VE-Cadherin mRNA expression level #Blp-
dCas9LSD1+gNT and #B1p-dCas9LSD1+gEnh.int1-VE-Cadherin samples at day4 of differentiation. Bottom:
Normal QQ plot related to d4 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.
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Figure 104.b Top: Quantitative real-time PCR analysis of VE-Cadherin mRNA expression level #Blp-
dCas9LSDI1+gNT and #B1p-dCas9LSD1+gEnh.int1-VE-Cadherin samples at day6 of differentiation. Bottom:
Normal QQ plot related to d6 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.
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VE-Cadherin mRNA expression level

Predicied

02 03 0.4 [X] 0.6
Actual

® ds #B1 pdCasOLSDI + gNT
4 d8#B1 pdCasOLSDI + gEuh VE-Cadh

Figure 104.c Top: Quantitative real-time PCR analysis of VE-Cadherin mRNA expression level #Blp-
dCas9LSD1+gNT and #B1p-dCas9LSD1+gEnh.int1-VE-Cadherin samples at day8 of differentiation. Bottom:
Normal QQ plot related to d8 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.

Taken together these data offer evidence that dCas9LSD1/gRNAs system is able
to affect the activity of the VE-Cadherin-Enh.intl region, leading to gene
expression downregulation. This support the assumption that VE-Cadherin-
Enh.intl region can be a regulatory element and may have an involvement during
EC differentiation.

5.5 Eng-intron2 enhancer validation by epigenetic repression, using
CRISPR/dCas9-LSD1: evaluation of transcriptional consequences
during ECs differentiation.

Endoglin (Eng) is predominantly expressed by activated endothelial cells
and plays a crucial role in developmental angiogenesis (Arthur HM. et al., (2000);
Wikstrom P. et al., (2002)). In mice, a complete loss of Endoglin is embryonically
lethal around E10.5, primarily due to impaired development of the vascular plexus
into a mature vascular network, causing hampered low and osmotic imbalance,
disturbing normal cardiac development (Goumans MJ. et al., (2018)).
Published work suggest that Eng is involved in angiogenesis and vascular
development, and in maintenance of vessel wall integrity (Kopczynska E. et al.,
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(2012)). Lee NY, et al, (2012) compared control wild-type (Endo™*) and
endoglin-null (Endo™") murine embryonic endothelial cells (MEECs), showing
that Endo™* MEECs formed a significantly greater number of capillaries than did
Endo~ MEECs when plated on Matrigel.

Endoglin is overexpressed on proliferating endothelial cells in tissues undergoing
active angiogenesis, such as regenerating and inflamed tissues or tumours; the
inhibition of Eng expression not only enhances the ability of TGF-p to suppress
growth and migration of endothelial cells but also enhances apoptosis induced by
hypoxia and TGF-f (Li C. et al, (1999)).

The importance of endoglin for normal vascular architecture is further indicated by
the association of mutations in the endoglin gene with the inherited disorder
Hereditary Haemorrhagic Telangiectasia Type 1 (HHT1), a disease characterized
by bleeding from vascular malformations (McAllister, K. ef al., (1994)).

As previously mentioned in Chap. 3 (Figure 60.d), I identified a DAR opening
region at day4 of differentiation, located in intron2 of Eng.

I decided to investigate the function of this putative enhancer region, assessing its
requirement during mESC differentiation, and using the approach based on
enhancer decommissioning, by dCas9LSD1/gRNAs system.

I transfected into ES dCas9LSDI1 three gRNAs against the targeted locus, which
recognized the extremities and the middle part of the of the segment (as indicated
in Figure 105). I also used a gRNA specific to an unrelated control genomic
region, as control sample (gNT).

Eng- enh.int2

20 kb
12,660,000| 32,61

PP Y P

d2
.- - ol eien e
adt. Il-h---.k--l-ﬁ B
d4
 muld. --—.—J=_RV_\ 3
gRNA_1 gRﬁ_—}-g— A_
Eng
intron2

Figure 105 Localization of the three gRNAs (in red) used to transfect clone #B1 p-dCas9LSD1 and to induce
Eng-enh.int2 repression.
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24h after the transfection, I visualized the fluorescently labeled gRNAs complex
(crRNA:tracrRNA-ATTO™S550), using the BD FACS ARIAII™ cell sorter to
evaluate the % of fluorescent cells and the transfection efficiency. Cells containing
the transfected gRNAs complex were isolated and differentiated into ECs. I
collected the cells at day4, day6 and day8 during the differentiation process and
evaluated the expression level of Eng gene. The experiments were done on four
biological replicates (n=4). A schematic workflow is illustrated in Figure 106.

FACS - Sorting of Eng gene expression
FZ:S;“;:{:‘_'“ +24n ﬂuorescezt cells evaluation
Transfection S >90% . 1 .
| i | . i
Day -1 Day 0 Day 2 Day 4 Day 6 Day 8
(undifferentiated cells)
| #B1 p-dCas9LSD1 | EC differentiation protocol

Figure 106 Overview of the experimental plan. #B1 p-dCas9LSD1 clone are transfected with fluorescent
Eng 3 gRNAs. Fluorescent sorted cells are differentiated into ECs from day0 to day8. Samples are collected
at day4, day6 and day8 to analyze the Eng expression.

The hypothesis was that if the regulatory element in Eng-intron2 acts as an
enhancer element, its epigenetic repression by dCas9LSDI1 protein should induce
an alteration of Eng expression during EC differentiation.

Overall, results (shown in Figure 107) indicated that epigenetic silencing of Eng-
enh.int2 by dCas9-LSD1 resulted in repression of Eng expression at day6 and
day8 during endothelial differentiation.
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Figure 107 Quantitative real-time PCR analysis of Eng mRNA expression level in clone #B1p-dCas9LSD1
transfected with gRNA-Enh.int2-Eng during EC differentiation. Eng is reduced in clone #B1p-dCas9LSD1+
gRNA-Enh.int2-Eng (red) compared to control #B1p-dCas9LSD1+gNT (black), where gNT is a non-targeting
gRNA. X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression level, evaluated
using the 2-2¢t method, and Gapdh expression as the normalizer. Values are the average of five (n=4)
biological replicates + standard deviation (SD).

ANOVA 2way-RM statistical analysis indicated that there was a statistically
significant interaction effect between the two specific factors, “time” and
“genotype” on an Eng expression variable (Table 30).

ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time 0.0065 *ok yes
Genotype 0.0645 ns no
Interaction: time x <0.0366 * yes
genotype

Table 30 Two-way repeated measures ANOVA results. Comparison between #B1p-dCas9LSD1+gNT and
#B1p-dCas9LSD1+gEnh.int2-Eng samples at d4, d6, d8, together. p-value < 0.05 is considered significant.

Besides, I demonstrated that the data followed a Gaussian distribution, so that I
could perform a parametric statistical analysis (Figure 108.a, b, ¢). Indeed, to
know which groups are different from each other, I used Wilcoxon matched-pairs
signed rank test and Paired t-test, comparing #B1p-dCas9LSD1+gNT and #Blp-
dCas9LSD1+gEnh.int2-Eng samples at each different time points (d4, d6, d8).

The statistical results are showed in Table 31.
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Day of differentiation

Wilcoxon matched-pairs

Paired t-test

(#B1p-dCas9LSD1+ signed rank test (parametric)
gEnh.int2-Eng vs gNT) (nonparametric)
d4 ns ns
p-value= 0.1875 p-value=0.1476
d6 ns *
p-value= 0.0625 p-value= 0.0458
dg ns *

p-value= 0.0625

p-value= 0.0401

Table 31 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #B1p-dCas9LSD1+gNT and #B1p-dCas9LSD1+ gEnh.int2-Eng samples at d4, do, d8,
separately. p-value < 0.05 was considered significant and indicated with an asterisk (*).
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Figure 108.a Top: Quantitative real-time PCR analysis of Eng mRNA expression level
dCas9LSD1+gNT and #B1p-dCas9LSD1+ gEnh.int2-Eng samples at day4 of differentiation. Bottom: Normal
QQ plot related to d4 dataset. The diagonal line (in dotted red), which passes through the lower and upper
quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical and

sample percentiles is linear.
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Figure 108.b Top: Quantitative real-time PCR analysis of FEng mRNA expression level #Blp-
dCas9LSD1+gNT and #B1p-dCas9LSD1+ gEnh.int2-Eng samples at day6 of differentiation. Bottom: Normal
QQ plot related to d6 dataset. The diagonal line (in dotted red), which passes through the lower and upper
quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical and
sample percentiles is linear.

0.3

T
; —
HE A
E =N
g P
=
4 ol
=
E
¥
=
0. T T
& £
& <
& &
& N
o &
o5 &
& ¢
L)
s o
&
&
Normal QQ plot
0.3
.
=z 0 -
] .
H A
£
0.1 *
N
&
T
0.0 01 02 03

Actual

e d8#B1 pdCasOLSD1 + gNT
A d8#B1 pdCas9LSD1 + gEnh. Eng

Figure 108.c Top: Quantitative real-time PCR analysis of FEng mRNA expression level #Blp-
dCas9LSDI1+gNT and #B1p-dCas9LSD1+ gEnh.int2-Eng samples at day8 of differentiation. Bottom: Normal
QQ plot related to d8 dataset. The diagonal line (in dotted red), which passes through the lower and upper
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quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical and
sample percentiles is linear.

5.6 Fltl-intronl0 enhancer validation by epigenetic repression, using
CRISPR/dCas9-LSD1: evaluation of transcriptional consequences
during ECs differentiation.

Looking for genomic regions with increased chromatin accessibility during
cardiopharyngeal mesoderm (CPM) differentiation into endothelial cells (ECs), I
identified a region of the 10th intron of the Fi¢/ gene (FItI-enh.int10) as a putative
enhancer and tested it during in vitro EC differentiation (Figure 60.e).

To wvalidate Flt/-enh.int10, I transfected cells of the stable clone #B1 p-
dCas9LSD1 (see Chap. 4.4) with three gRNAs against the targeted locus, which
recognized the extremities and the middle part of the of the segment (as indicated
in Figure 109). As control sample, I also transfected clone #B1p-dCas9LSD1 with
a gRNA, specific to an unrelated control genomic region (gNT). The experiments
were done on four biological replicates (n=4).

FitI enh.int10

1471

d4

gRNA 1 — gRNA_3 DA
— gRNA 2

Fit1

intron10

Figure 109 Localization of the three gRNAs (in red) used to transfect clone #B1 p-Cas9LSD1 and to induce
Fltl-enh.int10 repression.
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24h after the transfection, I visualized the fluorescently labeled gRNAs complex,
using the BD FACS ARIAIII™ cell sorter to evaluate the % of fluorescent cells
and the transfection efficiency. Cells containing the transfected gRNAs complex
were isolated and differentiated into ECs.

An experimental workflow is depicted in Figure 110.

FACS - Sorting of Flitl gene expression
FE;“DSNSI;E::\ ‘24h fluorescent cells evaluation
_3 gRNAs 0
Transfection >90% I ), \
l : | l .
Day -1 Day 0 Day 2 Day 4 Day 6 Day 8
(undifferentiated cells)
| #B1 p-dCas9LSD1 ‘ EC differentiation protocol

Figure 110 Overview of the experimental plan. #B1 p-dCas9LSD1 clone are transfected with fluorescent
Fltl 3 gRNAs. Fluorescent sorted cells are differentiated into ECs from day0 to day8. Samples are collected
at day4, day6 and day8 to analyze the Fl¢/ expression.

The hypothesis was that gRNAs would target dCas9-LSD1 fusion protein to the
putative enhancer in intron10 of F/¢/, modifying its chromatin state.

Overall, results (shown in Figure 111) indicated that targeting of F/¢t/-enh.int10 by
dCas9-LSD1 resulted in repression of Flt1 expression during EC differentiation, at
day8.
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Figure 111 Quantitative real-time PCR analysis for F/t/ mRNA expression level in clone #B1p-dCas9LSD1
transfected with gRNA-Enh.int10-F/¢t/ during EC differentiation. F/t/ is reduced in clone #Blp-
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dCas9LSDI1+gEnh.int10- Fit/ (red) compared to control #B1p-dCas9LSD1+gNT (black), where gNT is a
non-targeting gRNA. X-axis denotes the three time points (d4-d6-d8); y-axis indicates the gene expression
level, evaluated using the 2-2“t method, and Gapdh expression as the normalizer. Values are the average of
four (n=4) biological replicates + standard deviation (SD).

According to ANOVA 2way-RM statistical analysis performed, there is a
statistically significant interaction effect between the two specific factors, “time”
and “genotype” on a Fltl expression variable, indicated in Table 32.

ANOVA 2way-RM

Source of p-Value p-Value Significant?
variation summary
Time <0.0001 oAk K yes
Genotype 0.2100 ns no
Interaction: time x 0.0403 * yes
genotype

Table 32 Two-way repeated measures ANOVA results. Comparison between #B1p-dCas9LSD1+gNT and
#B1p-dCas9LSDI1+gEnh.int10-FI¢t] samples at d4, d6, d8, together. p-value < 0.05 is considered significant.

I demonstrated the Gaussian (normal) distribution of the data, so that I could
perform a parametric statistical analysis (Figure 112.a, b, c).

I also used Wilcoxon matched-pairs signed rank test and Paired t-test to determine
which groups are different from each other, comparing #B1p-dCas9LSD1+gNT
and #B1p-dCas9LSD1+gEnh.int10-F/t] samples at each different time points (d4,
de, dg).

The statistical results are shown in Table 33.

Day of differentiation | Wilcoxon matched-pairs Paired t-test
(#Blp- signed rank test (parametric)
dCas9LSD1+gEnh.int10- (nonparametric)
Fltl vs gNT)
d4 ns *
p-value= 0.0625 p-value= 0.0386
dé ns ns
p-value=0.1875 p-value=0.1413
dg ns *
p-value= 0.0625 p-value= 0.0441

Table 33 Statistical analysis of data, using Wilcoxon matched-pairs signed rank test and paired t-test.
Comparison between #B1p-dCas9LSD1+gNT and #B1p-dCas9LSD1+gEnh.int10-FIt/ samples at d4, d6, d8,
separately. p-value < 0.05 was considered significant and indicated with an asterisk (*).
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Figure 112.a Top: Quantitative real-time PCR analysis of Fl/t/ mRNA expression level #Blp-
dCas9LSD1+gNT and #Blp-dCas9LSD1+ gEnh.int10-F/t/ samples at day4 of differentiation. Bottom:
Normal QQ plot related to d4 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.
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Figure 112.b Top: Quantitative real-time PCR analysis of F/t/ mRNA expression level #Blp-
dCas9LSDI1+gNT and #Blp-dCas9LSD1+ gEnh.int10-FIt/ samples at day6 of differentiation. Bottom:
Normal QQ plot related to d6 dataset. The diagonal line (in dotted red), which passes through the lower and
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upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.
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Figure 112.c Top: Quantitative real-time PCR analysis of FI/t/ mRNA expression level #Blp-
dCas9LSD1+gNT and #Bl1p-dCas9LSDI1+ gEnh.int10-F/t/ samples at day8 of differentiation. Bottom:
Normal QQ plot related to d8 dataset. The diagonal line (in dotted red), which passes through the lower and
upper quartiles of the theoretical distribution, is helpful to assess that the relationship between the theoretical
and sample percentiles is linear.

Overall, 1 followed two experimental systems for candidate enhancers validation,
to examine their activity and requirement during cardiopharyngeal mesoderm
(CPM) differentiation into endothelial cells (ECs). Thanks to the first strategy,
based on CRISPR-Cas9 enhancer deletion, I investigated 2 putative enhancers,
associated with endothelial-specific genes: Pecaml and Notchl, both of which are
critical for vascular development. Two NotchlI-A enh.intl5 independent mESC
clones (#7G, #11B) showed a significant reduction of Notchl expression during
the later stages of EC differentiation (d6 and d8). Similarly, Pecaml expression
was also downregulated in two independent Pecaml-A enh.int2 mESC clones
(#5G, #7G) at the same time points. These results indicated that the regions
deleted are required for appropriate expression of the respective genes during EC
differentiation process.
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Subsequently, using epigenetic enhancer reprogramming by dCas9LSDI1 fusion
protein, I analyzed five putative enhancer regions: Notchl-enh.intrl5; Kdr-
enh.intr10; VE-Cadherin-enh.intrl; Eng-enh.intr2; FltI-enh.intr10. The targeted
region resulted affected by dCas9-LSD1 repression, giving rise to relative
reduction of gene-related expression, specifically at day8 of differentiation (Table
34)

Day of #B1 pdCas9- #B1 #B1 #B1 #B1
EC LSDI + pdCas9- pdCas9- pdCas9- pdCas9-
differentiation | gEnh.Notchl LSDI + LSDI + LSDI + LSDI +
intrl5 gEnh.Kdr | gEnh.VE- | gEnh.Eng | gEnh.Fit]
intrl10 Cadh. intr2 intrl0
intrl
d4 ns ns ns ns ns
do * ns ns * ns
d8 * k * * *

Table 34 Epigenetic enhancer decommissioning / repression of 5 regions by dCas9LSDI induced significant
enhancer-gene-related downregulation at later stages of EC differentiation (mainly at day8).

In conclusion, these data offered evidence that 6 tested out of 10 total candidate
enhancers seems to be regulatory elements and could be involved during later
stages of EC differentiation. The other 4 putative enhancer regions have not yet
been tested.

5.7 Computational prediction of transcription factor motifs in EC
enhancers.

To identify the regulatory elements that are specifically enriched in my

dataset, I and our bioinformatician colleague performed a preliminary,
computational Transcription Factors (TFs) motif analysis in DAR regions related
to endothelial cell fate specification.
We employed the integration of ATAC-seq and RNA-seq datasets to identify
markers distinguishing day4 and day2 of CMP into EC differentiation. We
investigated this association by studying genes that were known to be involved in
angiogenesis and/or expressed in vascular-endothelial-lineage (Nomaru H. et al.,
(2021)).
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Indeed, we selected genes expressed in EC-cluster (#7) from single cell
experiment performed by our collaborators (Nomaru et al, (2021)) on TbxI
expressing cells in heterozygous Thx!"* mouse embryos at stage E9.5.

Thx1 is expressed in multipotent heart progenitors that, in clonal assays, can give
rise to three heart lineages expressing endothelial, smooth muscle and
cardiomyocyte markers (Chen L. ef al, (2009)). Since 7hx! is involved in the
cardiopharyngeal mesoderm differentiation, we thought that EC-cluster dataset
(named as sc-EC gene list) from Thx/"*" mouse embryos at stage E9.5 (when
Tbx1 is highly expressed) might be more similar to my dataset genes from day?2
and day4 mESC differentiation.

We made some comparisons between sc-EC gene list (from Nomaru work) and my
d4 vs d2 ATAC-seq/RNA-seq dataset: (1) intersection of DARs regions & DE
genes with sc-EC gene list; (2) ATAC-seq peaks & DE genes with sc-EC gene list;
(3) DARs regions & expressed genes at day4 with sc-EC gene list. Then, we
looked for the most enriched motifs in each of these comparisons.

To identify enriched transcription factors’ motifs, we used Hypergeometric
Optimization of Motif EnRichment (HOMER) software, choosing as background
the peakome, which is composed of all ATAC peaks between d2 and d4, annotated
to expressed genes. Peaks annotated to promoters were removed to avoid
canonical TSS- enriched TFs and looked for TF motifs enriched in gene
body/distal regions.

Overall, we identified Gatal, Gata2 and JunB TF motifs to be selectively enriched
in day4 mESCs compared to day2 (Figure 113).
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Intersection of DARs regions & DE genes with sc-EC gene list
Total Target Sequences = 42, Total Background Sequences = 12139
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Figure 113 Transcription factors’ motifs enriched at peaks in day4 mESCs annotated to both expressed and
DE genes from vascular-endothelial lineage cells expressed gene list. Here is used HOMER software for
screening for Enrichment of Known Motifs.

These transcription factors seem to be involved in vascular development,
angiogenesis, and endothelial cell function.

Gatal is specifically expressed during hematopoietic development of erythroid
and megakaryocytic cell lineages. Gatal knockouts (KO) (Gatal™~) mice die
between E9.5 to E10 due to a block of differentiation at the proerythroblast stage,
leading to the absence of mature red blood cell (Ferreira R. et al., (2005)).
Moreover, Gatal promotes angiogenesis by transcriptional activation of the
AGGF1 gene. Indeed, knockdown of Gatal expression reduced expression of
AGGF1 and resulted in inhibition of endothelial vessel formation in vitro.
Endothelial cell migration is also inhibited, and endothelial cell apoptosis is
induced (Fan C. et al., (2009)).

Gata? is an important regulator of both hematopoietic and endothelial genes. It is
the most abundantly expressed GATA factor in endothelial cells. Experiments in
embryonic stem cells demonstrated the importance of Gata?2 in the development of
Flk-1"/ Tall" hemangioblast-like cells and in the induction of endothelial-specific
genes. Gata2 was a direct target of BMP4 and the activation of Gata2 upregulated
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Bmp4, Flkl and Scl gene expression. Thus, it plays an important role in mediating
endothelial gene expression and the maintenance of endothelial cell fate (Lugus JJ.
et al., (2007)).

JunB (encoding a member of the AP-1 transcription factor family) has been
implicated in angiogenesis, and its expression is induced by hypoxia and VEGF. In
endothelial cells, JunB regulates endothelial cell functions as a downstream factor
of VEGF signaling (Jia J. et al, (2016)). It is upregulated in tip cells and
contributes to vascular development in mouse embryonic skin and retinal
vasculatures. The VEGF signals induce JunB expression resulting in the
conversion of endothelial cells to tip cells. Thus, JunB seems to be an angiogenic
factor that induces endothelial cell migration and sprouting during vascular
development (Yoshitomi Y. et al,, (2021)).

In future, it will be necessary to validate the binding of Gatal, Gata? and JunB at
the relevant ATAC peaks to confirm their localization by ChIP. Furthermore, it
will be interesting to determine whether the alteration of their expression might
have a role in early stage-specific EC differentiation on our system.
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DISCUSSION

A highly efficient EC differentiation protocol

The ability of mouse embryonic stem cells (mESCs) to differentiate to the
cardiovascular lineages has opened new approaches to study the earliest stages of
heart development, as well as molecular events involved in vascular endothelial
lineage. The development of the cardiovascular system requires the coordinated
differentiation of several cell types including endothelial cells (ECs), smooth
muscle cells and cardiomyocytes. This process involves the differentiation of
cardiopharyngeal mesoderm (CPM) from which these cardiac cell types derive.
Some studies in literature indicated that during mouse development as well as in
vitro differentiation of embryonic stem cells, several signaling pathways (BMP,
Nodal, Wnt/B-catenin, FGF) interact to induce first Brachyury (Bry) positive
mesodermal precursors, which express also vascular endothelial growth factor
receptor 2 (Vegfr2, ak.a Flkl or Kdr) (Ema M. et al., (2000)).

Later, these initial findings were confirmed by Kattman et al, (2011),
demonstrating that the cardiac lineage arises from a FlkI™ multipotent
cardiovascular progenitor, that can develop into cardiomyocyte, endothelial and
vascular smooth vascular lineage. In addition, Mesp! is also one of the earliest
markers of cardiovascular development and are essential for the specification and
differentiation of cardiovascular lineages during embryonic development. Recently
in 2018, Lescroart et al., corroborate that mouse heart development arises from
Mespl-expressing cardiovascular progenitors (CPs) by single cell RNA-
sequencing (scRNA-seq) analysis of the earliest stages of cardiovascular lineage
specification. Most of these Mespl™ CPs are able to differentiate into either CMs
or ECs during mouse embryonic development.

Many transcription factors are involved in the activation and maintenance of
endothelial gene expression, and it is necessary to define and control the signaling
pathways that regulate the specification of the cardiovascular lineages during
embryonic development.

In this scenario, in my doctoral work I tried to understand better the genetic and
epigenetic mechanisms responsible for multipotent cardiac progenitors (CPM)
differentiation into endothelial cells (ECs).

For my experiments, I decided to use mouse embryonic stem cells (mESC) to
establish a suitable in vitro model for differentiation of cardiopharyngeal
mesoderm (CPM) into endothelial cells (ECs).

As described above, when mESC were differentiated in vitro by supplying a
cocktail of specific growth factors, like Activin A, BMP4, VEGF (a.k.a. VEGF-A)
in serum-free media, they can form several cell types, including cardiac
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mesodermal progenitors and mature cardiomyocytes (Kattman et al., (2011)), as
well as endothelial cells and vascular smooth muscle cells (Patsch ez al., (2015)).
By comparison of two published differentiation protocols (the first, called as “CM
protocol”, which allows to obtain cardiomyocytes; the second, named as “EC
protocol”, which induces more specific endothelial cell differentiation), I
developed an “hybrid” endothelial differentiation model. It consists of two main
stages, which recapitulate the developmental processes occurring during
embryogenesis: (1) induction of common cardiopharyngeal mesoderm progenitors,
using a combination of BMP-4, Activin-A and VEFG-A growth factors.; (2)
addition of specific growth factors (VEGF-A and forskolin) to differentiate the
cells into a homogeneous endothelial cell population.

The obtained results showed that this procedure efficiently generate vascular
endothelial cells starting from mESC, in a well-defined process closely resembling
in vivo development.

Gene expression profiling during the differentiation revealed that pluripotent cell
marker genes (such as Nanog, Oct3/4 and Rexl) were rapidly downregulated,
while Mespl, Brachyury, Gata4, Pdgfro mesodermal genes were activated
between day2 and day4. Similarly, the expression of endothelial genes like VE-
Cadherin, Pecaml, Endoglin (Eng), Kdr (Vegfr2 or Flkl), Nos3, Gata2, Gata6,
Etsl, Fit] and others were mostly activated at day4 and increased progressively
during differentiation, up until day 8 (d8), the end of differentiation procedure.
Thanks to this in vitro model, I obtained approximately 91% CDI144" (VE-
Cadherin) cells within 8 days, demonstrating that this approach provides a suitable
tool for generating differentiated populations highly enriched for ECs. In addition,
assessing the in vitro functional features of these mESC-derived ECs, I observed
the formation of vascular network-like structures when plated at d8 on Matrigel.
Taken together, my experiments confirm the identity and maturity of the mESC-
derived ECs. Overall, the choice to use serum-free protocol avoids the FBS-related
batch-to-batch variability, ameliorating the experimental reproducibility.
Moreover, using well-defined conditions, based on the addition of cocktails of
growth factors, allows to induce rapid cardiac mesoderm and endothelial
differentiation with high efficiency, resembling in vivo development.

Transcription and chromatin changes on a key d2-d4 mesoderm differentiation
step identifies putative enhancers for EC differentiation

RNAseq data and ATAC-seq identified 1735 DEGs between d2 and d4. The
most enriched terms by GO analysis included angiogenesis, blood vessel
development, vasculature development and others, implying the activation of an
EC transcription program in the selected interval.

ATAC-seq revealed 6348 DARs indicating broad chromatin remodeling. While
the majority of peaks were located in the promoters, the DARs were primarily
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annotated to intra- (43.8%) and inter-genic (37-39%) regions, indicating that
during the differentiation window observed, chromatin changes occur within the
gene body (promoter excluded) or at distal enhancers. Interestingly, enhancers
were found mostly in the intergenic and intronic regions, rather than exons.

GO analysis indicated that genes associated with regions that open at d4 are
enriched with genes involved in cardiac and endothelial cell fate specification.

By integration of RNA-seq and ATAC-seq analyses we identified candidate cis-
regulatory elements that may be responsible for the regulation of the early phases
of CPM differentiation into mature ECs. Thus, I have obtained a subset of
differentially expressed genes that were also differentially accessible.

Among these, I have found a total of 10 endothelial genes associated to a d4-
opened ATAC peak: Kdr (Vegfr2), Cdh5 (VE-Cadherin), CD34, Eng, Fit]
(Vegfrl), Tall (Scll), Dusp5 Gata6, Pecaml and Notchl. Thus, the approach
allowed me to identify putative enhancers in some of the most critical endothelial
genes.

In 2016, Becker PW. et al., also identified a region of the 10th intron of the Flkl
gene (Flklinl0) as a putative enhancer and tested it in mouse and zebrafish
transgenic models. This region robustly directed reporter gene expression in
arterial endothelial cells. To verify and characterize the activity of this region, they
cloned the 825-bp mouse Flklin10 sequence upstream of the silent hsp68 minimal
promoter and LacZ reporter gene and used to generate the stable transgenic mouse
line Flklin10:LacZ. Analysis of embryonic Flklinl0:LacZ mice clearly
demonstrated enhancer activity in the developing vasculature (including both
venous and arterial compartments) and heart. Furthermore, transgene expression
decreased after birth and was absent in adult organs, confirming that the F/k/in10
sequence represents a developmental endothelial enhancer which becomes
restricted to the arterial compartment. The identity percentage between Flk1in10
(by Becker PW. ef al.) & enh.int10Kdr is 100%.

Besides, Chiang IK et al, (2017) conducted a detailed in silico analysis of
the human NOTCH]I locus with the aim of identifying novel, arterial-specific
enhancers, using publicly available information describing chromatin
modifications in human endothelial cell lines. They were able to pinpoint four
regions of DNA rich in endothelial cell-specific H3K4mel and H3K27ac histone
modifications and DNasel digital genomic footprints, all marks closely associated
with enhancer activity. In particular, the human NOTCHI1 locus contains multiple
putative endothelial enhancers, named
NOTCHI1+33, NOTCH1+16, NOTCH1+3/5 and NOTCH1-68. These regions
were tested for their ability to drive reporter gene expression specifically in arterial
endothelial cells of transient transgenic mice at embryonic day (E) 12-13. Only
the NOTCH1+33 and NOTCH1+16 enhancers were able to direct expression in
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endothelial cells. A comparison between hNOTCHI1+33 (by Chiang IK et al.) &
enh.int15Notchl showed an identity/conservation percentage of 72.5%.

How to validate putative enhancers?

Among the numerous strategies described in literature to measure the ability
and the requirement of candidate sequences to drive endogenous gene
transcription, I decided to use two CRISPR/Cas9-based approaches to manipulate
and characterize candidate transcriptional enhancers: (1) Genetic deletion of
putative enhancers; (2) Epigenetic repression/decommission.

CRISPR/Cas9 technology provides a powerful tool to perturb and test enhancer
elements in their genomic context, through both mutation and epigenetic
modulation.

I found that two Notchi-A enh.intl5. independent mESC clones (#7G and #11B)
showed a significant reduction of Notchl expression during the later stages of EC
differentiation (d6 and d8). Similarly, Pecaml expression was also downregulated
in two independent Pecam-A enh.int2 mESC clones (#5G and #7QG) at the same
time points. Overall, these results indicated that the regions deleted are required
for appropriate expression of the respective genes during EC differentiation
process.

Concerning the dCas9-LSD1 enhancer repression, the idea was that gRNAs could
specifically direct dCas9-LSD1 repressor to the enhancer region. LSD1 would
then demethylate H3K4me and me2, modulating the chromatin landscape and
achieving targeted gene repression in differentiating cells.

I have analyzed so far only five putative enhancer regions: Notchl-enh.intrl5;
Kdr-enh.intr10; VE-Cadh.-enh.intrl; Eng-enh.intr2; Fl¢t/-enh.intr10. The targeted
five loci resulted affected by dCas9-LSD1 repression, indicating that epigenetic
enhancer silencing gives rise to relative reduction of gene-related expression,
specifically at day8 of differentiation. I plan to complete the validation of the other
identified enhancers (Pecaml-enh.int2; Gata6-enh.int6; Tall-enh.Skb upTSS;
CD-34-enh.10kb_upTSS; Dusp5-enh.5kb_upTSS).

It remains to understand whether the targeted loci can synergize to regulate
endothelial differentiation. For this reason, I would like to carry out experiments
where I will transfect simultaneously a pool of gRNAs, targeting different putative
enhancers (previously validated) with the dCas9-LSD1 method and then evaluate
transcriptional and functional consequences.

The Notchl-enh.intrl5 is the only enhancer for which I have used both validation
strategies. Interestingly, I demonstrated that the two independent validation
approaches cause similar transcriptional effect in Notchl expression during EC
differentiation, by both genomic enhancer deletion (CRISPR/Cas9) and
remodeling of enhancer-associated H3K4me1/2 (dCas9-LSD1).
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These results suggest that the candidate enhancer in intronl5 of Notchl gene,
which increased its chromatin accessibility at day4 of differentiation, may function
as a regulatory element. I observed a relative reduction of Notchl mRNA
expression upon both deletion of the enh.intr15 and targeting with dCas9LSD1, at
day6 and day8 of differentiation.

These exciting findings, demonstrate that the transcriptional effects of the deletion
of Notchl-enh.intrl5, which is intragenic, is not due to alteration of gene body
integrity

Collectively, 6 tested out of 10 identified putative enhancers (Notchl-enh.intrl5;
Kdr-enh.intr10; VE-Cadh.-enh.intrl; Eng-enh.intr2; Fltl-enh.intr10; Pecaml-
enh.int2) seems to be regulatory elements and could be involved during later
stages of EC differentiation. The other 4 putative enhancer regions have not yet
been tested.

Identification of candidate transcription factors regulating EC differentiation

I performed a preliminary, computational Transcription Factors (TFs) motif
analysis in DARs related to endothelial cell fate specification. The most common
tool used is HOMER software, choosing as background the peakome, which in my
experiments is composed of all ATAC peaks from d2 and d4 experiments,
associated to expressed genes.

Overall, we identified Gatal, Gata? and JunB TF motifs to be selectively enriched
in day4 mESCs compared to day2. Consistently, literature data show that these
transcription factors are involved in vascular development, angiogenesis, and
endothelial cell function.

It will be necessary to validate the binding of Gatal, Gata? and JunB at the
relevant ATAC peaks to confirm their localization, for example by ChIP.
Furthermore, it will be interesting to determine whether the alteration of their
expression might have a role in early stage-specific EC differentiation on our
system.

Future perspectives

In the future, I would like to investigate the involvement of each enhancer
region that I have identified, individually or together, in endothelial-specific
functional tests. Matrigel assay is widely used in literature to evaluate the
angiogenic activity of potential endothelial cells to form vascular tubules. Once the
endothelial cells are plated on gelled Matrigel, they attach within an hour, migrate
toward each other, form tubes with a lumen, and develop tight cell-cell and cell-
matrix contacts generally within 16-24h, mimicking in vivo angiogenesis process
(Kleinman HK. et al., (2005)).

192



In addition, it would be interesting employ single-cell multiomics technologies,
that typically measure multiple types of molecules from the same individual cell,
enabling more profound biological insight than can be inferred by analyzing each
molecular layer from separate cells. Multiomics analyses enable systematic, high-
resolution profiling of DNA, RNA and proteins in individual cells and they have
also proven beneficial for obtaining a comprehensive understanding of cellular
events (Lee J. ef al., (2020)). In particular, we could apply multiome single-cell
RNA sequencing (scRNA-seq) and assay for transposase-accessible chromatin
sequencing (scATAC-seq) techniques in order to simultaneously profile gene
expression and chromatin accessibility from the same cell during EC
differentiation. This approach combines discovery of regulatory elements with
gene expression to explore gene regulatory interactions driving cell differentiation.
The advancement of single-cell technologies, such as scRNA-seq and scATAC-
seq, provides powerful tools to uncover complex and dynamic gene regulatory
networks during development across different cell types (Li G. et al., (2022)).
Recently, Rossi et al, (2021) developed powerful models for studying
cardiogenesis using gastruloids. The protocol has now been established in the
laboratory and it is clearly visible that these 3-Dimensional gastruloids develop an
extensive endothelial network. Therefore, it would be interesting to evaluate the
requirement of the candidate enhancers in the correct formation of the vascular-
like EC network in gastruloids. It is possible that inactivation or repression of the
candidate enhancers could affect a 3D development of the EC network.

Finally, I am interested in exploring further the Notchl enhancer that I have
identified in the context of Notch signaling involvement in EC differentiation.
Specifically, it would be interesting to perform experiments to rescue the observed
reduced expression caused by enhancer manipulation. We could use specific
antagonist and agonist of Notchl signaling. In a gain-of-function experiment, I
could use a synthetic peptide corresponding to the &/serrate/Lag-2 domain of
Jagged1 (Jagl) that has proven Notch agonistic activity (Weijzen S. et al., (2002)).
On the other hand, DAPT (N-[N-(3,5-difluorophenacetyl)-1-alanyl]-s-
phenylglycinet-butylester) is often used as a specific inhibitor of y-secretase,
which is a blocking agent of Notch pathway (Dorneburg C. ef al., (2016)), thus it
works as Notchl signaling antagonist. [ will treat wild type mESC with DAPT and
evaluate transcriptional and functional consequences. I assume that the chemical
disruption of the Notchl pathway will lead to similar results obtained after Notchl-
enh.int15 targeting. Conversely, the two independent Notchl-A enh.intl5. mESC
clones and dCas9-LSD1 expressing cells targeted to Notchl-enh.intl5 could be
treated with Jagl to test whether the agonist will rescue the consequences of
enhancer inactivation.
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CONCLUSIONS

Collectively, the results obtained during my PhD work indicated that the in vitro
serum-free differentiation model employed efficiently generate vascular
endothelial cells starting from mESC with high efficacy. It is a well-defined
process, which closely resembles in vivo development. Gene expression profiling
confirmed that CPM and EC lineage commitment is induced at the early stages of
differentiation, between day2 and day4. My data have proven that this is a good
model to study EC differentiation and search for cis-regulatory elements relevant
for the differentiation process. There are many EC-related diseases and my model
may help studying them.

Moreover, my approach to putative enhancer identification using the model above
has demonstrated effective for the identification of 10 novel enhancer. Of these, I
was able to validate each one of those that I have tested. Thus, the approach is
effective and could be scaled-up for larger projects. Furthermore, the validation
approaches used here avoid (albeit do not replace completely) the use of transgenic
mouse models, and it could be applied to human cell models to validate human
enhancers.

Lastly, I have identified Gatal, Gata2? and JunB as potential regulators of my EC
enhancers, providing an additional, upstream regulatory layer in the EC
differentiation.

In conclusion, the experimental model and methods used for differentiation of
CPM into ECs allowed me to efficiently identify novel putative endothelial
enhancers. By genetic and epigenetic perturbations of these sequences, I
established their requirement for the transcription process during differentiation.
The new knowledge and reagents produced during my thesis work would be
instrumental for future research into EC differentiation.
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