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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 (& 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 s€ECS).

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

The results showed that this procedure allows rapid vascular differentiation with
high efficiency. | obtained approximately 91% CD144+ {(€&dherin) cells
within 8 days. Then | performed RN#eq and ATAGseq on the early phases of
CPM differentation to define the transcriptomic and chromatin accessibility
profile. First, | demonstrated that mESCs differentiation promoted the expression
of EC-specific markers at day 4 of differentiation (d4), includPgcaml VE-
Cadherin (Cdh5) Eng Kdr, Gata2 Gatag 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. ATAGeq revealed 6348 Differential Aessible Regions
(DARSs) that changed their chromatin accessibility during this time window. Most
of them were located in intrand intergenic regions. Thanks to the integration of
these two methods, | identified, at the first, 2 putative enhancers daSmegdions

of increased accessibility, associated with endothgfiatific genesPecamland
Notchl both of which are critical for vascular development. Subsequently, | have
extended the search of putative regulatory elements, identifying other 8 open
chromatin regions, associated wikdr (Vegfrd, Cdh5 (VE-Cadherin), CD34,

Eng Fltl (Vegfr]), Tall (Scll), Dusp5andGata6endothelial genes.

To validate the putative regulatory regions, | followed two strategies: DNA editing
(putative enhancers deleticamd epigenetic decommissioning.

For the first approach, | generated mESCs with deletidRecim3ienh.int2 and
Notchtenh.intl5 (by CRISPfas9 technology), which | then differentiated
towards CMEC lineages. TwdNotchtae enh. i nt 15. I ndependent
showed a significant reduction dotchlexpression during the later stages of EC
differentiation (d6 and d8). Similarlfpecamlexpression was also downregulated

in two independenPecamize enh. i nt 2. MESC <c¢cl ones at t



These results thicated 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
nucleasedeficient dCas9 fused with histone demédlsg LSD1 (dCas@SD1). It
removes mono and -tinethylation of histone H3 lisyne 4 (H3K4mel and me2) to
promote the change of chromatin shape into a repressive configuration. | generated
MESC clones constitutively expressing dGaSD1 and transfected thesells

with gRNAs targeting the putative enhancers and then differentiated into
endothelial cells (ECs). In particular, | have analyzed so far only five putative
enhancer regionsNotchtenh.intrl5; Kdr-enh.intrl0; VE-Cadh-enh.intrl; Eng
enh.intr2;Flt1-enh.intr10. The targeted five loci resulted affected by dC&H91
epigenetically repression, giving rise to relative reduction of -gelated
expression, specifically at day8 of differentiation.

Overall, 6 tested out of 10 identified tative 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,

| performed a preliminary motif analysis of DARs regioetated to endothelial

cell fate specification. Sequence analyses of regions opened at d4 id&uitieeldl

Gata2 and JunB transcription factors. They could regulate the differentiation of
cardiopharyngeal mesoderm progenitors in derivative tissues, ingl&d.

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, |
established theirequirement for the transcription process during differentiation
from cardiopharyngeal mesoderm to ECs.
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linked in tandem (La Russa MEtal., (2015)).b. RNA expression of target genes

in HEK 293T cells transfected with gRNAs targeting the indicated genes along
with the labelled dCasfctivator construct. Negative controls (Neg.) were
transfected with the indicated guide RNAs alané\nalysis of mMRNA expression
levels of NGN2and NEUROD1in dCas9Activator iPSC lines (Chavez At al.,
1012 ) TR 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 BkAing
protein MCP. The MCP is fused to the actoratp65 and HSF1 (La Russa M.

al., (2015)).b. A comparison of the activation efficiency between dCdP®4
alone (in yellow) and the SAM activator system (in green) in the activation of four
different genes: HBGL1, H1B, IL1R2, and ZFP42
(https://infaabmgood.com/crispras9generegulatiordCas9. ........ccccceeeeennn. 78
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Figure 37 a. dCas9 fused to KRAB, a transcriptional repressor
(https://info.abmgod.com/crispicas9generegulationdCas9). b. Stable
suppression of CD71 arfdXCR4 gene expressidny dCas9 or dCaskRAB in
HelLa cells (Gilbert LAet al.,(2013))......ccevvvviivviiiiiiiiisccmeennviniiissnseeeeeeeeeeeead 9
Figure 38 a. Schematic ofdCas9p300 system for epigenetic activation: dGas9
p300 acetylate target sites in the genome, resulting in transcriptional upregulation
(https://info.abmgood.com/crisfmas9generegulationdCas9). b. MRNA
expression level ofL1RN, MYOD andOCT4 using both dCas9 alone and dCas9
fused with different activators: VP64 activator, fldhght p300 (dCa$&3%9,

HAT core domain of p300 (dCa¥%° ©°'§ and inactivated HAT core domain of
p300 (dCagr300 core (P1399Y (Hilton IB. et al.,(2015))....c.cveveereeereeereneerreeeeee, 80
Figure 39a. Epigenetic gene repression by dGaSD1 system: dCas9 is fused to
the Lysinespecific histone demethylase 1 (LSD1). Demethylation of manad
dimethylgroup on histone H3K4 lead to genes transcriptional repression
(https://info.abmgood.com/crisfgas9generegulationdCas9).b. Left: Genomic
organization of the targetéitbx3locus. Right: Relative bx3expression in dCas9
repressor (LSD1 and KRAB) mESCs treated with sgRNAs specific to an unrelated
control genomic region (Ctrl), the putatiVex3distal enhancer (TDE) or thigbx3
promoter (TPP) (Kearns NA&L al.,(2015)) ....covvvviiiiiiiiiiiiiiee s 81
Figure 40.aRepresentative pictures of differentiating EBs between d2 anda4;
Figure 40.b Representative example of Ellee in adhesion at day8 of

I EIENTIALION. ... et 93
Figure 41 Schematic illustration of both Cardiac (CM) / Endothelial (EC)
differentiation strategies used for MESC.............coooiiiiiiieeee e, 94

Figure 42 Expression of pluripotency specific markefdafog Oct3/4, Rexl)
mesodermal Nlespl Brachyury Gata4d P d g ¥ andl endothelial genesVE-
Cadherin Pecaml, Eng, KdMNos3)during CPM/EC differentiation by RTPCR.
Gapdhis used as normalizer. Marker used 100bp.............coovvvririieeneeeeenennn. 95
Figure 43 Representative plot of theaing strategy used for immunophenotyping
of cells during mES differentiation. The MEadherin+ (CD144+) subpopulation
was identified at day-8-8 of differentiation by FACS using ariD144 antibody.

Negative control is isotype control antibelipeled diferentiating cells........... 96
Figure 44 In vitro tube formation assay of mESC ECs plated on Matrigel for 24h.
.................................................................................................................... 97
Figure 45Alignment scores by STAR t00L..........cccviiiiiiiiiicccs 99

Figure 46 MA plot of all expressed genes datasetd? Log ratio (M) is log fole
change (yaxis); log average (A) is log mean of normalized cOurH@x{g). ....... 99
Figure 47 Intersection of DE genes at d4 vs d2 in Deseq2 and NOIseq methods.
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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 FPKMesilage 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 (fvalue) biologicalprocesses...........ccceeeeeieiiiiirieeennns 105
FIQUrEe SOATAC-SEQ OVEIVIEW.....cceeeeeiieeeeeeiieiiiimmmeeeeeeeeeeesenannsan s s emmmnnnnnes 106
Figure 51 Quality check of aligned reads following removal of mitochondrial
(o =TaToT 0 0= L= = o RS 107
Figure 52 Total accessible regions distribution in d2 (in blue) and d4 (in red)
EST= 1101 0] =SSP 108
Figure 53 Heat map of chromatin accessible regions distribution around TSS
(from 1kb to 2kb) of d2 (2replicates) and d4 (2replicates)........cc.ccccvvveee 109

Figure 54 Total accessible regions distribution in day2 and day4 mESC. The
annotation pie shows accessible regions distribution around gene features
(Promoter region= £3000DP t0 TSS).....cceeiiiiiiiiiiireer 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= £1000bpP t0 TSS)......evvrrrmrriiiiiie s i e 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]).

Figure 57 Distance of the common_DARSs to nearest TSS regiesxix denotes
the distance to TSS, from 0 bp to 50000b@xis dentes the number of DARS).

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 significaalug)
DIOIOQICAl PrOCESSES.....cceieeeeeieee e eren e e e e e e e e 116

Figure 59 Volcano plot of intersection of DE and DARs genes in d4 vs d2
differentiation. In red were DARs and dowegulated DE genes (3); in dark

blue were illustrated DARs and upgulated DE genes (n.159); in orange were
DARs and dowrexpressed genes, while in light blue DARs andexpressed

Figure 60.a ATAC peaks and RNAseq peaks coverage associatedKtls. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicate. Red bozatedi the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate ciRegulatory 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 RNAseq peaks coverage associated toSCQHE
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 ciRegulatory Elements (cCREs) in the mouse genome is showed;
black parallel linesndicate detected conservation between species.......... 119

Figure 60.c ATAC peaks and RNAseq peaks coverage associateCB34. 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 ciRReguldory Elements (cCREs) in the mouse genome is showed,;
black parallel lines indicate detected conservation between species........ 120

Figure 60.d ATAC peaks and RNAseq peaks coverage associatedErg. 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 d2otBbm of figure, the ENCODE Registry of
candidate ciRegulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species........ 120

Figure 60.e ATAC peaks and RNAseq peaks coverage associated-itd. On
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 second replicRed box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate ciRRegulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species........ 121

Figure 60.f ATAC peaks and RNAeq peaks coverage associateddtl (Scll).

On vertical axis there are the genome coverage of d2 first agplid2 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 ciRRegulatory Elements (cCREs) in the mouse genome is showed;
black parallélines indicate detected conservation between species......... 121

Figure 60.gATAC peaks and RNAseq peaks coverage associateB¢éoam10n
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 cifRegulatoy Elements (cCRES) in the mouse genome is showed;
black parallel lines indicate detected conservation between species........ 122

Figure 60.n ATAC peaks and RNAeq peaks coverage associatetiodchl.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 compad to d2. Bottom of figure, the ENCODE Registry of
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candidate ciRegulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species........ 122
Figure 60.i ATAC peaks and RNAeq peaks coverage associate®tsp5.0n
vertical axis there are the genome coverage of d2 first replicate, d2 second
replicate, d4 first replicate and d4 sedoreplicate. Red box indicates the open
chromatin at d4 compared to d2. Bottom of figure, the ENCODE Registry of
candidate ciRRegulatory Elements (cCREs) in the mouse genome is showed;
black parallel lines indicate detected conservation between species........ 123
Figure 60.] ATAC peaks and RNAseq peaks coverage associatedaia6.On
vertical axis there are the genome coverage of d2 ffaglicate, 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 ciRegulatory 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 apiprfiaft) is
based on deletion of the putative enhancer by CRIGR$D 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 enhamaegion to abrogate gene expressian............. 125
Figure 62 Experimental pipeline to generate mutant engineered mouse embryonic
stem cell lines (MESC) using the CRISPR/Cas9 system (Miaretéall, (2020).

Figure 63 Schematic example of T7 endonuclease 1 (T7E1) mismatch detection
assaysGenomic 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 felhgth DNA and cleavage products. Gel shows
untreated {) and cells edited with Cas9 and crRNA:tracrRNA (+)
(https://horizondiscovery.com/en/resources/featandidles/propeiassessmeruf-
geneeditingwith-dnamismatchdetectiorassays).............cccvvvevvvvvviviemmeeenne. 128

Figure 64 Strategy to generate a knockout alleleTbklusing CRISPRCas9 and
homologous recombination. The bottom line indicates the DNA ttaVg& Thx1-

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. Thisncludes a V5Tag; a stop codon (TAG) and a diagnostic
EcoRIdigestion site (green liN@)........cccooeiiiiiiiiiiieeeriiie 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 cellsTbx1 -KO) have 3 bands: 1 unmodified + 2
Cleavage PrOUUCTS. .. ...uee et eene e e e e e 129

Figure 66.a PCR amplification of the targeted region from Tbx1l homozygous
clones 4D and 5H, and from WT digested wiboRI The restriction reaction
produces two fragments, 1iland 120bp, in mutant clones, while in WT is
visible single PCR product’at300bp............coviviiiiiiiiiiceeiine e 130

Figure 66.b Sequence of WT and homozygous clones-$H). 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. -Bwh5 sequence is in

[T | o] 11 =P RRRPRR 130
Figure 67 Thx1 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
usingthe Toxtcl one 5H. P, PDGFRtH.,(2020)..KIBR (Cirino
Figure 68 Scheme of the steps of targeted Pecaerihancer deletion with
CRISPR/Cas9. Red lines indicate the position of the two gRNAs.used...132

Figure 69 Scheme of the CRISRPRas9 strategy used to delete the enhancer
region, located in intron2 d?ecamlgene. On vertical axis there are the AJA

seq peaks coverage of d2 (two replicates) and d4 (two replicates). Red lines
iIndicate the gRNAS POSITIONS.........uuuiiiiiiiiiiiii e e 132

Figure 70 T7 Endonuclease | digestion of genomic amplicons by WT cells and
pool of Pecamigzenh. intron2 cells. Control cells (WT) have only a single band
corresponding to uncut amplicon. Amplicons from modified célescamigenh.
intron2) transfected with activ€as9gRNAs yield 4 bands: 1 unmodified + 3
cleavage products of predicted SIZES......cccceeeiieieiiiiiieeeiie e 133

Figure 71 DiagnosticPCR amplification of the tgeted enhancer region from
Pecamimenh. intron2 clones and from WT cells. WT fragment = 569bp; Mutant
fragment 2 250DP......cooiiii s 133
Figure 72 Sequence of WPecamienh. intron2 and mutated clones (3G). 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
S € QUEBHANGE)..[.5.0 it 134
Figure 73 Scheme of the steps of targetélibtcht enhancer deletion with
CRISPR/Cas9. Red lines indicate the position of the two gRNAs.used...135

Figure 74 Scheme of the CRISRRas9 strategy used to delete the enhancer
region, located in intron1l5 dfotchlgene. On verticalxas there are the ATAC

seq peaks coverage of d2 (two replicates) and d4 (two replicates). Red lines
indicate the gRNAS POSITION...........coiiiiiiiiiiiiieeer e 135

Figure 75 T7 Endonuclease | 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 c@list¢hXgzenh.
intron15) transfected witlactive CasgyRNAs yield 3 bands: 1 unmodified + 2
cleavage products of prediCted SIZES.........cooviviiiiiiiiiecce e 136

Figure 76 Diagnostic PCR amplificationfahe targeted enhancer region from
NotchXgeenh. intronl5 clones and from WT cells. WT fragment = 664bp; Mutant
fragment 2 280DP......coiiiiiieiiiii e err e e e e 136
Figure 77 Sequencing of WNotchXenh. intron1l5 and mutated clones (TGB)

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,
whileinredareidi cat ed t he MN&E).s.e.g.u.en.c.e..1B8/5 06
Figure 78 Full sequence map for -@Cas9LSDI1-Hygro
(https://www.addgene.org/104406/SeqUeNCESL).......ccceeeeeeevieeiieeeeeeeeeeeee, 138

Figure 79 Diagnostic PCR amplification of the@Cas9LSD1 expressing clones

WT sample is parental mESC (no targeted), CTR+ sample is parental mES cells
transiently transfected with the plasmidd@as9LSD1-Hygro. Red asterisk
indicates the 3 mutant clones (A2; A8; BL).........cccceeeiieiiii i 139

Figure 80 Sequencing of plasmid-@Cas9LSD1 WT and mutated clones (A2, A8,
B1) to determine the correct insertion of dGASD1 fusion protein. In violet is
depicted the final part of dCas@quence, in bold black is indicated the 3XxFLAG,

in yellow is LSD1 sequence. All three clones show the correct insertion of the
TS0 [T [ PP 140

Figure 81 Overview of the differentiation schemidotchtse enh . i nt ron15

(#7G and #11B) are differentiated in ECs from dayO to day8. Samples are
collected at day4, day6 and day8 to analyzeé\thiehlexpression................. 141
Figure 82 Quantitative reatime PCR analysis dflotchI1mRNA expression level

c |

in clone #11BNotchta2e enh . i n15 dur i nNotchELreddcedif er ent i a

clone #11B sample (red) compared to WT cells, used as control (bla@kis X
denotes the three time points {d&d8); y-axis indicates the gene expression
level, evaluated using the®® method, and Gapdh expression as the normalizer.
Values are the avaga of five (n=5) biological replicates + standard deviation

(5] ) TP 142
Figure 83.a Top: Quantitative redime PCR analysis ofNotchl mRNA
expression level in WT and clone #l11Rotchtee enh. i nl15 at

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, ishelpful to assess that the relationship between the

theoretical and sample percentiles iS liNar...........cccccooviiiieeciiiiiiiiiiiieenen, 144
Figure 83.b Top: Quantitative reatime PCR analysis ofNotchl mRNA
expression level in WT and clone #l1Rotchtee enh. i nl15 at

differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal line
(in dotted red), which passes through the lower andemumuartiles of the
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theoretical distribution, is helpful to assess that the relationship between the
theoretical and sample percentiles is lInear............ccccceeviiicceevvveiinniiiennn. 145
Figure 83.c Top: Quantitative redime PCR analysis ofNotchl mRNA
expression level in WT and clone #11B Not@&el enh. i nl1l5 at
differentiation. Bottom: Normal QQ plot related to d8 dataset. The diagonal line
(in dotted red), whichpasses through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the

Figure 84 Quantitative reatime PCR analysis dflotch1mRNA expression level

day ¢

in clone #7GNotchtee enh. i n1l5 dur i nNptchEi€redddedim er ent i a

clone #7G sample (red) compared to WT cells, useaontrol (black). axis
denotes the three time points {d&d8); y-axis indicates the gene expression

level, evaluated using the@Ct met hod, and Gapdh expressi

Values are the average of five (n=5) biological replicates + stdndiewiation

Figure 85.a Top: Quantitative redime PCR analysis ofNotchl mRNA
expression level in WT and clone #7@otchtae 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 betvaeen t

theoretical and sample percentiles iS liN ar...........cccccovvviiieeciniiiiiiiiieeeeenn, 148
Figure 85.b Top: Quantitative reatime PCR analysis ofNotchl mRNA
expression level in WT and clone #7@otchtaee enh. i n1l1b5 at

differentiation. Bottom: Normal QQ plot related to d6 dataset. The diagonal line
(in dotted red), which passes through the lower and ruppeartiles of the
theoretical distribution, is helpful to assess that the relationship between the

theoretical and sample percentiles iS liNar...........cccccovviiiieeciieiiiiiiieeeenn, 148
Figure 85.c Top: Quantitative redime PCR analysis ofNotchl mRNA
expression level in WT and clone #7@otchtaee enh. i n1l1b5 at

differentiation. Bottom: Normal QQ plot related to d8 dataset. The diagonal line
(in dotted red), which @ses through the lower and upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the

theoretical and sample percentiles iS liNar...........cccccovviiiieeciieiiiiiiieeeenn, 149
Figure 86 Localization of the three gRNAs (in red) used to transfect clone #B1 p
dCas9LSD1 and to induce Notekhh.intronl5 repressian..............cccveveee.. 150

Figure 87 Overview of the experimental plan. #BXdRas9LSD1 clone are
transfected with fluoresceniNotchl 3 gRNAs. Fluorescent sorted cells are
differentiated into ECs from dayO to day8. Samples are collected at day4, day6 and
day8 to analyze the NOtChL @RBSION.............iiiiiiiiie e, 151

Figure 88 The dCas9.SD1 transcriptional repression system, by chromatin
inactivation. Specific gRNA target dCas9 fuseith chromatin modifier LSD1 to
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a regulatory region. Lysinspecific demethylase 1A (LSD1) functions as
transcriptional repressor: LSD1 binds to the CoOREST or nucleosome remodeling
and deacetylase repressive complex thus demethylating-modaimethyigroup

on histone H3K4 and allowing genes transcriptional repression (Maglitdod.,
20 ) SRR SPRRRR 151
Figure 89 Quantitativereattime PCR analysis dflotchI1mRNA expression level

in clone #B1pdCas9LSD1 transfected with gRNAnh.int15Notchlduring EC
differentiation. Notchl is reduced in clone #BigCas9LSD1+gEnh.int15
NotchXred) compared to control #BAjCas9LSD1+gNT (black)where gNT is a
nonttargeting gRNA. Xaxis denotes the three time points -(#d8); y-axis
indicates the gene expression level, evaluated using-feén®ethod, andsapdh
expression as the normalizer. Values are the averadeuof(n=4) biological
replicates * standard deviation (SD)............oooiiiiiiiiiimmmn e 152

Figure 90.a Top: Quantitative redime PCR analysis ofNotchl mRNA
expression level #B1pgCas9lSD1+gNT and #BlyuCas9LSD1+gEnh.intt5
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 helpfal assess that the
relationship between the theoretical and sample percentiles is.linear......153

Figure 90.b Top: Quantitative redime PCR analysis ofNotchl mRNA
expression level #B1pgCas9LSD1+gNT and #BigCas9LSD1+gEnh.intt5
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 redime PCR analysis ofNotchl mRNA
expression level #B1pgCas9LSD1+gNT and #BigCas9LSD1+gEnh.intt5
Notchl samples at day8 of differentiation. Bottom: Normal QQ plot related to d8
dataset. The diagondéihe (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 ofNotchtse enh. i nl5 by G@G&®&IISPR/ Cas?9
enh.inl15 repression by dCasOLSDL..........uuiiiiiiiiiiiiieeeeieeeeeeeeee e 155

Figure 92 Overview of the differentiation schem@ecamize enh. i ntron2 <cl o
(#5G and #7G), as well as mESC WT cells, are differentiated in ECs from dayO to
day8. Samples are collected at day4, day6 and day8 to analyZeetiaenl

2 O£ =TT (0] o PP PPPPPRRT 156
Figure 93 Quantitative reatime PCR analysi of PecamImRNA expression level

in clone #5GPecamize enh. i n2 dur i n Becam®@s reducédfie r ent i at
clone #5G sample (red) compared to WT cells, used as control (bla@is X
denotes the three time points {d&d8); y-axis indicates the genexpression
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level, evaluated using the®* method, andsapdhexpression as the normalizer.
Values are the average of five (n=5) biological replicates + standard deviation

(5] ) TP 157
Figure 94.a Top: Quantitative redime PCR analysis ofPecaml mRNA
expression level in WT and clone #5G Pecaml enh. i n2 at

differentiation. Bottom: Normal QQ plot related to d4 dataset. The dedme
(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 [N ar...........cccccovvviiieeciiiiiiiiiiieeeen, 158
Figure 94.b Top: Quantitative reaime PCR analysis ofPecaml mRNA
expression level in WT and clone #5G Pecaml enh. i n2 at

differentiation. Bottom: Normal QQ plot mded 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 liNar...........ccccccvviiiieeciiiiiiiiiiiieeenn, 159
Figure 94.c Top: Quantitative redime PCR analysis ofPecaml mRNA
expression level in WT and clone #5G Pecaml enh. i n2of at

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 andample percentiles iS liNear............cccccvviiiiieemiiiie, 159

Figure 95 Quantitative reatime PCR analysis d?ecamImRNA expression level

in clone #7GPecamlaeenh.in2 during EC differentiatioiPecamlis reduced in
clone #7G sample (red) compared to WT cells, used as control (bla@kis X
denotes the three time points {d&d8); y-axis indicates the gene expression
level, evaluated using the®™* method, ad Gapdhexpression as the normalizer.
Values are the average of five (n=5) biological replicates + standard deviation

(5] 5 ) TP ERRSOP 160
Figure 96.a Top: Quantitative redime PCR analysis ofPecaml mRNA
expression level in WT and clone #7G Pecaml enh. i n2 at

differentiation. Bottom: Normal QQ plot related to d4 dataset. The diagonal line
(in dotted red), which passes through the lowaed upper quartiles of the
theoretical distribution, is helpful to assess that the relationship between the

theoretical and sample percentiles is liInear.............cccceeiiiicceeevviiiiiccienn. 161
Figure 96.b Top: Quantitative reaime PCR analysis ofPecaml mRNA
expression level in WT and clone #7/G Pecaml enh. i n2 at

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
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Figure 96.c Top: Quantitative redime PCR analysis ofPecaml mRNA

expression level in WT and clone #7G Pecaml enh. i n2 at day 8
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 iISANE...............cccceeeiiiiicceeeviieviiiiceenn, 162
Figure 97 Localization of the three gRNAs (in red) used to transfect clone #B1 p
dCas9LSD1 and to indu¢&dr-enh.intron10 re@ssion.............eevvvvveeenensinae. 164

Figure 98 Overview of the experimental plan. #Bid@as9LSD1 cell clone is
transfected with fluorescenKdr_3 gRNAs. Fluoescent sorted cells are
differentiated into ECs from dayO to day8. Samples are collected at day4, day6 and
day8 to analyze thi€dr eXPreSSIiON..........cccouviiiiieiiiiiieeee e e 165

Figure 99 Quantitative reatime PCR analysis fakdr mRNA expression level in
clone #BlpdCas9LSD1 transfected with gRMNAnh.intlGKdr during EC
differentiation.Kdr is reduced in clone #BigCasOLSD1+gEnh.int2Bdr (red)
compared to contro#B1lpdCas9LSD1+gNT (black), where gNT is a non
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INTRODUCTION

1. Cardiogenesisin mouse developmentignaling pathwaysfrom mesoderm
induction tocardiogenicmesodernprogenitors

The heart is the first organ to forthiring embryonic developmeandit has
a vital role in the distribution of nutrients and oxygen
Signaling from the surrounding microenvironment directs the transcrigtion
regulation of the developmentatogramof the heart, necessary for differentiation
and proliferation (Brade T.et al., (2013). Heart development is a process that
begins soon after embrygastrulation 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) (Agtlanchez Cet al.,
(2018)). Later during development, early noglermderived 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 factafter ingression through the P&rdiogenic progenitor cells
migrate to an anterior lateral position caudal to the headfolds and form the cardiac
crescent. At this time in developmédii 7.5) the first and second heart fields can
be distinguished=HF progenitor cellstart to differeriate toward cardiomyocytes
and smooth muscle cells when they exposed to BMP and FGF cytokines as
well as to inhibitors of the Wnt pathwayConsequentially, is inducethe
expression of key regulators of tbardiaclineage like Nkx2.5 Gata4, andThx&.
Myocytic lineage commitment is associated with expression of contractile proteins
including myosin light chai2a (MLC2a) and sarcomeric myosin heavy chain
(MHC) first in the cardiac crescent and then throughout the linear heart tube
Although thee FHF progenitors already differentiat®ynt/b-catenin, FGF, and
endodermal Shh signaling keeps SHF progenitors in a proliferative state at the
same timeSHF precursors are marked by the LRdmeodomain transcription
factor Isl1 andits expression is absent differentiated FHF derivativeelly
RG.etal.,(2012 ). These SHF progenitors are deyne
IsI1*/Nkx2.5/FIk1". Two subpopulations of SHF progenitors can be
distinguished. One populatiolsl1*/FIk1® which differentiates into etothelial
cells and smooth muscle cells, whereas a second posl16fNkx2.5 SHF
precursors gives rise to smooth muscle cells and cardiomyocytes as well as
contributing to the proepicardial lineagesVi("/Tbx18 and ScxX/Sema3D
popul ations), whi ch | at er form cardiac y
(SMCs), endothelial cells (EC), and cardiomyocytes (CWhe fate of SHF
progenitors igegulatedoy many different signaling pathways. Among them, FGF
signaling within the SHF prootes progenitor cell proliferation; Simhediated
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 sdex® from lateral plate mesoderm as
well as Notch and noncanonical Wnt signals promote cardiac differentiation of
SHF progenitorsThis highly complex network of spatiotemporal interactions of
growth factors and transcriptional regulators (e.g., BMP, W@GF,ANkx2.5, and
Gata4) governs both FHF and SHF development

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

Key players are Noddincluding Activin) and bone morphogenetic protein (BMP)
signals as well as Wnt and fibroblast growth factors (F@#helman D.et al.,
(2006)). Expression of the -box transcription factoBrachyuryT (Bry), a direct
tar get g ecateninsifnaliig) marke mesodermal celsmmitment of
nascenBry" mesodermal progenitors toward a cardiogenic fate requires inhibition
of ¢ an o n-cateair signgimg dnd activation of noncanonical Wnt signaling
(Gessert Set al.,, (2010)) Additionally, interactionsbetween the mesodermal
germ layer and the endoderm are necessary for the induction of a common
cardiovascular progenitor population froBry" mesodermal precursors, which
later formboth FHF and SHFData from cell-tracing studiesn mice showed that
cardiac lineagarisefrom an intermediate mesodermal population that expresses
vascular endothelial growth factor receptoV2dfr2 a.k.aFlk-1 or Kdr) (Ema M

et al.,(2006))

As depictedin Figure 1 duringin vitro mESC differentiation anéh vivo mouse
developmentBMP, Nodal, Wnt/bcateninand FGF pathwaysinteract to induce
mesoderm Bry* mesodermalpr ecur sor s yr st BofiFtkfl'er ent i at e
hemangioblasts toward endothelial and blgel lineages(around E5.5 during
mouse development)After downregulation of WntAgatenin signaling and
inductionof noncanonicalVnt signalsa second wave d@ry*/Flk-1* mesodermal
progenitors appear They downregulate Bry and activate the expression of
mesoderm posterior 1(Mesp) gene upon T-box transcription factor
Eomesodermiaction Several studies have demonstrated khesplis the earliest
marker of cardiovascular developmeard are essential for cardiac mesoderm
formationduring embryoniaevelopmentlt resides at the top of the cellular and
transcriptional hierarchyf cardiovacular lineages during ESC differentiation
(Bondue A et al., (2011)).MespI mesodermal progenitors contribute to paraxial
mesoderm and skeletal muscle of the head as well as cardiac.muscle
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T. etal.,(2013)).

Recentlyin 2018 Lescrodt et al, investigatel the molecular and cellular basis of
the earliest stages a@fardiovascular lineagspecification and diversificatioby
single cellRNA-sequencing (scRNAeq) analysis They confirmed that rause
heart development arises frdtesptexpressing cardiovascular progenitors (CPs)
that are specified duringastrulationLescroart Fet al.,(2018)).

As describedabove most of theMesp1CPs differentiate into either CMs or ECs,
suggesting that lineage segregation occurs early during gastruMgspZ cells
give arise to all heart cells, ECstbke aorta and brain, some muscles of the head
and neck, as well as to fewomitic derivaives and liver cellsfrom its later
expressior{Devine WP et al.,(2014))
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SinceMesplmarks the early CPs within the P®m embryonic day 6.25 (E6.25)
to E7.25,Lescroartet al., (2018) performedscRNAseqof WT and Mesplnull
CPsatthetwo stage ofdevelopment.

Their scRNA-seq profilingshowed that Mesp1CPs are molecularly distinct and
make the continuum between epiblast and later mesodermal cells including
hematopoietic progenitors. Single cell transcriptome analysMesiptdeficient
CPsindicatedthat Mesplis required for the exit from the pluripotent state and the
induction of the cardiovascular gene expression progtanfiact, ®veral well
known regulators of pluripotengyncludingNanog Eras), markers of theepiblast
(sich asE-Cadherin/Cdh) were found up-regulated in singleMespl1KO cells
(Figure 3. It is consistent with the defect of exiting the pluripotent epiblast stage

Nanog Eras E-Cadherin / Cdh1
0.0

o
o

7.5

5.0

g
(6, ]

25 2.5-

log2 Normalised Counts
o

o
<

0.0- 0.0-
WT  Mesp1-KO WT  Mespi-KO WT  Mespi-KO

Figure 2 Violin plots showing the mean and variance difference between(ral) and Mesp1KO (blue)
cells of genesegulating pluripotencyNanog Eras) and epiblasCdhl) (Lescroart Fet al.,(2018)).

By contrast, the genes dowegulated inMespl KO cells were enriched for
Mespltarget genes controlling epitheliaesenchymal transition (EMT}(ail),
and cardiovascular commitmerit¢2 Handl Myl7, Gata4 Flk1, and Pdgfra).
PdgfraFlk1i expressing céd that markMesplCPs in human and mouse ESC
differentiationin vitro and during mouse gastrulatiomvivo werealsoreduced in
MesplKO cells, supporting the absence of CP specificaftoguie 3.
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Figure 3 Violin plots showing the mean and varianceEM T genes $nail), cardiovascular miers Gata4
Etv2 Myl7 FIk1/Kdr andPdgfra) expression in WT (red) arfdesp1KO (blue)(Lescroart Fet al.,(2018)).

Altogether,this single-cell profiling of early CPs shows thitesp1lCPs segregate
rapidly from the epiblast into distinct cardiovascular lineamges it demonstrates
that Mespl1CPs are also molecularly heterogeneous, agiqusly suggested by
scRNArseq during in vitro ESC differentiatio€an SSet al.,(2018).

Moreover, SPRING analysis, which allows visualizing highmensional single

cell expression data, of WWespZlexpressing 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 profilirgCT1 (enriched inSox7 Etv2 Tall)

and DCT2 cell{marked byHandl Bmp4 Tnncl Tbx3 Hand2 Tbx2Q Gata4
Myl4, andMef2C) clustered respectively with EC and CM lineaDE€T3 (Tbhx1+,
Foxc2+) and DCT4(Wnt2b+) correspond tdMesplCPs committed to the anterior
and posterior SHEs$espectively.

Otherwise DCT5 expressed endoderm markésach asSox17and Foxa2d and
may have no relation with cardiac development

Thesefindings suggestthe existenceof temporally and spatially distindflespl
subpopulations that likely correspond to CPs committed to the different
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cardiovascular lineages and regions of the hedheagarly stages of gastrulation
(Figure 9.
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Figure 4 Scheme of the differe¥lesplsubpopulations (named DCTs4) and their localization during
gastrulationLescroat F. et al.,(2018)).

2. Specification of the rdothelial cell lineagg EC) during mouse development

The development ofunctional vascular system is essential for embryonic
development and adult lifeDefects in endothelial celdevelopment, vessel
formation and function lead to embryonic lethality and are important in the
pathogenesis of vascular diseagésigerGenge A et al., (2019)) Endothelial
cell, which line the inside of ablood and lymphatic vessels, have key roles in
delivering oxygenand nutrients, regulating blood flopwnodulating immune cell
trafficking and maintaining tissue homeostasis.

The development of a mature vascular system is a complex process, which
requires preciseregulation and differentypes of cells: SCs, progenitocells,
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 arteraanous, and lymphatic vessels form through
two distinct processes during embryogenegl$: vasculogenesis, defined as de
novo vesselformation induced by differentiation @hesodermaangioblasts, and

(2) angiogenesighe buddingand branchingf new vesselfrom preexisting ones
(Flamme | et al., (1997)) Although vasculogenesis is the major mechanism of
formation of blood island vessels, dorsal aorta, endocardium, and vitelliselves

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 céAsahara Tet al.,(2011)).

During embryonic developmenthe first sign of blood vessel formation occurs at
the gastrulation stagat mouse embryonic day E7.5 in the extraembryonic yolk
sac blood islandin the extraembryonic yolk sac, mesodermal precursor cells
aggregate to form bloodsland, 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).
SubsequentlyECs form the vascular primaryeuus, which ighenremodeled 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 comjder b
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 vesséRigure 5.

o i
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b )—— a — il N

Primary plexus
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Mesodermal @t C .

precursors Aorta and Artery and vein Lymphatic vasculature

(E7.5) cardinal vein (Blood vasculature)

Figure 5 Vasculature formation during mouse embryo developr{ieantk C et al.,(2013).

Within the embryo, endothelial precursor cetitso namedngioblastsappear at
E7.5and establish the vasculature of irtr@bryonic regions including the dorsal
aorta and vitelline vessels, and primary plexuses of lungs, spleen, andTheart.
more complex phase of formation of the embryonic vascular networks occurs by
angiogenesis durg 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 cellsnainly from mesodermal precursorat early stage,
already express markers such as CD31, CD34 and VEGf#wma M et al.,

(2006)) Figure 9.
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Severalpublishedstudieshave revaled thatthe endothelialcell-specific vascular
endothelial growth factor (VEGRINnd its two receptors;ltl and FIk1/Kdr have
been implicated irendothelial cell generatioand formation of the embryonic
vasculature. This is suggested by theiolocalized expression during
embryogenesis and by the impaired vessel formatioflkf and Flt1 deficient
mouse embryoJarmeliet Pet al.,(1996)).

Endothelial cells are derived frothe mesoderm, which can be marked by the
expression oBrachyuryT box gendas previously describedixperimentsn ES

cells showed thatBrachyury mesodermal cells were the first to appear and
subsequently expressédkl, thus becominglouble positiveBrachyury” Flk1*

cells during the differentiationin vitro. In developing mouse embryos, the
expression oFlk1 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 t@diciency of Flk1
induced embryonic lethalitgiue to lack of yolk sac blood island and blood vessel
and endocardium formatigishalaby Fet al.,(1995)) These findingglefine that

FIk1 is indispensable for the development of both blood and endothelial cell
lineages Further information indicated tha Flk1* cells obtained from
differentiating ES cells were also shown to generate smooth muscle actin (SMA)
cells(Yamashita, Jet al.,(2000).

In addition,Flk1" cells werealsodetected in skeletal muscles and cardiomyocyte
of E10.5 embryodyesides the endothelial and blood céfgure 7.

Thus, the FIk1* mesoderm likely represents a multipotent progenitor cell
population in addition to blood and dwthelial cell progenitors of the
cardiovascular system.
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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 expresbian specialization of
all endothelial cell subtypefrom their mesodermal progenitorgquiresextrinsic
signals and intrinsic regulatory events.

3.1 Tall (Scl1)
SCL/TAL transcription factor belongs to the basic helix loop helix (bHLH)

transcription factor familyIts early expressionduring embryogenesis seenin
yolk sac blood progenitors and endothelial celgsruption of Tall in either
mouse or zebrafish results in severe defects in the development of the vascular
system Blood vessels do form in absenceTall, suggesting that may not be
required forthe initial induction of endothelial cell®atterson LJet al., (2006);
Visvader JE et al., (1998)). Several endotheliagdpecific gene enhanceme
activated byTall through essential Box binding elements, such &$k1, Flil,
VE-Cadherin, Gata2

3.2 GATA2 (GATA binding protein 2)
The zinc finger transcription factdBATAZ2 is also implicatedn regulation
of both hematopoietic and endothelial genes. It is the most abtipéxpressed
GATA factors in endothelial celland numerous endothelial enhancers contain
GATA binding sites, like FIk1, Tall, Flil, VEcadherin,EPCR, ICAM2which are
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bound directly by GATA2The findings that several key endothelial genes contain
GATA binding sites further suggest that GATA2 regulates vessel development
through transcriptional activation of endothelggnes. Inthis regard, a recent
report showed that GATAZ2 regulates endatiiedpecific gene expression and thus
endothelial specificity through epigenetic modificatiofhe authors found that
ENDOMUCIN an endothelial specific gene, contained preferential GATA2
binding sites in transcription start site (TSS) as weHl1a9® kb egion of human
dermal microvascular endothelial cells (HMVECSs). 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 endotheligenes includindeENDOMUCINandKdr/VEGFR2(Kanki
Y.etal,(2011)).

Moreover,mouse embryos deficient @ata2died by E11.5 and exhibited anemia.
GataZ’ "ES cells and yolk sac cells generated significantly reduced number of
multipotent progenitorqTsai FY. et al., (1994)). In addition, experiments in
embryonic stem cells demonstrated the importance of GATAZ2 in the development
of FIk1*/ Tall" hemangioblaslike cells and in the induction of endothelial
specific geneglLugus JJet al., (2007)).So, these studies support that GATAZ is

an early regulator of hematopoietic and endothelmlelopmentand that this
transcription factor may be involved in the specification of hemangioblast
progenitors from the mesoderm early in embryonic greent.

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 Factorsin regulation of endothelial gene expression
The ETStranscription factors display a broad range of expression patterns

and activities in developing mouse embryos as weh aslults. However, some of
these factorshow a preferential expression in endothelial aatidvessels during
developmentNumerousendothelialenhancers and promoters contain multiple,
essential ETS binding sites, and ETS motifs are strongly associated with
endothelial genes throughout the human gen@eeVal S et al.,(2009)).Within
the Ets family Ets], EIfl, Flil, Tel, andErg 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 factdésslandFlil, can be detected in the
yolk sac bloodislands in the earlgtage embryos and their expression is
maintained in developing vesseWhereas the ETS transcription factirgl, is
highly expressed in mesodermal lineages including endothelial cells, another ETS
transcription factor Etvé shows ulguitous expression pattern throughout
embryogenesis and in adults
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Knockdown of eitheEts1or Erg expression in endothelial cells in culture results

in decreased endothelial cell migration and tube formgBirdsey GM et al.,
(2008)).

The Ets transcription factoFlil is expressed very early in cells of the
hematopoietic and endothelial lineages in mice and zebrdlgH. " embryos

died around E11.5 with extensive hemorrhaging, indicating its dispensable role in
endothelial cell specificatiofSpyropoulos DDet 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
vascul@enesis remained largely intg€tham VN et al., (2006)).An explanation

may be due taedundancy among Ets factors in endothelial development. The
exception to this apparent redundancy among Ets factors in endothelial
development is observed when the dilon of the Ets proteirEtv2 (ER71) is
removed in mice

3.3.1Role ofEtv2in early vascular development

Several studies have shown that Bte2 is essential for the development of
endothelial and blood lineages in the mols®2 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 enihrgaq. its
expressiorbegins decreasing within endothelial cell papigns by E9.5 and is
essentially extinguished in those lineages by E10.5, suggesting an involvement of
this transcription factor in early vascular developm&t2 null mice have severe
defects in vasculogenesis and hematopoi&si€?’ 'embryos die amidgestation
and lack any detectable embryonic vessels, blood islands in the yolk sac, or
endothelial progenitorsExpression of early vascular markers, suchFéel,
Pecanmi, and Tie2 is almost completely abolished in the absenc&w® and
endothelial ells are apparently not specifieddtv2is not presentin fact, Etv2is
also a potent inducer dflkl® mesoderm in embryonic stem cellRurthermore,
Etv2is a potent activator of several early endothelial genes, inclidiig Tall,
Mef2g Pecanl, andTie2 and has been demonstrated to activate these genes
through direct promoter or enhancer bindifidus, nactivation ofEtv2 causes
profound impairment fovasculogenesis, suggesting a central role for this factor in
endothelial specificatio(Ferdous Aet al.,(2009)).

3.4 Forkhead Proteinsare important regulators of endothelial transcription
Among the forkhead transcription factpFoxC, FoxF, FoxHand FoxO are
implicated in vascular development and endothethanhscription Papanicolaou
KN. et al., (2008)). Targeted disruption ofFoxO1l in mice causes vascular
remodeling defects and midgestational lethaktyggesting thaoxOL1 is required
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for vascular developmenin fact, in mouse embryo$;0xO1is highly expressed

in the developing vessels af®xO1’ "mice embryos failed to survivieeyond
E10.5 because of defective vascular development in the yolk sac and embryo
(Furuyama Tet al.,(2004)).

The FoxC family of Forkhead proteins is essential for vascular development as
FoxC1'"; FoxC2'' "mice have severe vascular defedtdditionally, FoxC1 and
FoxC2 have also been found to regulate arteeoous specification and lymphatic
vessel differentiationand may be important downstream effectors Natch
signaling (Hayashi H et al., (2008)) Promoters of multiple endothelial genes
FIkl, VEcadherin Pecaml Tie2 and Scl contain evolutionarily conserved
FOX:ETS binding motif§De Val S.et al.,(2009))

FoxFlandFoxH1are also involved in endothelial gene regulation. Inactivation of
FoxF1 in mice results in a severe vascular phenotype and embryonic lethality
FoxF1 is not expressed within endothelial cells of the differentiated embryonic
vasculature but it is expressed earlier in the splanchnic mesoderm prior to
endothelial celspecification and may regulate BMP signaling, which is essential
for vascular developmeffstorga Jet al.,(2007)).

3.5 HEY1/HEY2 (Hairy/enhancerof-split related with YRPW motif
proteinl/2)
HEY1 and HEY2, members of hairy and enhancer of-sglited fanly 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 sprout8wjft MR. et al.,
(20M)). Hey1’ "and HeyZ2’ "mouse embryos developed defective vessels and
died at E9.5. In these mice, vasculogenesisnormal, but vessel remodeling in
the yolk sac and placenta was impaired and some mice showed poorly developed
dorsal aorta and cardinal veiffSscher A et al.,(2004)) In agreement with these
findings, deficiency of Rbpj (recombination signal bindingprotein for
immunoglobulin kappa J region) in mican importantranscription 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
arteres through RBRHEY1/2 signaling.

3.6 SOX F grouptranscription factors: SOX7, SOX17 and SOX18
Among 20 different members of the SOX factdle SOX F grougSox7
SoX7 and Sox8) has been found to plag pivotal role in cardiwvascular
developmentExpression oSox18andSox7 but notSox17 was detected between

41



E7.5 and E8.5 in endothelial cells of the yolk sac vasculature and the dorsal aorta,
andSox17Avas expressed in endothelial cells of the dorsal aorta at E9.5

According to Sakamoto Y et al, (2007) Sox17singlenull embryos shoed
aberrant heart looping, enlarged cardinal vein and mild defects in anterior dorsal
aorta formationwhile the Sox17Sox18doublenull embryos showed more severe
defects in formation of anterior dorsal aorta ameadicervical microvasculature,

and in some cases, aberrant differentiation of endocardial cells and defective
fusion of the endocardial tub8ox18was alseexpressedh endothelial cells of the
developing lymphatic vesselfideed,Sox18’ "mouse embryoshowed lethality

at E14.5 and developed mRROXZI (Prospero homeobox transcription factor 1)
lymphatic endothelial cells, indicating a critical role 8bx18in lymphatic
endothelial cell specificatiorkinally, taken together, these studies sugtfest the

SOX F group transcription factors function as an important regulator for
endothelial cell specification; arterinous specification, and venelysphatic
specification.

In Figure 8is illustratedthe different steps within endothelial cell development
from mesodermal progenitors and hemangioblasts to differentiated arterial,
venous, and lymphatic endothelium and the various transcription factors askociate
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 schemdli-1, GATA2, and Tall control differentiation of hematopoietic cells from
hemangioblasts, whil&tv2 and FoxC proteins control the differentiation of endothelial cells from that
progenitor population and th&tv?2 likely sits at the top of this transcriptional cascdBe 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 functionincluding survival, proliferation, and vessel
permeability (Bates DO.et al., (2010)). Following the binding of VEGF, its
receptor, FIk1/Kdr, transmit signals througlseveral downstream molecules
MAPK-ERK, p38MAPK, phospholipase C, and phosphatidy! inalsi3-kinase
(PI3K)/Akt/protein kinase B to regulate endothelial functi4MEGF signaling
plays a critical role in vessel development during embryogenésgf./ 'mouse
embryos died due to defects in endothelial and hematopoietic cell development
(Carmeliet Pet al., (1996)) Further, VEGF signaling has a role in arteriovenous
specification.It induced the expression of arterial markEghrinB2 Nrpl, and
Gja5 in primary EphrinB2 endothelial cells isolated from E10.5 mouse emhbryos
In addition, werexpression of VEGF in cardiomyocytes led to significant increase
in number of cells expressing the arterial maikehrinB2with decreased number
of EphB4 venous endothelial cellsSudies in literature suggestalso that
transcription factor6OXCYFOXC2 interact with the VEGF pathway components
to promote arterial specification of endothelial cells through the NOTCH signaling
pathway
The receptor tyrosine kinas€DR (also known as VEGFRRIk1) and its high
affinity ligand vascular endothelial growth factor (VEGF) play a pivotal role in
endothelial developmentduing embryonic vascular growth in the mouse.
Expression of th&dr gene and its ligand VEGHE restricted to endothelial cells
and thé& 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 Kattmanet al., (2011). Highest levels of Kdr expressiorwere observed
during embryonic vasculogenesis and angiogenasigiell aduring pathological
processes associated with neovascularizatiomleveloping mouse embryos, the
expression ofKdr was first detectedn mesodermal yolsac bloodisland
progenitors as early as 7.0 days postcojtundicating that itmarked the common
embryonic endothelial and haematopoietic precursor, the haemangioblast, and thus
is also involved in early haematopoie¢es depicted irFigure9) (Park C et al.,
(2013)) Some studies have demonstrated #t’- mouseembryos die in utero
between 8.5 and 9.5 days positum, because of an early defect in the
development of haematopoietic and endothelial cells.-gatkblood islands were
absent at 7.5 days, organized blood vessel® notobserved in the embryo or
yolk sac at any stage, and haematopoietic progenitors were severely reduced.
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These results indicadethat Kdr is essential for yollsac blooésland formation
and vasculogenesis in the mouse emp® well as it is the most important
effector in angiogenes(Shalabyf. et al.,(1995).
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Figure 9 Developmental of FLK1+ mesoderm. FLK1+ mesoderm originates from BrachyexpfEssing

cells in the primitive streak of the developing embryo and subsequently gives rise to not only endothelial and
blood cells but also othenesodermal lineage cells, including vascular smooth muscle, cardiomyocyte, and
skeletal muscle celi@ark C et al.,(2013))

The VEGFR2 signaling pathways are inducedtbpindingto VEGFC, VEGFE

and VEGFA. The binding of ligand to VEGFR2 resuft in the activation of

different pathways such as SCRBhospholipas€ o (-PLCProtein Kkinas:¢
(PKC), Phosphoinositid@-kinase (PI3K), p38Mitogenactivated protein kinase

(P38MAPK) and Focal Adhesion Kinase @K). These different pathays control

cell shape, cell adhesion and permeability, proliferation, survival, vasodilatation,

and migratiorof endothelial cellsKigure 10.
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Figure 10 Schematic represgation of VEGFR2 signaling pathways. VEGFR2
(https://www.tocris.com/pathways/vegignalingpathway.
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Flt-1 (fms-like tyrosine kinasdl), also known as vascular endothelial growth
factor receptor 1 (Vegft) encodesa highaffinity tyrosine kinase receptor for
VEGF and is almost exclusivelgxpressed irvascular endothelial celldoth in
fetal and adult mouse tissues (1@dpreover,the Flt-1 mRNA is also detecteth
both proliferating and quiescent endothelial cedigygesting a role fdflt-1 in the
maintenance of endothelial céeters KGet al.,(1993)).

In 2002 Kearney JBet al, reported thaFlt-1 mutant ES cell culturesadvascular
overgrowth that was caused primarily by aberrant endothelial cell divialea
Flt-1 null mice dial in the embryonic stage at&59.0 due to an overgrowibf
immature endothelial cellsnd disorganization of blood vessels, not due to a poor
vascularization.Endothelial cells devel@u but failed to organize in vascular
channels.Theseresuls strongly suggesd that VEGFR1 acts early in vascular
development to modulate vessel formation by affecting the rate of cell division in
embryonic endotilial cells and their precursorft plays a negative role in
angiogenesis by suppressing jargiogenic signals in the embryo to establish a
critical balance essential for physiological vascular formation

Flt-1 signalling pathway regulagenormal endothilial cellcell or celtmatrix
interactions duringyascular development/EGFR-1 binds not only VEGHA but
also RGF (placenta growth factpr and VEGFB. It transduces several
downstream signals including cell migratjomascular permeability and cell
survivalThe 1169tyrosine is phosphorylated and activatdsCPasPKC pathway
towards mild activation of MAKinase (MAPK) and DNA synthesis. PKihase
(PI3K) and Akt are also activateghon thestimulation of VEGFRL (Figure 1).

Vascular endothelial cells,
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2 Catt (other-PYs ?) Akt
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Figure 11 Signal transduction pathways from VEGHRin vascular endothelial cells (Shibuya kt 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 (DIl)1, 3, 4) have been identified in mammBiading between
the ligand and the receptor induces proteolytic cleavage of NOTCH receptor,
resulting in generatio of intracellular form of the receptor (NICD, NOTCH
intracellular domain) that translocates into the nucleus to induce its downstream
targets HEY1 and HEYZGridley T. et al., (2010)). DIl4*'- heterozygous e
exhibited severe remodeling defectsywmk sac vessels and smaller dorsal aorta
consistent with the expression of components of NOTCH signaling, NOTCH1,
NOTCH4 and Jaggedl, Jagged2 and Dll4 selectively in arterial endothelial cells.
Also, these embryos developed abnormal arteriovenous vedseldo fusion
between the dorsal aorta and common cardinal \Moreovet DII4"/ "mouse
embryos completely lost arterial ident{fpuarte A et al.,(2004)).Mice deficient
in bothNotchlandNotch4died in utero with a severe vessel remodeling defects in
both yolk sac and embry(Krebs LT. et al., (2000)) Thus, NOTCH, whichis
activated by VEGFhas an essential role in mediating arterial specification.
fact, it was shown that VEGF induced the expressioNatthlandDll4 through
PIBK/AKT pathway in cultured endothelial cellfhe VEGFmediated NOTCH
activation was specifically seen in arterial endothelial cells (as opposed to venous
endothelial cells)n vitro (Liu ZJ. et al.,(2003)).
Another study has shown that tloeosstalk between both pathways could be
mediated by endothelial transcription factdfexC1FoxC2 As mentionedbove
deletion ofFoxC1FoxC2led to arterial defects in developing mouse grabm
vitro analysis revealed thdEoxC1FoxC2 upregulated the expression of the
arterial endothelial markemdotchl Notch4 DIll4, Hey2 and EphrinB2 through
direct transcriptional activatiofurthermore FOXC1/FOXC2mediated promoter
activation of Dll4 and Hey2 was augmented by VEGFKeatment,and it was
impaired by inhibiting PI3K. Thesmterestingresults suggest that the VEGF and
NOTCH pathway promote arterial endothelial cell specification through FOX
transcription factors.
Moreover, he Notch signaling pathway plays eritical role in cell fate
determination during development and postnatally in continuously renewing
tissues, such as the endothelium, the epithelium and in stem cells pool.
Consequentlyit can control the expression of a group of target genadved in
EndotheliaiMesenchymal Transition (EndoMT), angiogenesis and Cancer Stem
Cell (CSC) biology, as shown Figure 12(Akil A. et al.,(2021)).
The Notch pathway playalso pivotal roles in the cardiovascular system, both
during development and postnatal life. Scewelence show that the dysregulation
of the Notch pathway is involdein the pathophysiology of cardiovascular
diseases (CVDgAquila 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 bipAbdhyA. et al.,(2021)).

Expression of Notch and ligand in vascular endothelium and defestascular
phenotypes of targeted mutants in the Notch pathway have suggested a critical role
for Notch signaling in vasculogenesis and angiogenésiss of global Notchl
function results in early embryonic lethalitgs he endotheliums the primary

target tissue affected by Notchl signalthgmbourg FP et al., (2005)). General
knockout strategies in the mouse have been used to show that the Notch1 signaling
pathway regulates vascular morphogenesid angiogenesigKrebs LT. et al.,
(2000)). Moreove, aosstalk between VEGF and Notch signaling is fundamental
for angiogenic procesbeing both involved in the specification of the tip and stalk
cell phenotypeas well ago sprout formation, vascular EC maintenance, and the
establishment of EC heteraggity (BlancoR. et al.,(2013).

4.3 Signaling via Bone Morphogenetic Protesn(BMP Signaling)

Bone morphogenetic proteins (BMPs) belong to transforming growth factor
(TGF) b superfamily that regulates a multitude of biological processes including
embryonic vessel developmgi@ai J et al., (2012)).Upon binding to BMPs, the
type Il receptor, which is a constitutively active kinase, activates the type |
receptor by phosphomding specific serine and threonine residues. The activated
type | receptor in turn phosphorylates SMADs (SMAD1, 5, and 8) to transmit
BMP signaling. Subsequently, the phosphorylated SMADs interact with SMAD4,
a common SMAD, and translocate into the nusléw induce the expression of
genes such as IDMice deficient in bothldl and Id3, the downstream
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BMP/SMAD targets, showed vascular defects in the develdpiaig, while Bmp4
deficient mice died without posterior mesodermal differentiatiGerm line
deletion of Alk-3, a type IA BMP receptor, failed to survive up to E9.5 stage with
defects in mesoderm formati@klishina Y. et al.,(1995).

Parket al., (2004) demonstrated that BMP4 via SMAD1/5 signaling induced the
generation ofFlk1l" cells from mouse ES cells in serdfree differentiation
condition. Bloclkng BMP4 activity by its antagonist, NoggirmreducedFlk1* cell
generationMoreover,BMP4-mediatedFlk1" cell development was mediated by
the transcription factor, ER7E#A/2. In addition, GATAZ2 together with BMP4 was
shown to also promote mouse ES cell differentiatioflikd™ cells.

4.4 WNT Signaling

WNT signaling is critical for embryogenesis and diseds®elopment
(Nusse R.et al., (2005)) WNT signaling is typically categorized into two
pathways:the canonical(b-catenin)- and non-canonical gonb-cateninmediatedl
pathways In summary the non-canonicalpathways involve all WNT pathways
thatdonotle t o t he s t-atbninlandzptaysiaaale inoprocegses
including cell polarization, cell fate, inflammatory response, and cell migration
On the contrary,hte canonicalb-cateninmediated WNT signaling pathway leads
to the intracellular stabilet i o ncatemih, rebulting in its translocation to the
nucleus and the transcription of numerous genes involved in cell proliferation,

differentiation, tissue expansion, cell fate, and many miolee canont cal WNT/
catenin pathway has been the bestdigtd and has a crucial role in vascular
developmentl n t he absence -atenin\gNofhospporylatedeby n's , b

gl ycogen synt has-8f0)kiamadls et h3eb -cdiemaSisk e d 0 b
ubiquitinated for degradation by proteason@sding of WNT proteinsd their

receptor, Frizzled/Lrp (Lovdensity lipoprotein receptor), activates Dishevelled
(Dvl) which 1 nhibits -c&ehid dn the rdegradatou s r el e :
pat hway, all owi negeatenimwwthénuelemnss| ocati on of b
Lindsley RC et al.,(2006)demonstrate a requirement 8NT signaling during

the earliest steps of mesendodermal differentiation of ES 8gléifically, during

ES cell differentiation, canonic®VNT signaling is required for the expression of

genes associated with the miiive streak and gastrulation in vivo, including

Brachyury, MixI1 and Evx1. Furthermorethey showedhat inhibition of WNT

signaling abrogatethe functional competence of differentiating ES cells, reflected

by their failure to generatelkl® mesodermaprecursors and subsequent mature
mesodermal lineages.

Ot her studi es in developing mouse embryo:
catenin, which can be stabilized downstream of WNT signaling, in vessel
devel opment . lcatemia tiniTie2a tellsorasultedfin ebmbryonic

lethality with vascular remodeling defects and hemorrhafjes.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 inducemultipotent cardiac progenitors to differentiate into
endothelial cells (ECs)starting from mESC

5.1 Undifferentiated EScells

The discovery of mouse embryonic stem (ES) cellS y@ars agovas a
major advance in biology and experim& medicingaskES cellsrepresentednin
vitro model of early mammalian development and saitable source of
differentiated cell types for cell replacement therapy.
Embryonic stem (ES) cells are pluripotent cells derived from the inner cell mass of
blastocyststage embrygswhich are able to divide without differentiating for a
prolonged period in culturgevans MJet al.,(1981))
Their potentid use in modern biology and medicine derives from two unique
characteristics that distinguish them from all other ogecific stem cells. First,
they can be maintained and expanded as undifferentdpdlation cells for
extended periods of time, possibly ifidéely, 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 celESCs) 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 micecluding the germline, following their
injection into host blastocyst8eyondtheir developmentatapacityin vivo, ES
cells display a remarkablgotentialto form differentiated cell types in culture
Under appropriate conditionsh vitro, ES cells can differentiate and form
embryoid bodies that have been shown to contain cells of the hematopoietic,
endothelial, muscle and neuronal linea@ésller GM. et al.,(1995)).
Comparable studies are difficult in the mouse embryo and impossible in the human
embryo.Thus, he 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 basiccharacteristics of ES cells, which include geliewal, 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 cellsExterna signaling pathways such as L§p136STAT3, BMP-

TGFb -Nodal -Smad, MAPK-ERK, and WNT as well as transcription factors
Oct3/4and Nanoghave been reported to play important roles in thersekéwal

of mouse ES cellsPluripotent mouse ES cells are usygbropagated under
complex culture conditions that are poorly defined because they include both
growthinactivated 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 dishesnainly (Ward CM et al.,(2002)).

5.1.1Cell states anddentities

The human body is composed of over 37 trillion cells daatgive rise to
hundreds of different cell types despite sharing identical gen¢iyge X et al.,
(2020)).This cellular diversity and morphological complexity have been achieved
through cellular differentiatioras well asevolution and developmenh addition
to differentiation, cells are constantly challengedelternal environmerdand thus
must develop phenotypic plasticitWhile some states are transitory and/or only
present during embryonic development, otleas becomestablethroughout the
cellular lifetime.Cell states change not only during development, but also during
diseaseSo, agreatvariety of cell states is present in each multicellular organism.
Regarding the cell identitymany years agdNaddington CH.et al., (1942)
described the most famsuand powerfulmetaphorin developmentabiology,
named as epigenetic l@scape. Itdepicts how a cell progresses from an
undifferentiated state to one séveraldiscrete, distinct, differentiated cell fates
during developmentThe cell is represented layball, and it starts out in a valley
at the back of the landscageiqure 13. As the ball rolls forward and downward,
the valley splits or bifurcates into twowmeralleys separated by a ridge. These new
valleys represent alternative cell fates. External stiniké inductive influences,
or internal influences determine which of the two valleys a particular cell chooses.
Likewise the several and putative celtéaare dictated by the activity of specific
genes, whiclsupportthe landscap€erlhe valleys continue to split, and eventually
the cell ends up in one of many terminal -salieys, which represent terminally
differentiated states. The cell kept permanetly in its terminally differentiated
state by high valley walls. The steeper
Waddi ngt ondés t er mThe Whaddimgton lantsbape higlights a f at e .
key feature of epigenetic changes; once cells have underg@pegametic change
(e.g., differentiation), they (and their progeny) have undergat@béechange that
will not reverse Transcription factorswhich bind to DNA, areespecially relevant
for defining cellular stateandto influencethe expression omanygenesSome of
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cell typespecific transcription factors can (through their absence or robust
activity) affectcellular lineage choices during development and/or differentiation
In fact, all cell identities and lineage choices srguldedby one or a combination

of master transcription facto(®orris SA et al., (2013). A particularsubset of
master transcription factors is represented by reprogramming faatioich can
alteridentities of differentiated cells beyond their naturakpoy.

Usually, their functionis based on a genetic manipulatidinus he new acquired
states are stable and heritable, even if the added reprogramming factors are
removed Interestingly the reprogramming factorareclassifiedaccording to their
potency They can: revert development (déifferentiation and induced
pluripotency),inducealternative options for differentiation (tradgferentiation or
transdetermination), or enforce alternative differentiated identities in already
differentiated ells (Figure 13.

A -\Fm—ﬁcuy-

Fate choice /

Lineages

Potency

Gell types

Gene expression

Genes

—
|

Master transcription factor Reprogramming factor

Figure 13Th e Waddi ngt onds e pi. A €elldar prapertiesa(pladtisity, p@ency)matdral |
state changes (fate choice, lineages, ogie$, differentiation), and molecular foundations (genes, gene
expression) B. Cellular reprogrammingwhich changes the cell state§; Transcription factors controlling
cellular states. Master transcription factors influence cell fate decisions duvielpmi@ent. Reprogramming
factors can alter cell identities beyond the natural potency of théBecelinig CT et al., (2020))
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5.2 Differentiation model of ES cells

By literature,when ES cells weraemoved from the factors that maintain
them as stem celltheyare able talifferentiate and, under appropriate conditions,
generate progeny consisting of derivatives of the three embryonic germ layers:
mesoderm, endoderm, and ectodéseeFigure 14 (Keller G.et al.,(2005)).

Morula

ES Cells +— -/ \
P
Endoderm

Troph- |
ectoderm

l |

liver blood
pancreas heart
lung skeletal muscle

CNS
skin

Figure 14 Scheme of early mouse developmdb® cells differentiatén derivatives of the three embryonic
germ layers: mesoderm, endoderm andaetm(Keller G.et al.,(2005)).

Furthermore ES cells do not differentiate to trophectodernmvitro and so they
reflect the potential of their founder embryonic population, the inner cell mass.
Contrary, human ES cells can also form the esmbryonic tissues
(trophectodermjhat differentiate from the embryo before gastrulation. The use of
human ES cells to derivearly human trophoblast is particularly valuable, because
it is difficult to obtain from other sources and is significantly different from mouse
trophoblastAccording to Xuet al.,(2002)when hES cellgre inducedvith bone
morphogenetic protein 4 (BMP4a member of the transforming growth faetor
beta (TGFbeta) superfamilythey 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 thréenensional aggregates known
as embryoid bodies (EBHR) the culture of ESCdirectly 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 approachesed b induceES cell differentiatio{Murry CE. et al.,(2008)).

Each methochas been successful for the development of certain linedgary
studies thainvestigatedhe differentiation capacity of ESCs included fetal cailf
bovine serum(FCS or FBS)in the protocal The use of FCS/FBShas several
serious drawbacks that include batokbatch variability and the lack of identity of

the inducing factors contained in Thus these protocols were often difficult to
reproduce, and most were not welliopzed for the generation of atipeage

These obstacles were overcome by us@gimfree media with specific inducers

to direct differentiationand the development of reporter ESCs to monitor early
differentiation steps have

All three approaches to E&ell differentiation arevaluableand have specific
advantages and disadvantages. EBs offer the advantage of providing -a three
dimensional structure that enhancesiagll interactions that may be important
for certain developmental programs. The comipyerf 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.Anotha problem is the difficulty that can beccurredwhen attempting to
separate the E&ell-derived cells from the stromal cells.

Lastly, dfferentiation in monolayers on known substrates can minimize the
influence of neighboring cells and supportive stroo@ls but with this protocol

the matrix proteinscompositionis 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 madel fo
lineagespecific 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 cuites 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 lineagenutment 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 contigered expression
patterns, and disruption of transcriptional networks in heart development underlies
congenital heart disease (CH®runeau BGet al.,(2008)).

Cardiac differentiation is a dynamic process consisting of complex signaling
network In literature, numerouglifferentiation protocols have been described to
generate cardiomyocytes from pluripotent stem cd&ligerall various cardiac
differentiation studiesvere based othe induction of pluripotent stem cellgvith
various growth factorsat an acurate timing and dosé is essential for directing

the differentiation process from early mesendoderm via mesoderm towards a more
specific cardiac fate.

As demonstrated biattmanet al., (2011, it is possible to efficiently generate
cardiovascular dks from differentmouseESCs Using a serurfreedifferentiation
procedure, they founthat the coexpression dflkl/Kdr and Pdgfr-U marked an

early mesoderm populationwhich had a cardiac potentialAdditionally,
FIk*/Pdgfr-U (F*P*) cells developed und@reciseculture conditions In fact ES
cellswere able tagyenerate a substantiglP* population when induced with 2, 4,

8, and 16 ng/mActivin along with low concentrations of BMP#creasing the
amount of BMP4 led to amcrease in the size of the'®® populations in the
presence of the different concentrations of activin teSalsequentlyF P cells
induced with activin 8 ng/ml and BMP4 0.5 ng/fhl 50-60%) differentiatedand

give rise to a population consisting &% contractingTnT cells(seeFigure 16.
Moreover, nesodermal marker gemdesplwas expressed in the B population

and preceded expressionisifL andNkx25.
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Figure 16 Cardiac Potential dflk*/Pdgfr-Ur (F*P*) mesoderm celpopulation(Kattmanet al.,(2011)).

Subsequently his type ofserumfree protocolwasalsoused byWamstadet al.,
(2012 to investigate how global patterns of gene expression and chromatin
organization are coordinated in the cardiac lineddgeir results showed th#te
model system useproducd normal cardiomyocyte differentiation and resulted
in approximagly 70% cardiac Troponin {cTnT)-positivecardiomyocytegFigure

17 a-b-c).
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Figure 17 Cardiomyocytedifferentiation of embryonic stem cells. a. Scheme ofdifferentiation protocal
indicating thetime pointswhere differentiating cultures were treated with #ipecificgrowth factors listed
below b. ¢cTnT (in red)immunofluorescencefalay10 differentiated cells. Flow cytometry at day10 of cells
stained forcTnT or isotype contro{(Wamstacet al.,(2012)).

Differentiating cultures were highly enriched at earliesigsts for the cardiac
transcription factorsNkx25 and Isll, indicating that these cellsctivated
efficiently normal cardiacspecific commitmentBased on the gene expression
profile, the authorselected four stages of differentiation theypresered key cell
types in the transition from pluripotent cells to cardiomyocytegure 1&):
undifferentiated embryonic stem cells (ESC) expressing plunpgtegenes
(Pou5f1/Oct4and Nanog, cells expressing mesodermal markekéegpl and
Brachyury (MES), cells expressing cardiac transcription factdtkxg5, Thx5
andlIsll) but not yet beating (CP), and functional CM with cardiomyosyiecific
gene expressn (Myh6andMyh?) (Figure 1®).
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Figure 18 Transcriptional profile during transition from pluripotent cells to cardiomyocytea. A
representation ohe four stagesf cardiac differentiationb. Expression of the main marker gersesivated
during cardiac differentiatio@Vamstacet al.,(2012)).

5.4 Vascular endothelial cell differentiation from ES cells

Embryonic stem cells (ESCsps well ashuman pluripotent stem cell
(hPCs), represerd suitablan vitro model to study molecular events involved in
vascular developmentt hasbeen demonstrated that ES celés spontaneously
differentiate intoendothelial cell lineageshowinganincrease in the expression of
several endothelial cedipecific genes during differentiati@ndforming vascular
structures ireS-derived EBgVittet D. et al.,(1998). The vasculogenic potential
of the embryonic cellsould potentially lead to a variety of clinically relevant
applications In fact, vascular endothelial cells or endothel@ogenitorscells
could be usedn therapeutic strategies for the repair and revascularization
ischemic tissue in patients exhibiting vascularedef(Kocher AA et al.,(2001)).
Murine embryonic stem (ESgell lines can be maintained undifferentiatiéd
cultured in the presence tdukemia inhibitory factor (LIF), which inhibits their
differentiation. When LIF is removed, ES cells spontaneoudfgrdntiate into
threedimensional aggregatesermed embryoid bodies (EBs), which contain
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derivatives of the three primitive germ laygectoderm, mesoderm, endoderm).
The appearance of endothelgdecific marker®ccurred at different timeduring

ES dfferentiation, recapitulatingin vivo vasculogenesisteps. It suggested that
endothelial cell commitment follows sequential maturation stdgesng in vivo
vascular developmenElkl is the earliest endothelial marker and is expressed in
both extraembryonic and embryonic mesoderm at Be@amlis detected from
E7.0/E7.5simultaneously wittFlkl. At E7.5, in the yolk sac mesenchyr{feom
which will originate the yolk sac vasculatiyés ectivatedthe expression ofie2

and VE-Cadherin followed that ofFlkl. Numerous studies in literature indicated
that the addition ofvarious growth factorgi.e., VEGF andGFs cocktail)to the
culture mediumcould optimize thein vitro model, obtairing a higher level of
endothelial cellsdifferentiation 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 cellsdCs
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 nutrienta. 2015, Patschet al., developed a rapid and
efficient methodto differentiate hPSCs into ECs and VSM@4&rst, GSK 3 b
inhibition combined with BMP4 treatment enabled the commitment of hPSCs to
mesodermThen differentiation wasnducedby treatment with VEGHA for ECs

or PDGFBB and ActivinA for VSMCs similarly to vascular developmeim vivo
(Figure 1%-b).

a.
o N ‘Gga
g s

Pluripotent stem cells Mesoderm Endothelial cells
>

Day 0 Day 1 Day 4 Day 6

mTeSR N2B27 StemPro-34 StemPro-34
+ 10 uM Y-27632 + 8 uM CHIR99021 or + 200 ng mi~! VEGF-A + 50 ng mi-' VEGF-A
+1uM CP21 + 2 uM forskolin

+ 25 ng mi~' BMP4

b.
o L

Pluripotent stem cells Mesoderm Vascular smooth muscle cells

Day 0 Day 1 Day 4 Day 6

mTeSR N2B27 N2B27 N2B27
+ 10 uM Y-27632 + 8 uM CHIR28021 or + 10 ng mi-' PDGF-EB + 10 ng m-' PDGF-BB
+ 1M CP21 2 ng mi~* ActivinA or
+ 25 ng mi- BMP4 2 ng mi-! ActivinA + 2 pg mi! heparin

Figure 19a. Schematic illustration oECs differentiatiorprotocolfrom hPSCsbh. Schematic illustration of
VSMCs differentiatiorstrategyfrom hPSCgPatsctet al., (2015)).
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Overall, the GSK3 inhibition (with CP21 and CHIRmolecules)and BMP4
treatment followed by a brief period of VEG¥ and forskolingrowth factors
exposure and continued VEGQ¥treatment is sufficient to efficiently induce ECs
from hPSCsForskolin is a cyclieAMP signaling activator and data in literature
demonstrated that cAMP enhance the vascular development (Yamamay
(2009). Flow cytomdry of VE-Cadherifi (CD144) cells assessed thate
protocolusedpromoted the differentiation of hPSCs ilE@€swith efficienciesof
about70% (Figure 2@&-b). hPSCGderived ECs expresseaxhdothelialmarkers, like
VE-Cadherin VWF, Pecaml(Figure 2@). FACS analysis of CD144+ hPSECs

on day 10 showed the expression of Bpscific markers (KDR, CD31, CD34,
CD105) and the absence of hematopoietic markergl8COM45) (Figure 2).

In the same wayActivinA and PDGFBB treatment following mesoderm
induction resulted in the formation of almost exclusively CD140b+ (PDGFRB)
cells (89.4%) with no CD144+ cells detectabl@gigure 2@b). The cells also
ma r k e r myosm B, SN224F®ure s uc h
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Figure 21 Flow cytometry analysis of CD144+ hPSECs on day 10 of differentiatiorDetection of
endothelial specific genes expressioiKIR, CD31, CD34 and CD10Q5 but no hematopoietic markers
(CD43, CD45)Patsctet al.,(2015)).

Interestingly, wherhPSC ECs werglated on Matrigelthey were able to form
vascular networltike structures within 24 hsuggesting thahPSC ECs have
angiogenic potentiah vitro (Figure 23.

Figure 22 1n vitro tube formation assay by plating hPSC ECs on Matrigel fdr @atschet al.,(2015)).

60



6. DNA-regulatory elementsEnhancers

Cellular differentiation requires precisely regulated tissyze ci y c and
developmental stagepeci yc gene e XNpmerow studietavep at t er ns
determined that &ey regulatos of differential gene expression prograare the
enhancers, cigegulatorysequences thaihysically contact the target promoters
and thusgovern spatiotemporal and quantitative expression dynamics of target
genes(Heinz S et al., (2018). Consequently, enhancers contribute to determine
the cell state identity during developnhieAccordingly, their aberrant activity
could be involved in numerous complex human dised3garg 23.

Functional ehancersare norcoding sequences in the genome that activate the
expression of target genes transcribed by the RNA polymerase || (RNAREY.

are discrete small DNA elements, witlsi@e range of tens to hundreds of base
pairs (bp),characterizedoy dense clugrs of transcription factor binding sites
(TFBS). Thus, enhanceris bound by cell typespecific TFs, coregulators,
chromatin modifiers, architectural proteins like Cohesin, Condensin and CTCF
(CCCTGBInding Facto), other enzymes, and RNAPII. Owing to suafgescale
protein assembly, enhancers are often nucleosome deficient, and are
hypersensitive to nucleases reflecting DNA accessibilgy feature largely
consideredas a signature of enhance8o,the enhancer complex loops over and
physicallycontactthe target promoter and activaggEnetranscription(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 enhanaetivity for various biological processes governing
developmentEnhancerglay a central rolén cell fate determination; inegulating transcriptiongdrograms
that control development, cell identiagnd evolutionary processebhey alsoserve as docking sitesrfaFs,

and the activity of enhancers is mostly based on the binding of theseEtencer reprogramming is an
emerging area in developmental biology and cancer reséaoduld represent a hallmark of carcinogenesis,
as it contributes to the deregulatedpression of epigenetic modifiers, leading to abnormal cell growth
(Maurya SSet al.,(2021))
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Figure 24 Representation ofnlancerdoop: enhancersan regulate gene expression by recruiting TFs and
the transcriptional machinery and subsequently forming a loop with the promoter region of the target gene
(Claringbould Aet al.,(2021)).

Moreover, enhancersan act independent of orientation, distan@and location
with respect to theranscription start site (TSS) of thargetgenesand can be
located over as much as a million base pairs alwagome cases, they can even
activate transcription of genes located in a different chromogbomevardas Set
al., (2006)). Interestingly, hey 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 abovegnhancers are hypersensitive to nucleasesDNA
accessibilityis widely considered as a signature of enhanclrsorderto an
enhanceelementto be bound'Fs, the chromatin mustbhen an A owttno st at e
the exception of pioneer TE$jor thisreasm, mapping regions of open chromatin
is a widely usedvay to identify enhancers, and other regulatory elements, across
the genome of any cell typk the past, isolation of enhancérasbeen based on
laborious molecular approaches based on either chirostaicture (e.g., DNase |
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 idergiffynancers at the genomede
scale Chromatin accessibility approachdisectly measur¢he effect of chromatin
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structure modifications on gene transcriptiand do not require antibodies or
epitope tags that can introduce potential b&s in ChlPseq.Current genome
wide highthroughput chromatin accessibility assays: MNaseseq DNaseseq,
FAIRE-seq and ATAGseq(Figure 25.

6.1.1IMNaseseq chromatin accessibility assay

MNaseseg(micrococcal nuclease digestion with deep sequeh@ngsed to
map nucleosome positions in eukaryotic genomes to study the relationship
between chromatin structure and DMApendent processeghis technique is
basedon the use of the nespecific endeexonuclease micrococcal nuclease, an
enzyme derived from the bacter&aphylococcus aureugo bind and cleave
proteirunbound regions of DNA on chromatin. DNA bound to histones or other
chromatinbound proteins €.g., transcription factors) remain undigested. The
uncut DNA is then purified from the proteins and sequemyeNextGeneration
sequencing method@NGS) (Cui K. et al., (2012)). In a typical MNaseseq
experiment, mononucleosomes are extracted by extensive MNase treatment of
chromatin crosslinked withformaldehyde The nucleosomal population is
subsequently submétl to NGS procedure.MNaseseq thus probes chromatin
accessibility indirectly revealing the regions of the genome occupied by
nucleosomes and other regulatory factarsd providing informationon TF
occupancy(Figure 25. Overall, MNaseseq is auseful method for probing
genomewide nucleosome distributions and also provides an accurate way for
assessing TF occupancynranycell types However, it requires a large number of
cells and careful enzymatic titrations for accurate and reproducible evalotion
differential substrates.

6.1.2DNaseseqchromatin accessibility assay

DNaseseq (DNase | hypersensitive sites sequencing)hislaful approach
to identify the location of regulatory regiottyough genomevide sequencing of
regions sensitive to c@age by DNase Mapping DNase | hypersensitive (HS)
sites has historically beemsedfor identifying all different types of regulatory
elements, including promoters, enhancers, silencers, insulators, and locus control
regions. In DNaseseqmethod, DNAprotein complexes are treated with DNase |,
which selectively digest nucleosoraepleted DNA (presumably by transcription
factors), whereas DNA regions tightly wrapped in nucleosome structures are more
resistant. DigestedDNA fragments are then sequenced tprovide accurate
representation of the location of regulatory proteins ingbeome(Figure 25
(Song L et al., (2010)). DNaseseq has been extensively used by the ENCODE
consortium and others tevaluatecell-specific chromatin accessibility and its
relation to differential gene expression in various cell lifide&e main controversy
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over DNaseseq is the ability for DNasetb introduce cleavagkias, affectingits

use as a reliable BRdetection assayMoreover,DNaseseq requires many cells

and involves manyamplespreparation and enzyme titration stepdtogether
DNaseseq represents a reliakiteol to identify activeregulatory elements across

the genome and in any cell type from a sequenced species, without a prior
knowledge of additional epigenetic information.

6.1.3FAIRE -seq chromatin accessibility asga

One of the easiest methods for directly probmgleosomealepleted areas
of a genome is FAIRE (Formaldehydéssisted Isolation of Regulatory Elements)
FAIRE is based on the phendhloroform separation of nucleosotheund and
free areas of a genome in the interphase and aqueous phase respectively. The
procedure involves the initial crosslinking of chromatin with formaldehyde to
capturethe proteinDNA interactions, and subsequent shearing of chromatin with
sonication. Following phenaihloroform extraction, nucleosontepleted areas of
the genome are released to the aqueous phase of the solution due to much higher
crosslinking efficiency of histones to ¥\ compared to other regulatory factors
This assay extracts the norosslinked DNA and only these nucleosordepleted
regions will be purifiedenrichedand sequenceith a high throughput way using
NGS (Figure 25 (Giresi PGet al.,(2006))
Thus, FAIRE-seqis a simple anchigh reproducible protocol, which does not
require antibodiesenzymes (such as DNase or MNased aes not require a
singlecell suspension or nuclear isolation, so it is easily adapted for use on tissue
samples

6.1.4ATAC-seq chromatin accessibility asga

ATAC-seq (Assay for Transposase Accessible Chromatin with high
throughput sequencifgs the most currenpowerful approach for genoe-wide
chromatin accessibility profilingThis 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 acceibdlity, as well as to map regions of transcriptifactor binding
and nucleosome position. The method is a fast and sensitive alternative tc DNase
seq for assaying chromatin accessibility genawge, or to MNaseseq for
assaying nucleosome positions iccessible regions of the genor(fégure 25
(Buenrostro JDet al., (2013). One of the main advantages of ATA€Eq over
other methods, like DNaseeq or FAIRESeq, is that ATAGeq can be
performed with significantly fewer cells (~ 50,000 cells for AT-A€%) compared
to millions of cells for the other method#)ccordingly, ATAGseq is fast, simple
and sensitive approh, which works with many cell types and species and does
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not requiresonication, phenethloroform extraction (like FAIRE) or antibodies
(ChlP-seq).Moreover, nodifications have been made to the protocol in order to
perform singlecell analysis. ATAC-seq is used for: nucleosome mapping
(identification of changes in nucleosome position during differentiation or between
experimental conditions transcription factors occupancy analysientification

of novel enhancers during developmedeep study of the genomiprofile
associated to pathological conditions such as cancer

b FAIRE-seq d ATAC-seq
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Figure 25 Genomic methods irmapping chromatin accessibility a. DNaseseq enzymatic digestion to

extract signal from open chromatiegions hat are known as DNase | hypersiive sites (DHSsh. FAIRE-

seq method basedn crosslinking of chromatimteracting 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
phenolchloroform extraction, while crosslinked DNA remains in the organic jay@MNaseseq enzymatic

digestion to extract signalepresentingnucleosome positioningAfter formaldehyde crosslinking, added

MNase digests DNA that is unprotected by bopnateins, allowing one to infer increased accessibitity
ATAC-segbasedon the hyperactive Tn5 transposase to insert sequencing adapters at accessible regions of the
genome. Following transposition, genomic DNA can be isolated and amplified by P@Rubijected to deep
sequencingKlein DC. et al.,(2019)).
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6.2 Epigeneticfeatures ofenhancer

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 expressionRecent advances in epigenomic profiling
technologiesallowed to determine thapecific enhancemassociated chromatin
features can beeally used to annotate the(WMaston GA et al., (2012)).Indeed,
enhancers have been idéied in the form of primed,active, and poised
enhancersln addition, @ch type of enhances characterized by speciffustone
modification patterns and can be easily identified by these signdkigese 26
(Zentner GEet al.,(2011))

Notably, active enhancers signatures are identified by H3K4 rmoethylation
(H3K4Mel) and H3K27aetylation H3K27aQ. They are alscassociated 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 ohistone H3K4 monanethylation(H3K4meJ only. Other features

that have been associated with enharméming are presence of pioneer TFs,
hypermobile H3.3/H2A.Z nucleosomes, DNA 5mC hypomethylation, and
hydroxylation (5ShmC)Finally, the signatures of poised enhancers are marked with
H3K4Mel with H3K27me3, but not H3K27&Eigure 26.

A Active \

H3. 3/HZA z

DNas¢ \va tive
B primed
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Figure 26 Epigenetic Features aftive (A), prlmed (B), andpoisedenhancergC). A. Active state:enhancers
are associated with incorporation of hypermobile nucleoseomsining H3.3/H2A.Z histone variants, which
compete for DNA binding with TFs. TFs in turn recruit coactivator protgi@g. p300 histone
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acetyltransferagethat can modify and remodel nucleosomes. H3K4mel and H3K27ac are the predominant
histone modificdons deposited at nucleosomes flanking enhancer elenieritseir active state, enhancers

are also bound by general transcription factors (GTFs) and RNA polymerase Il (Pol II), leading to the
production of enhanceasriginating RNAs termed eRNAS. Primed state (por to activation: enhancerare
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
hydroxylaton (5hmC).C. Poised enhancer found in mouse and human E&@sked by H3K27me3 and
associated with PRC@olycomb repressive complex;2hese enhancers are bound by TFs and coactivators

and communicate with their target promoté€alo E et al.,(2013).

The specific epigenetic modifications found at enhancers are derived from the
recruitment of epigenetic writers and erasé. instance, the myeloid/lymphoid

or mixedlineage 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
(ak.a.CREBBP) and P30Gak.a.EP300) bind enh®ers to increase their activity
through protein acetylation, inclusive of historiéi® Q et al.,(2011)). The EZH2
methyltransferases responsible o0H3K27me3 modificationn silenced or poised
enhancersDNA methylationin some silentenhancerds establishecoy DNA
cytosine5-methyltransferases DNMT1, DNMT3A and DNMT3B and the TET
methylcytosine dioxygenases TET1, TET2, TET3 necessary for active removal of
DNA methylation(Turek-Plewa Jet al.,(2005) Kohli RM. et al.,(2013)).

Normdly, 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
stagegCruzMolina S et al.,(2017)).

During development and in terminally differentiated cells, enhancers can switch
between statedJpon embryonic stem cell differentiation, for example, poised
enhancers lose the repressive H3K27me3 mark and gain H3K27ac. The enhancer
state change occuc®ncurrentlywith achangen the expression of the target gene
from off to on state and the transition in cell state from undifferentiated to
differentiatedKarnuta JM et al.,(2018)).

Furthermoreduring cell differentiationin eaty precursors the enhancer region is
cover by nucleosomes and often associated to repressive marks, such as
H3K27me3 or DNA methylationln this stage the enhancers are in an inactive
state. Subsequently lineagespecific TFs (also called masteegulators or
enhancer organizers) bind to the majority of the tispexific enhanas, which

are nucleosome free regions and enriched for H3K4mel, but are generally in a
poised stateUpon cell differentiation and/or external stimuli, induced or actidat

TFs binds to some of the accessible enhancers in ordetivategene expression.
Thus, ative enhancers are associated with additional cofactors such as BRG1,
p300 and Pol Il 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 Set al.,(2012))

Inactive enhancer
(Early precursor;
Non-relevant lineage)

Pre-assembled or
poised enhancer
(Lineage precursor,
Non-activated cell)

» Differentiation
» External stimulus

Active enhancer
(differentiated or
activated cell)

QP H3K27me3 @H3K4me1 ¥PH3K4me3 OH3K27ac @ DNA methylation

Lineage TF(s) Specific TF(s)
(enhancer organizer) ¥ (response to specific signals)

_ Enhancer-associated
(PISOO 'BRG1 o Pol Il A~ transcript

Figure 27 Chromatinenhancesignature during cdldifferentiation Spicuglia Set al.,(2012))

6.3 Functional validationenhancerassay

The first identified enhancers were defined by functional capacity to amplify
transcriptional activity in reporter plasmifidoreau Pet 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 (DMNsexwp or assaying for
transposasaccessible chromat using sequencing (ATAGeq), histone tall
modifications from chromatin immunoprecipitation sequencing (&edp, and
3D chromatin organizatiorHowever, these approaches are primarily descriptive
andnot directly evaluate whether a DNA sequence acts fasmctional enhancer
(Benton ML et al., (2019)) Enhancer reporter assays assess the ability of
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candidateegulatory element® drive expression of @portergene ancave been
widely usedto functionally testactivity of predicted enhancers

6.3.1Traditional reporter assays for enhancectivity

DNA sequences can be directly tested for their ability to activate or enhance
transcription from a minimal core promotén. fact, this activity which is also
independentof the sequence context of the anber and can be assessed in
heterologous reporter systembBas beenwidely used to evaluate enhancer
functionality. Generally, ehancer tests in whole developing embryos (for
example, in flies, nematodes, zebrafish and mice) have readouts based on images,
whereas testis vitro cell culture typically either use luciferase or directly measure
the abundance of reporter transcrifNerd AS.et al.,(2015)).

Commonly,a reporter plasmidonsistsof a portion of a cellularor 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 gefike enhancer activitys measured by
evaluating the abundan@nd localization othe reporter transcript (i.e., in situ
hybridization) Alternatively, the reporter gene is detected at the protein level, such
as by enzymatic activities (for exampleu c i f e jgaastesidageencdoled by
lacz), fluorescence.g., GFP) or specific antibodies. Many promoter and enhancer
candidates have been tested in transgamicnals, like D. melanogasterC.
elegansand mouse embryos.

In addition,the reporter fasmids lacking or containing the test enhancer CidA

be alsointroduced intoin vitro cultured cellsby transfectionand analyzed feer

24i 48 h usingluciferase assay3he level of transcription detected in the absence
of the test enhancer represendsdl transcriptiotevel. The activity of the plasmid
containing thecandidateenhancer is measured relative to the basal ievetder

to definewhether theutativeregulatory element act aanhance(Figure 28.
However,traditional transgenic approachesn test theactivity of an individual
enhancesequencédut are not recommendetbr validating putative enhancers at
scale.

In vitro assays
Quantify expression

TEEEE |
Transfect ig—m—,‘lh > ‘ of each reporter gene
|
|

Test  prom cultured eSS
DNA\ | R,e potter cV NN WS
. > gene
 em e

or Iniect Transplant to L\_\ Visualize
> e surrogate mother ., Reporter gene
[re—— Ll N § Expression
eggs 1? In E115
embryos

relative to
empty vector

Fold induction

In vivo assays
Figure 28 Schematic representation wéditionalenhancer assainimal promoter is indicateds red box;
reporter gene ithe green box: candidate enhancer element (test DNA) is indicated in bl(Pdl@y L. et
al., (2015).
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6.3.2Massively Parallel Reporter Asga (MPRA) to study enhancer
function

Massively Parallel Reporter Assays (MPRAasje an alternative and
powerful technique for functional characterization of enhancer activity in a high
throughput mannerMPRAs can be used tdunctionally screenthousands of
sequencedor regulatory activitysimultaneously 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 activitp. MPRASs, libraries containing
hundreds of thousands of candidate enhancers can be generated and tested for
function in parallelEach enhancer is cloned upstream of a minimal promoter and
areporter genecontaigh a uni gue sequence barcode in i
These libraries of barcoded reporter genes can then be introduced into cells or
animals and expression quantified by RNéq 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 réRglantGE
et al.,(2019). A variation ofMPRA assay $ Self-Transcribing Active Regulatory
Region sequencing (STARS&tQ, that exploits the characteristic that enhancers
can function independently of their relative positioasd places candidate
sequences downstream of a minimal promoter and open reading Eahancer
activity is directly linked to the underlying DNA sequence and measured as
presence of the resulting reporter transcripts among cellular RNA by deep
sequencig. Specifically, DNA fragments are cloned downstream of a core
promoter and into the 3N UTR of a report el
themselves and become part of the resulting reporter transdiietg are isolated,
sequenced and countdeiqure 29.

a. Massively parallel reporter assays

Create library of enhancers with Transfect library Isolate, sequence, and count
unique transcribable barcodes into cells barcode-tagged mRNAs

Enhancer A Tag A ] TagA n,

— Ce—— — [T TagB N,
Enhancer B TagB
[ Tag C N,

Enhancer C Tag C

b. STARR-seq

Create library of Transfect library Isolate, sequence, and count
self-transcribing enhancers into cells transcribed enhancers

27\
Enhancer A I ] EnhancerA n,

—_— . = [N Enhancer B n,
[ Enhancer C N,

Enhancer B

Enhancer C

Figure 29 a. Massively Parallel Reporter AssaMPRA); b. Self Transcribing Active Regulatory Region
sequencing (STARReq)
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6.4 CRISPR/Cas%ased methods to functially validate candidate
enhancers

Although for more than 30 years, numerous transgenic animal studies have
been used to providen vivo evidence for DNA elements that function as
transcriptional enhancerd, is also important explore the functionattivity of
enhancers through enhancer deletion or enhancer modification experiments at their
endogenous locationAbout this the recent development of highly efficient
CRISPR/Cas9 genome editing technologgresents a powerful totw target and
manipukbte individual genomic and epigenomic l@@budna JAet al.,(2014)) In
summary, e CRISPRCas9 technology originates from type Il CRISERs
systems, which provide bacteria with adaptive immunity to viruses and plasmids.
The CRISPRassociated proteirCas9 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 ss#efic doublestrand break
(DBS) in the DNA. The dual tracrRNA:crRNA was engineegsda single guide
RNA (sgRNA) t hat retains two critical f ec
determines the DNA target site by Watgorick basepairing and a duplex RNA
structure at the BWNchanangltee guide aefuerize afitties t o Ca
sgRNAcomplex, Cas9 can target any DNA sequence of interest in the genome.
Cas9 induced DSBs inawoways. yirpt,the aridd oftherD&lAd ai r e d
breaks are rpined by endogenous DNA repair pathwayknown as non
homologous emngbin-ing (NHEJ. However, this mechanismcan introduce
insertions or deletions of DNA(dels) that in turn may disrupt the translation of
the targeted gene. Secomy, providing a DNA donor template with homology to
the target sitea homologydirected repai(HDR) may occur to repair the double
stranded breaf&igure 30.
The simplicity of CRISPRCas9 programming, together with a unique DNA
cleaving mechanism, the cayty for multiplexed target recognition, and the
existence of many natural type Il CRISERs system variantdave allowed
advancedo target, edit, modify, regulate, and mark genomic loci ouemerous
typeof cells and organisnia preciseand efficientmanner.
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CRISPR/Cas9 Gene Editing
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Figure 30 CRISPR/Cas9 mediated geediting mechanisr{created by Biorender).

6.4.1 Genetic manipulation of enhancers

Genetic perturbation is a powerful approachirteestigatelinks between
genetic information and cellular functionkossof-function experiments are
essential for the functional investigation of-oegulatory elements (CRES), such
as transcriptional enhancer8RISPRCas9 systenallow to easily manipulate
genonic sequencesbut, recently, it is also employed to targeton-coding
regulatory elements, such as enhan@eopes 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 achies#olg pairsof SgRNAs to
targetthe flanking regionof thecandidate enhancéCebola l.et al.,(2021)).
Numerous scientis@pplied CRISPRCas9strategyto successfully downregulated
target gene expression by introducingitations ordeleting an enhancerFor
exanple, GroschelS. et al., (2014) usedthis systento removean enhancer that
regulates GATA2 (GATA binding protein 2) expressioffrurthermore,
CRISPR/Cas9 gene editingas usedo knockout two candidatéorelimb Thx5
enhancersdemonstratinghat deletion of thentron 2 and downstream elements,
either singly or together in double knockouts, resulted in no effect on forelimb
developmen{Cunningham TJet al.,(2018)).
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Deletion ofa 13kblong superenhancer (SE) located 100kb downstreanSak2

in mouse ESCGsausingtwo sgRNAs flanking the Sox3E, haveshown that the SE

is responsible for over 90% of Sox2 expression, and Sox2 is the only target gene
along the chromosoni&i Y. et al.,(2014)).

6.4.2dCa® system forgene regulation and epigenome cial

A highly related approach to deletion scanning is to use CRISPR to
modulategenetransciption processs and alsomodify the epigenetic landscape
around candidate enhancer sequentesadapt CRISPR/Cas9 for gene regulation
studiesjn 2013, Qiet al, mutated the nuclease domains of Cas9 f®myogenes
(making an H840A mutation in the HNH domain and a D10A mutatiothe
RuvC domai n) to create , aso called H@asOsnall def i ci
mutant(Qi LS. et al.,(2013)).Thus,dCas9 is unable to cleave DNA but retains the
ability to specifically bind to DNA when guided by a sgRiAgure 3).

a Cas9 nuclease b dCas9 (nuclease-null)
~—5gRNA

NUC - ch1ﬁ Rqul
lobe ) 155 [
Txn Fol II
\"- — ;
a oo NI i ”*L s
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REC -
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Gene editing Gene regulation

Figure 31 Comparison between Casficleasggene editing) and dCasfucleasenull (gene regulation)a.

The S. pyogene€as9 endonuclease is targeted to specific DNA sequences by direct pasgiRN# with

the target DNATwo nuclease domains, RuvC1 and HN#ow the cleavage of the target sequeticelCas9

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 Il (Pol Il) or the binding of important transcription factors ({Rominguez AA et al.,(2016).

Qi et al (2013) showed thatilCas9,togetherwith a targetspecific SgRNA can
specifically interfere with transcriptional elongation, RNA polymerase binding, or
transcription factor binding(Figure 33. This processis called CRISPR
interferenc CRISPR). The utility of dCas9 for sequenspecific gene repression

was first demonstrated iB. coli. In bacteria, the CRISPRnethod using dCas9 is
highly efficient in suppressing genes; is specific, with minimaltaffet effects;

and is multiplexable, such that several genes can be simultaneously controlled
using multiple sgRNAsMoreover,the introduction of CRISPRI into manalian
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cells using dCas9 alone achieved only modest repression of enhancedg®P (
in the human HEK293T reporter cell lin®i LS. et al., (2013)). Targeting
endogenous genes such as the transferrin receptor CDXtC @hemokine
receptor type 4 (CXCR4nd tumour protein 53 (TP53howed significantgene
expressionepression (60980% repression)Gilbert LA. et al.,(2013)).

Hence the CRISPRI system camsed asa general method for efficiently and
specifically regulatinggene transcription in many eukaryotess well asto
characterizeis regulatory elements for transcription factor binding

Generally, he CRISPRICas9 system is a broadly applicable tool genome
wide lossof-function or gairof function screeimg, inducible and reversible gene
regulation and cell fatmodulation

CRISPR interference system
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Figure 32 Mechanismof CRISPR interference (CRISPRI) systé@i LS. et al.,(2013)).
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6.4.3CRISPR/Cas%ffector
repression

system mediated gene activation and

Coupling dCas9 to effector domaingith distinct regulatory functions
(transcription activators or represgocenvertsthe CRISPR/Cas9 technology into

asitespeciyc prog

rammabl e

mammaliarcells (Figure 33 (Gilbert LA. et al.,(2013)).
In CRISPR interference (CRISPRdCas9 is targeted to block transcription and
thereby silence gene$he fusion of dCas9 to transcriptional repressors increased
repression efficiencyCRISPR activation (CRISPRa) uses dCas9 fusion proteins to
recruit transcription activators for targdtgene activation. The use of enhanced
dCas9 activation systems allows recruitment of multiple activators with one

SgRNA.

sgRNA
site-specific
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Figure 33 dCas9fused to effector domairean efficiently activate orsilencetranscription(Gilbert LA. et al.,

(2013)).

CRISPRa: dCas9system for gene activation

dCas9/ sgRNA

compl exes

c an exfressiomodi yed

mammalian systems when targeted upstrearanofbgenous transcriptional start
sites.Onetype of effector that can be fused to dCas9 is a transcriptionahtr.
There are different forms of these dGas%ivator fusions. For example, Bikaet

o fE. cali.NWs fysionl y mer as e
was able to activate reporter gene expression up-fdd3(Bikard D. et al.,
(2013)). In eukaryotic cells,instead,the first generation of dCas9 activators
consisted of dCas9 fused to the activation domain of (p6Banscription factor

al.,(2013)f used t he

¥

subunit
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involved in many cellular processes) a VP64 activatofa synthetic tetramer of
the Herpes smplex VP16 (Figure 34). The dCas9/P64 fusionwas more
effective than the p65 fusion and has been used more ubiquitBesigralstudies
have demonstrated that dCagB64 is able to activate silent endogenous genes
and reporters or to upregulate already active germgeting dCas¥P64 tothe
promoterof the developmentally relevant transcription facBmx17induced its
RNA and protein expression in hPSQ&arns NA et al., (2014). Studies in
literature showed thatargeting of dCas9 fused to twéP64 domains to the
MyoD1l ocus of mo uldastsagivaiedremdogenoysbmyagenic genes
comparably to traditionalMyoD1 overexpression methods, resulting in the
conversion offbroblasts into skeletal myocyt@Shakraborty Set al.,(2014))
However, the activation seen in mammalian cefls usually moderate, about 2
fold to 5fold, on averagen order to enhance the activatj@Cas9was fusedo a
tandem array of peptides, called a SunTag array, which recruits many copies of the
VP64 activator effector (Figure 34) (Gilbert LA. et al., (2014)). A 50-fold
increase at the protein level with dC&&9nTag for endogenous genes such as the
CXCR4 chemokine receptor gem@s observedh human erythroleukemia K562
cells. Activating endogenous CXCR4 using dC8s#Tag was sufficient to
produce significanticreases in cell migration.

a. b. Activator
S Module

. VP64
. SIGFP

W SunTag chain ) scFv
(10X or 24X)

scFv recognition
peptide

: [ @
Mar.'nmailan N, ® )
Activator r)

Figure 34a. dCas9fused with a VP64 activatob. 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 scFvwhich specifically binds the SunTag peptide. The scFv is fused to sfGFP and(M&64

Russa MFet al.,(2015).

Another strategy for CRISRBependent gene activation, reported by Chatez e
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 tandé&ngyre 3%). These three
activators were joined in a defined order to strongly activate géresxample in

this case wasselected a set of genes related to cellular reprogramming,
development and gene thera@dditionally, it can upregulate endogenous gene
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expression from 5to 30Gfold at the mRNA level compared to a single dCGas9
VP64 fusion(Figure 3%). Furthermore, eécruitment of dCas¥PR to NGN2 or
NEUROD1linduced neuronatlifferentiation, suggesting the potential use of the
system to modify cell fate through gene activatibigure 3%) (Chavez Aet al.,
(2015)).

a K b' MIAT NEUROD1
4 87x
*

VPR Neg. VP64 VPR Neg. VP64 VPR

VPR Activator 562 Rta c ASCL1 RHOXF2
2 4,600 18,000x
@ 6,000~ « 24,000 - *
r——————— 1
a
x
L
< 3,000 12,000
= 110x 820x
) = *
| —|
C. -% 0- o
2 Neg. VP84 VPR Neg. VP64 VPR
NGN2 NEUROD1
10% i8ic TTN ACTC1
* * 20,000 330x
< 10 — < X == 26,000 * 4004 — *
£8 g8
[73 [73
225 210 13,000 200
T g Ta 63x 3.5%
0 X 0 X n.s. *
@ 19 — 1
0 0 0- 0-
VP64 VPR VPB4 VPR Neg. VP84 VPR Neg. VP64 VPR

Figure 35a. The VPR activation system is dCas9 fused to VP64, p65, and Rta linked in tldralétussa
MF. et al., (2015)) b. RNA expression of targagenesin HEK 293T cells transfected with gRNAs targeting
the indicated genes along with thabelled dCas9activator construct. Negative controls (Neg.) were
transfected with the indicated guide RNA®ne c. Analysis of mMRNA expressn levels ofNGN2 and
NEUROD1in dCas9ActivatoriPSC linegChavez Aet al.,(2015)).

Subsequently, a thirddCas9activator approach was developedialled the
synergistic activation mediator (SAM) systemhis systemis basedon the
previous dCas9VP64 structure butincludes 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 proteifsision 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 molecHigule 3&)
(Konermann S.et al., (2015)). This dCasSSAM system can amplify gene
expression from 10 to multiple thousafwdd (Figure 3®).
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Figure 36a. SAM activation system (leftdCas9 is fused to VP&hdthe sgRNA has been modifisd asit
contains two MS2 hairpins (green). An additional activator module (rightstmdn MS2 hairpin via the
RNA-binding protein MCP. The MCP is fused to the activators p65 and KISFRussa MFet al., (2015)).
b. A comparison of the activation efficientetweendCas9VP64 alone(in yellow) andthe SAM activator
system i green) in the activation of four different genes: HBG1,-1R, IL1R2, and ZFP42
(https://info.abmgood.com/crispas9generegulationdCas.

CRISPRI: dCas%effector mediated transcriptional repression

CRISPRdCas9 can bealso combined withtranscriptionalrepressorsAs
mentioned abovehis 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 polymerad®i LS. et al., (2013)). This simple
CRISPRI system caaffectup to 1,006fold repression, efficiently knocking down
gene expression in cells. Although this systearks very well in bacteria, yeast,
and other prokaryotic cells, it is less effective in mammateis This is likely
because the binding of dCas9BNA is not sufficient to disrupt the action of
eukaryotic RNA polymerase®\ strategy toovercomethis issuein mammalian
cells has been to fusthe transcriptional repressodomain of Koxl KRAB
(Kruppelassociatedoox) to dCas9(Gilbert LA. et al., (2013). This systemis
based orthe ability of KRAB to recruitvarious typesof histone modifiers that
reversibly suppresses gene expression through the formation of heterochromatin
(Figure 38). CRISPRrepressohasbeen used in PSCs to probe the pluripotency
network required tanaintain the stem cell stat€argeting ofregions upstream of
the transcriptional start sites Gfct4 andanother pluripotency factof,bx3 using
dCas9KRAB in mouseembryonic stem cells (MESCSs) effectively repressed their
expression, resulting in spontaneous differentiafid@arns NA et al., (2015)).
Similarly, both dCas9 and dCa$®RAB proteins could repressendogenous
expression of CD71 and CXCRgene expression in HeLa celfigure 3D)
(Gilbert LA. et al., (2013)). Through CRISPR/dCas@ffector fusion mediated
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transcriptional repressioaf pluripotency factors; these studies demonstrate the
capability of the system talefinet he contri buti on of speciyc
cellular state.

a. b.
Exon
coria cD71 CXCR4 \ cxcs:
(v LT ewon ]
N 2 g

o = o "0 = o e
exérez  CRemes
dCas9 l dCass [l dCas9-KRAB dCas9 [l dCasS-KRAB
CD71 Transient CXCR4 Transient

NT strand

——i § 12| § 12}
% 10} .} 7 I
C— g os} |4 £ £ 08}
Transcription fﬁ 06| B S % 08| , B
Repression £ g;- H g;| T. IT‘.
3 .2 | =8 0.
sgRNA-guided 2% i I . 22| J ”‘". ‘
DNA targeting Neg. 5gCDT1-18gCO71-28gC071-3 Neg. | HCXCRA-1 $gCXCRE? SgCXCRES
50 +300 dCas9 [l dCas9-KRAB dCas9 [l dCas3-KRAB
gD CD71 Lentiviral CXCR4 Lentiviral
2 10/ § 10L-+=
$osl | 2 o8} o
£os $
5 o8| - ol & osl .
2 0.4 2 2 : S04 3
802 g 02}

- . : - ol n! L n .
Neg.  spCD71-150C071-25gCDT1-3 Neg.  sgCXCR4-1 sgCXCR4-2 sQCXCR4-3

Rel

Figure 37 a. dCas9fused to KRAB, a transcriptional represgbttps://info.abmgood.com/crisgas9gene
regulationdCas9. b. Stable suppression of G and CXCR4 gene expressioby dCas9 or dCaskRAB in
HelLa cells(Gilbert LA. et al.,(2013)).

dCas9effector mediated epigenetic editing for activation and repression of
geneexpression

Epigenetic regulation works by affecting the structurette chromatin,
either by compressing it into a compact amdnscriptionally inactivestate
(heterochromatin) or bypeningit for active expression Recently, fusion of
dCas9 to various epigenetico d i y e given alpewerfd t o o | to speciyca
target genomic sequencasd modify local histone marks in order to study their
effect ongene expressiofTable J).

Construct Function Gene expression
Histone dCas9p300 Acetylation Activation
Modifications | gcasgLSD1 Demethylation Repression
DNA dCas9TET1CD Demethylation Activation
Methylation dCas9 Methylation Repression
DNMT3A

Table 1dCas9epigenetic modifiersystem.
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Fusion of dCas9 to the catalytic core of ttamscription activator acetyltransferase
p300 (dCasP300°°RH has been demonstrated to activate genes in human cells.
Notably, the fusion protein catalyzes acetylation o$tbhe H3 lysine 27 at its
target sites, leading to robust transcriptional activation of target genes from
promoters and both proximal and distal enhancéfsen compared to dCas9
VP64, the dCasp300-°REleads to highelevels of gene activation of endogenous
genes, includindL1RN, MYOD and OCT4 Interestingly a dCas9 fused with an
inactive form of p300 wasnable to activate target genes, indicating a crucial role
of acetyltransferase activity for gene activatiéigure 3&-b) (Hilton IB. et al.,
(2015)).

a .
* mRNA transcripts
dCas9
Histone Transcription RNA
Complex Factors Polymerase I
b_ IL1RN promoter MYOD promoter OCT4 promoter
* *
14,000 70 50
< 12,000 9,920 60 50 W 32
Z 10,000 50
E 8000 40 a5 =0
2 6,000 30 20 18
< 4,000 20 10
[i4 1,434 7
20007, , 33 12 9708 34 07 10 - 12
0 T 0 T T T T 1 0+ T
@‘? y 6§P & ,ga‘#\ 0@‘, & \g'gP & 5QA\ O(gg ‘\Qe? 65& & @s\\
§ & & & & o & o & & S & & &
P P e & P @ P P L e
O 2 O o & & Y & o
& 5 o f & o & o & O
&5 & & 8 & g &
& & 7S
& 8 R R
i it ¢
& & &

Figure 38a. Schematic odCas9p300 system for epigenetic activatiatCas9p300 acetylate target sites in
the genomeresulting in transcriptional upregulatighttps://info.abmgood.com/crisfpas9generegulation
dCas9. b. mRNA expressiorievel of ILLIRN, MYOD and OCT4 using both dCas9aloneand dCas9 fused
with different activatorsVP64 activatorfull -lenghtp300(dCas$-*3°9), HAT core domairof p300(dCas93®
Cor9 and inactivatedHAT core domain of p30QdCas®300 Core (D1399Y) (Hilton IB. et al.,(2015)).

dCas9LSD1 is a complementary gene represssiategyto the dCas9p300
activatingone. In this systemdCas9is fusedto the histonedemethylase LSD1
(KDM1A), which catalyze demethylation dfi3K4 mone and dimethylation
resulting in repression of target gene expressigiigure 3%). The histone
demethylase LSD1 has been previously implicated in repression of enhancers and
transcription acvatori like effector (TALE}LSD1 can target histone
modifications that correlate with active enhandd&tendenhall EMet al.,(2013))

Kearns et al., (2015) demonstratedthat dCas9LSD1 fusion proteinreduces
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endogenous gerexpression in mMESCghat stably expressed dCat$D1) when
speciycally t ar g edgiend of pluripotercpassociaed gemds,anc e r
like Oct4 and Thx3 (Figure 3®) (Kearns NA et al., (2015)). However, when
dCas9LSD1 was targeted at th®ct4 promoter, no effect was observed. This
suggests thahe dCas9.SD1 system camepress genexpression when targeted

to only distal enhancerswhile dCas9KRAB repressedxpression whetargeted

to promoters, proximal enhanceasid distal enhancers

Based on these evidence, dGASD1 repressing system is able to functionally
annotated cell typspecific enhancer elements that control cellular function in

highly specific manner.
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Figure 39 a. Epigenetic gene repression by dC4As9D1 systemdCas9 is fused to the Lysispecific histone
demethylase 1 (LSD1)Demethylatbn of mono and dimethylgroup on histone H3K4ead to genes
transcriptional repression(https://info.abmgood.com/crisfpas9generegqulationdCas9. b. Left: Genomic
organization of theargetedThx3 locus Right: RelativeTbx3 expressia in dCa®-repressor (LSD1 and
KRAB) mESCs treated with sgRNAs specific to an unrelated control genomic region (Ctrl), the pthaBve
distal enhancer (TDE) or thibx3promoter(TPP)(Kearns NA et al.,(2015)).

Overall, CRISPRgenome 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 chatin features. Moreover, these
technologies are applicabie vivo and canhave strong potential for therapeutic
approaches talleviate disease states, or to manipulate disasseciated gene
expression.
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AIMS

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

In particular, | will address the following specific aims:

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

| will generate mutant mMESGand use a seruiinee 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 endothétells (ECs).
I will perform RNA-seq to define the transcriptomic profile, and ATA€Y
(Assay for Transposas&ccessible Chromatin with higthroughput sequencing)
to map chromatin accessibility genomvede. | will use the integration of these
two metlods to identify putative enhancers defined as regions of increased
accessibility associated with endothebpkcific genes.

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

To do this, | will use two validation strategies
The first approach is based on deletion of the putative enhancer by CREEPR
technology. | will generate the deletion in mESCs, and isolate stable mutant mESC
clones. These will be differentiated in ECs and | will evaluate gene expression
consequence
The second one is using epigenetic reprogramming by nudeéiseent dCas9
fused with histone demethylase LSD1 (dGas®1), that remove methylation of
histone H3 lisyne4 (H3K4mel and me2) teaenmission the putative enhancers
and to abrogate genexpression. | will generate stable mESC line expressing
dCas9LSD1, 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,anscription factor motifs in EC enhancers.
I will perform a TF motif analysisof DARs region (Differential Accessible
Regions) related to endothelial cell fate specification to identify the regulatory
elements that are specifically enriched in my dataBeey 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 (mEp@erive 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 iforvitro studies and it is a very
powerful tool used in development and stemness field. We hsed the line ES
E14TG2a (ATCC CRE1821), which were cultured without feeders and
maintained undifferentiated on gelatoated dishes in GMEM (Sigma Cat#
G5154) supplemented with & U/ml ESGRO LIF (Millipore, Cat# ESG1107),
15% fetal bovine serum (EScreened Fetal Bovine Serum, US Euroclone Cat#
CHA30070L), 0.1 mM noressential amino acids (Gibco, Cat# 11-D8%), 0.1
mM 2-mercaptoethanol (Gibco, Cat# 313800), 0.1 mM Lglutamine (Gibco,
Cat# 25030081), 0.1 mM Penicillin/Streptomycin (Gibco, Cat878016), and
0.1 mM sodium pyruvate (Gibco, Cat# 1138B0). The cells were passaged every
2i 3 days using 0.25% TrypstBDTA (1X) (Gibco, Cat# 25200056) as the
dissociation buffer.

1.2 In vitro differentiation protocol

E14Tg2a mESCawvere differentiated into the cardiopharyngeal mesoderm
and endothelial lineage using a serfree protocol (Kattmaset al.,(2006); Patsch
et al., (2015)). mESCs were dissociated with TrypBIDTA and cultured at
75,000 cells/ml in serusffree media: 75%silc ove d6s modi fi ed Dul bec
(Cellgro Cat# 1816CV) and 25% HAM F12 media (Celligro #1080-CV),
supplemented with N2 (GIBCO #17502048) and B27 (GIBCO #12587010)
supplements, penicillin/streptomycin  (GIBCO #10378016), 0.05% BSA
(Invitrogen Cat#. P248, L-glutamine (GIBCO #25030081), 5 mg/ml ascorbic
acid (Sigma A4544) and 4.5 x 14 M monothioglycerol (Sigma M145). After
48h in culture, the EBs were dissociated using the Embryoid Body dissociation kit
(cod. 130096-348 Miltenyi Biotec) accordingto he manuf acturer ds pr
reaggregated for 40h in serdmee differentiation media with the addition of 8
ng/ml human Activin A (R&D Systems Cat#. 33&), 0.5 ng/ml human BMP4
(R&D Systems Cat# 31BP), and 5 ng/ml human VEGF (R&D Systems Cat#.
293VE). The 2day-old EBs were dissociated and 6L cells were seeded onto
individual wells of a 24well plate coated with 0.1% gelatin in EC Induction
Medium consisting of StemP#® medium (Gibco #10639011), supplemented
with SP34 supplement,-glutamire, penicillin/streptomycin, 200 ng/ml human
VEGF, and 2 &M forskolin (Abcam, abl12005
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renewed after one day. On day six of differentiation, the cells were dissociated and
replated on gelatin 0.1%oated dishes at a density of, @30 cellst rhin EC
Expansion Medium, consisting of StemP4% supplemented with 50 ng/ml
humanVEGF. Stem cell derived endothelial cells were maintained until they
reached confluency (about®days). EC Expansion Medium was replaced every
other day.

1.3 CRISPR-Cas9Mediated Targeting of mESCs
1.3.1Tbx1 knockout mESC lindoy CRISPRCas9 technology

Thxlknockout was induced in EffAg2a using AKR™ CRISPRCas9
System (1 DT) foll owing the manufacturer s
system is based on the use of a ribonucleoprotein (RNP) consisting-Rf (.
Cas9 nuclease complexed with an -RIt CRISPRCas9 guide RNA
(crRNA:tracrRNA duplex).The crRNA is a custom synthesized sequence that is
specific for the target (Tbx1KO:/AItR1/rUrG rGrCrC rGrArG rUrArC rArCrU
rArCrC rArCrC rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AItR2/) and contains
a 16 nt sequence that is complementary to the tracrRNAR ARISPRCas9
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 (Rt S. p . Cas9 Nucl ease 3N|
catalog no. 108158). The fluorescently labeled tracrRNA with ATTOE50
fluorescent dye is used to FAQ&rify 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 tablAs, 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 &M Mgy heating
room temperature. The RNA duplexes were then complexed wHR Slfp. Cas9
enzyme in OptiMEM media to form the RNP complex, which was then transfected
into mMESCs using the RNAIMAX transfection reagent (Invitrogen). After 48 h
incubation, cells werdrypsinized 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 clomese confirmed by DNA
seqguencing.
PCR primers are:
Thx:KO FW: CTTCTGCCTTCTGCTCATGG
Tbhx2:KO RV: CAGAGAAGGGTCGCCTACAT
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1.3.2Pecamlintron2-enhancer deletion by CRISPRas9 technology

Pecamilintron2enhancer deletion was induced in Eligla using AKRE
CRISPRCas9 System (I DT) following the manuf
genome editing system is based on the use of a ribonucleoprotein (RNP) consisting
of Alt-R S.p. Cas9 nuclease complexed with arRRAIERISPRCas9 guide RNA
(crRNA:tracrRNA duplex). The crRA is a custom synthesized sequence that is
specific for the target (crRNAL:/AItR1/rCrU rGrUrC rUrCrC rArGrG rUrGrU
rUrGrC rCrArA rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AItR2/; crRNA2:
IAItR1/rGrU rUrCrC rGrArA rUrCrA rGrCrU rCrUrC rGrArG rGrUrU rUrUrA
rGrArG rCrUrA rUrGrC rU/AItR2/) and contains a 16 nt sequence that is
complementary to the tracrRNA. AR CRISPRCas9 tracrRNAATTO 550 (5
nmol catalog no. 1075927) is a conserved 67 nt RNA sequence that is required for
complexing to the crRNA so as to forimetguide RNA that is recognized by S.p.
Cas9 (AR S. p. Cas?9 Nucl ease 3NLS, 100 g ¢
fluorescently labeled tracrRNA with ATTE 550 fluorescent dye is used to
FACS-purify transfected cells. The protocol involves three steps: (19adimg 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 crRNAnd tracr RNA to a final concentr e
heating at 95°C for 5 min and then cooling to room temperature. The RNA
duplexes were then complexed with -RtS.p. Cas9 enzyme in OptiMEM media
to form the RNP complex, which was then transfedtéd 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:
Pecamimenhintr.2 (569 bp) FW: GGAGCGGAGGCCGTAGT
Pecamigenhintr.2 (569 bp)RV: CCCTCTGTCCTAAGAGAGTAACA

1.3.3Notchlintronl5-enhancer deletion by CRISP®Ras9 technology

Notchlintron15enhancer deletion was induced in EligRa using AKRE
CRISPRCas9 System (1 DT) foll owing the manuf
genome editing system is based on the use of a ribonucleoprotein (RNP) consisting
of Alt-R S.p. Cas9 nuclease comy®d with an AtR CRISPRCas9 guide RNA
(crRNA:tracrRNA duplex). The crRNA is a custom synthesized sequence that is
specific for the target (crRNAL: /AItR1/rArG rArGrU rCrArC rCrurG rGrGrU
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rUrArC rUrCrG rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AItR2/; crRNAZ2:
/AItR1/rUrC rCrArG rUrGrU rUrCrC rUrArU rGrArU rGrCrC rGrUrU rUrUrA
rGrArG rCrUrA rUrGrC rU/AItR2/) and contains a 16 nt sequence that is
complementary to the tracrRNA. AR CRISPRCas9 tracrRNAATTO 550 (5

nmol catalog no. 1075927) is a conserved 6RMA sequence that is required for
complexing to the crRNA so as to form the guide RNA that is recognized by S.p.
Cas9 (AR S. p. Cas?9 Nucl ease 3NLS, 100 €g C
fluorescently labeled tracrRNA with ATTE 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 revers&ransfection. Briefly, we annealed equimolar amounts of
resuspended cr RNA and tracrRNA to a final
heating at 95°C for 5 min and then cooling to room temperature. The RNA
duplexes were then complexed with -RtS.p. Cas9 eyme 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 dis (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:

NotchX gpenhintr.15(664bp) FW: TGTGGCTACCCCAAGCATATC

Notcht gpenhintr.15 (664bpRV: AATGGCGAGAAATAGACCCCC

1.3.4Generation of dCas@SD1 expressing mMESC line by
electroporation

20 pg of plasmid iCas9LSD1-Hygro (kindly donated by Dr. Beck lab)
was linearizedvith Ahdl enzyme and electroporated in mESC (p ®¥tcells/10cm
plate) The el ectroporation par amefllercdls used we
were maintained in Hygreelection (500ug/ml) for 10 days. Individual colonies
were isolated, expanded and screened by PCRdertad sequence for both DNA
and RNA.

PCR primers for DNA are:

CMVprom-dCas9 FW: GTAACAACTCCGCCCCATTG
CMVprom-dCas9RV: 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 RUVGGCCCTTATCCCATACGATT
dCas9_en@XFLAG FW: TACTCTTACCAACCTCGGCG
dCas9_endBXFLAG RV: ACTGTGAACTCGGTGGACAA

1.4 mESC reverse transfection protocol

Cells were plated at-8 xp 11 per well in sixwell plates and transfected
with gRNA complex ¢rRNA:tracrRNA 10nM) in antibioticfree medium using
Lipofectamine RNA iIMAX Reagent (Life Technology), according to the
instructions. 24 hours after gRNA delivery, cells were harvested andgs®ed.
gRNA sequencearelisted inTable 2

Target crRNA sequenceg 5360 )
Non targeting cccccgggggaaaaattttt
Kdr_int10-crRNA1 ttcaagctcacttagttcaa
Kdr intl0-crRNA2 acagaagatgatccgatgat
Kdr_int10-crRNA3 ttctgaaggacatctagact
VE-Cadh intl-crRNAL gataactgcccttctacact
VE-Cadh_inticrRNA2 agttcttccccgagcaaatc
VE-Cadh_inttcrRNA3 tccttctaggacagacttgg
Eng inR-crRNAL tggtggcagccaagaacccc
Eng _int2crRNA2 ccctcggcectgggcaaactc
Eng int2crRNA3 gttcttctctacctgaagag
FItl int10-crRNA1 accaaggctcaagccctagg
FItl int10-crRNA2 ggcggaaggcgaacaacaag
FItl int10-crRNA3 gttcttcttctgacacacag
Notchl int15crRNA1 agagtcacctgggttactcg
Notchl int15crRNA2 gtttccgacaattgtgcaaa
Notchl int15crRNA3 tccagtgttcctatgatgcc

Table 2gRNA sequences
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1.5 Tubeformation assay of mMESCECs plated on Matrigel

To test the functionality of mESECsin vitro, four hundred microlitres of
Matrigel (BD Matrigel Basement Membrane Matrix Growth Factor Reduced,
Phenol Red Free) was aliquoted into each well of-avdlP plate and incubated for
30i 60 min at 37 °C to allow the gel to solidify. Abd®®100,000ECs wee then
added to the Matrigetoated well and cultured for 24 h at 37 °C. Formation of
tubular structures on a twadimensional Matrigel surface was observed after 16 to
24h under an optical microscope.

1.6 FluorescenceActivatedCell Sorting (FACS)
1.6.1Evaluation of endothelial cells (EC) from differentiated mESC

For flow cytometric analysis, we dissociated the cells with TrygENTA or
with the Embryoid Body dissociation k{cod. 136096-348 Miltenyi Biotec)
Dissociated cells (1 pmcel | s/ 100 ¢l ) were incubated
(CD144APC, mouse c0d.13002-738) directly conjugated (1:10) in PHEE
solution (PBS, 0.5%BSA, 5 mM EDTA) for 20 min on ice. Subsequently, cells
were washed twice with 2 mf PBSBE. Cells were analyzed using the BD FACS
ARIAIIl E cell sorter. Negative controls were incubated with fluorochrome
labeled irrelevant isotype control antibody (REA Control APC, mouse cod. 130
113446 Miltenyi Biotec).

1.6.2gRNA transfection efficiency

To detect and visualize the fluorescently labeled gRNA complex
(crRNA:tracrRNAATTOE 550), we dissociated mMESC with TrypsDTA 24h
after transfection and analyze the % of fluorescence using the BD FACS
ARIAIII E cell sorter. Cells containing the transfettgRNA complex were
isolated and differentiated into ECs.

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

Total RNA was isolated from mouse ESCs with QIlAzol lysis reagent

W

(Qiagen #79306), according to the manufacturer pr ot oc ol . The 1 sol

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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cDNAwas transcribed using 1 -GapacitpcDHAy t ot al

reverse transcription kit (Applied Biosystem catalog. n. 4368814).

cDNAs were amplified using myT&g DNA polymerase (Meridian Bioscience)

and a standard-&ep cycling PCR profile: 10imat 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 e amplified
products were separated on agarose gels and visualizechidyurat bromide
staining.

2.2 Quantitativereal-time PCR (QRTPCR)

Quantitative gene expression analyses @R) were performed using
SYBR Green PCR master mix (Applied Biosystem). Relative gene expression was
evaluated using th&® 'method, andsapdhexpression as normalizérivak KJ.
et al.,(2001))
cDNA was amplified by gRIPCr,using StepOnePli&s ReatTime PCR System.

The run used was similar to PCR defaxdhdition, 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
manufacta er 6 s pr ot ocol

Primers are listed imable SBEX pr essi on data are shown

2.3 StatisticalAnalysis

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 tg®{NOVA 2way-RM) was used to
assesghat there is a statigtally significant interaction effect betwedhe two
specificfactors At i me 0 a ordagdne expresdiogapgablé Other tvo
statistical methods between groups of data were used: nonparametric and
parametric test. The first was nonparametric W4t matchegairs signed rank
test; the second statistical anal ysi s
paired t test.Differences were considered significantpatalue < 0.05. Shapiro

Wilk testwas performedo determine the normality distubon of the dataset.

2.4 ATAC-seq

ATAC-seq assay oday2 andday4 mESCs was performed and sequencing
library was prepared from the fragmented amplified tagmented DNA. Two
biological replicates for each condition were sequenced using lllumina
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NextSeq500 sysie to obtain pairegnd (PE) reads of 60bp. The read quality was
assessed using FastQC and multiQC before and after trimming for adaptors and
low-quality reads with Cutadapim 30,-q 30 (MartinM. et al.,(2011). The PE

reads were aligned to mmbouse reference genome using Bowtiap-{ --end

to-end --very-sensitive -X 1000 (Langmead and Salzber@012) and retain
mapped reads with MAPQ< 20. PCR duplicates were marked (PICARD
markDuplicates) and reads mapped to chrM were removed. BEDPE #les w
filtered using customized Rscript to remove mates mapping to different
chromosomes or at distance > 2kb and discordant orientation epagad The
ATAC-seq peaks were called for each replicatelaf2 andday4 vs input with
MACS2 using parametersnomodel--shift 100--extsize 200-q 0.001 (Fengl et

al., (2012). The consensus peaks from replicates were identified and the
blacklisted regions were removed. The Differential Accessible Regions (DARS)
betweenday4 vsday2 were obtained using DEScan®.0 (RighelliD. et al.,
(2018) and using DiffBind (Starlet 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:
10001000 {Yu G. et al., (2015). SE BED files from the BEDPE were used to
generate BigWig and uploaded in Cyverse FTP and the coveragesuabzed

along with ATAGseq peaks and DAR tracks in UCSC browser.

2.5 RNA-seq

The total RNA was isolated fromay2 andday4 cells and sequenced using
lllumina 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 aligneh mm10 genome using STAR aligner default
parameters (DobimA. et al., (2013). The read counts were obtained using
featur€Counts  function from  Rsubread package (strandSpecific=2,
CountMultiMappingReads=FALSE). The expressed genes and DE genes list from
day4 vsday2 wereobtained using DEseq2 with FDR < 0.01 (Lovie. et al.,
(2014) and NOIlseq applying posterior probability > 0.9 (Taraz&eet al.,
(2015). The commonly expressed and DE genes from mothlyseswere
retained.
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Gene Primer FW Primer RV

Pecaml tggttgtcattggagtggtc ttctcgctgttggagttcag
Kdr gtcgacatagcctccactgtt| gtgatgtacacgatgccatgq
Nos3 tctaccggcacgaggtactg aggtcttgcacctaggtcttg
VE-Cadherin tcatcaaacccacgaagtc( ggtctgtggcctcaatgtagas
Eng gtgttcctggtcctcgtttc tcttggctgtccttggaaga
CD-34 ctgcctggaactaagtgaag| agcctcctccttttcacaca
Notchl ctccgttacatgcagcagtt| ccaggatcagtggagttgtg
Scll attgcacacacgggattctg) gaattcagggtcttccttag
Dusp5 gatcgaaggcgagagaag| ggaagggaaggatttcaac
Gata6 ggtctctacagcaagatgaat{ tggcacaggacagtccaag
Flt1 acctccgtgcatgtgtatga| catggacagccgataggacd
Mespl gcgacatgctggctcttcta | tggtatcactgccgcctcttcg
Gata4 ctgtcatctcactatgggca| ccaagtccgagcaggaatt
Brachyury gaacctcggattcacatcgt| ttctttggcatcaaggaagg
Isl1 gcctcagtcccagagtcatg  agagcctggtcctccttctg
Oct3/4 tcagcttgggctagagaagg tgacgggaacagagggaas
Thx1 tttgtgcccgtagatgacaa| aatcggggctgatatctgtg
PdgfrU ctggtgcctgectectatgac| cacgatcgtttctcetgcecttal
Nanog aagtacctcagcctccagcg gtgctgagcccttctgaatc
Gapdh tgcaccaccaactgcttagg tcttctgggtggcagtgatg
Thx1-KO cttctgccttctgctcatgg | cagagaagggtcgcctacsg
Notch: qpe n h . | tgtggctaccccaagcatat( aatggcgagaaatagaccc
Pecamigp enh. ggagcggaggccgtagt | ccctetgtcctaagagagtaa
Thx1-KO cttctgccttctgctcatgg | cagagaagggtcgcctacsg

Table 3Primer list used for RPCR and gRIPCR.

2.6 Integratedanalysis

The gene list from RNAeq and DARannotated genes wergsualized
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 mee embryos (Nomand. et al.,(2021) were selected
for Transcription Factor motif enrichment analysis. ATA€) peaks/DARs and
expressed/DE genes obtained frday4 vsday2 study was subsetted for the above
gene list of interest and motif enrichment stHypergeometric Optimization of
Motif EnRichment HOMER) was performed to identify transcriptional and
epigenetic markers distinguishinglay4 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, | decided to use mouse embryonic stem cells
(mESC). Due to their ability toiffierentiate in many cell types, mESCs are largely
used in the research laboratoriesifowitro studies and it is a very powerful tool
for genetic disease and obviously are extremely used in development and stemness
field. These undifferentiated cells rcdbe induced to differentiate into cardiac
mesodermal progenitors (Kattma al., (2011)) and endothelial cells (Patsch
(2015)).

For this reason, | sought to develop and optimize an appropriate andefietd
mMESC differentiation model, that allowed me efficiently obtain cardiac
mesoderm progenitors (CPM) and endothelial cells (B@)e laboratory.

Studies in literature indicated that is necessary to define and control the signaling
pathways that regulate the specification of the cardiovasculaades 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 (Laflamneg¢ al.,(2007); Yanget al.,(2008)).

Studies in the mouse emlorand the mouse embryonic stem cell differentiation
model identified Mesplexpressing cardiopharyngeal mesoderm (CPM) cells
progenitors that were specified during gastrulatdesplis a mesoderm specific
marker gene andMespl CPM differentiate into caidmyocytes (CMs),
endothelial cells (ECs) and branchiomeric muscle (Lescebaitt,(2018)).

In this scenario, looking for the most suitable differentiation protocols in literature,

| understood that when mESC were differentiated by supplying a cocktail
specific growth factors, like Activin A, bone morphogenetic protein 4 (BMP4),
vascular endothelial growth factor (VEGF, also known as VB serumfree
media, at the appropriate stage of development, these cells can form
cardiomyocyte, endotheliaklls and vascular smooth muscle c#llsitro.

Based onthis evidence | have chosen two differentiation methods: the first,
described in Kattmaet al., 2011, which generates differentiated cell populations

highly enriched for cardiomyocytes. Herenld i cat ed it as ACardi ac
second, described in Patsehal., 2015, allows a more specific endothelial cell
di erentiati on. It produces approximately

high concentration of VEGHA.
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| compared the two protocols and found that the early common step was the
cardiopharyngeal mesoderm induction, using a combination of-BMRetivin-A
and VEFGA growth factors. So, | decided to combine the procedures and develop
an Ahybridaoa diofdfeer emtaimatdi @as AEC protocol o.
In detail, the protocol used during my doctoral work consists of three steps:

A First, mMESCs were plated in suspension as single cells in media without
any factors to induce embryoid bodies (EBs) aggregéfimure 40;

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

A Third, cels were plated in adhesion plates and differentiated into a
homogeneous endothelial cell population using combined VEGF
treatment (high concentration) with forskolin for two days. Forskolin is a
cyclic-AMP signaling activator and data in literature destosted that
cAMP enhance the vascular development (Yamareizl., (2009)) Then,
the cells were maintained in media with VE®@Falone for an additional
two days Figure 40.h.

TheFigure 4lillustrates the differentiation scheme.
Examples of differentiating EBs arehdotheliallike cells are showed ifigure
40.aandFigure 40.b

A
10X Sl G 10X

Figure 40.aRepresentative pictures of differentiating EBs between d2 and d4
Figure 40.bRepresentative example of Edile in adhesion at day8 of differentiation.
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Figure 41 Schematic illustration of both Cardiac (CMEhdothelial (EC) differentiation strategies used for
mESC.

1.1 Characterizationof mMESGderived differentiated cells

After establishment of a defined differentiation method, to assess the
efficient differentiation of mesodermal progenitors @mdothelial cells, |
performed gene expression profiling at different time points during the procedure,
as well as flow cytometric analysis and functional tests.
| harvested the cells during at day®-@-6-8-10 of differentiation and extracted
total RNA b 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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Figure 42 Expression of pluripotency specific markerdlafiog Oct3/4, Rex1) mesodermal Mespl
Brachyury Gata4 P d g )f andJendothelial gene¥E-Cadherin Pecaml, Eng, KdMNos3)during CPM/EC
differentiation by RT PCR.Gapdhis used as normalizer. Marker used 100bp.

As Figure 42shown, pluripotent cell marker genes suchNasog Oct3/4 and
Rexl1were rapidly downregulated. Mesodermal genes, sudhieapl, Brachyury,

Gat a4, werdagtivatdd petween day2 and day4

The expression of endothelial genes e-Cadherin Pecaml, Endoglin (Eng),

Kdr (Vegfr2) Nos3,were mostly activated at day4 aimtreasedprogressively

during differentiation, starting from day 4 (d4) up until day 8 (d8). In addition, EC
related markers were expressed at high
the ficardiacd one, as expected.
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To confirm endothelial marker expressiseen at mRNA level, | also evaluated

the expression of ViEEadherin (CD144) protein at day48 by flow cytometric

analysis in both protocols.

| have observed that the percentage ofGtlherin+ cellsncreasegrogressively

during differentiation, startopfrom day 4 (20%) up until day 8. More precisely, at

d6 58. 3% of tot al cel l popul aGadherin), i n AEC
compared to 39% in ACardiaco conditions. S
% of VE-Cadherin+ cells (91.3%) than the ettone (58.7%) at d8. Data shown in

Figure 43.
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Figure 43 Representative plot of the gating strategy used for immunophenotyping of cells during mES
differentiation. The VECadherin+ (CD144+) subpopulation was identified at d@y84of differentiation by
FACS using antCD144 antibody. Negative control is isotype control antibladheled differentiating cells.
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1.2 mESGderived endothelial cells form vascular networklike
structures in vitro

Functional endothelial cells are able to build capiliékg structures when
plated on a basement membrane maitrixitro (Arnaoutova and Kleinmaet al.,
(2010)). To assess the ability of cells to form capili#«g structures, | performed
a tube formation assay by plating mE8&ived ECs at d8 on Matrigel and
observed the formation of vascular netwdkie structures after 16h to 24h. The
results, showedn Figure 44 suggest that mES@erived ECs can arrange in
highly organized vessdike structures and demonstrate that the cells have
angiogenigotentialin vitro.

10X -8 410X 4
Figure 44 n vitro tube formation assay of mMESC ECs plated on Matrigel for 24h.

These data demonstrate that, starting from mBB€,experimental model and

methods used for differentiation of CPM into ECs allow me to efficiguibguce

differentiated endothelial celbs @ b VE-Cadherin+ cells as assessed by marker

gene expression amal vitro functional test.

Moreover, becausefdhe goal ofmy doctoral work is to investigate the early

phases of mul ti potent cardiac progenitors
perform subsequent analyses between the critical time windowdiay® based

on the previous results describeddhapter 1.
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Chapter 2.

Transcriptomic and chromatin accessibility profile in early phases of
progenitors?o

mul t i

To investigate the transcriptional profile of the early stages of ERM
differentiation, | decidedat perform RNAseq analysis between -di2. We have
also defined chromatin state accessibility at the same time points during

potent

cardi ac

di

differentiation, using ATAGseq assay, to provide insights into the coordinated
regulation of gene expression programs.

2.1 Geneexpressionprofile of multipotent cardiac progenitors at day?2
day4 (RNAseq 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 colleaguin the laboratory, we carried out the bioinformatics analyses.

The overall number of four pairezhd reads from d2 and d4 differentiated mESC
is illustrated in th&able 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 42 differentiated mESCs.

Next, we aligned RNAseq paireeend reads to mouse genome (mm10 version),
using STAR (Spliced Transcripts Alignment to a Reference) aligner tool,
identifying both multimapped and unique mapped read

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

45.
Sample | Input read Alignment % Aligned
pairs Aligned | Unique | Multi | None |  reads
d2_repl | 15,060,453 | 97.70% | 87.42 | 10.28 | 2.31 | 14,714,063
d2_rep2 | 18,042,950 | 97.41% | 8544 | 1197 | 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% | 8825 | 9.19 | 256 | 20,561,619

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

d2_repl

d2_rep2

d4_repl

d4_rep2

o 2.5M SM 7.5M oM 12.5M 15M 17.5M 20M 22....
# Reads

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

Figure 45 Alignment scores b$TAR tool.

In Figure 46is reported the MA plot, which shows the log average (A) in the x
axis and the log ratio (M) on theakis. This type of plot is used topresent the
dataset distribution between the two conditions d2 and d4. It shows that few genes
were highly expressed in d4 compared to d2 vnd versaand 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 datasetdd2 Log ratio(M) is log foldchange (yaxis); log
average (A) is log mean of normalized countsxis).
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Auer PL et al, (2010) clearly demonstratethat it is important to have
replications indesigning RNA-seq experiments and understand the level of
variation in the dataln practice many RNAseq experiments are done without or
with only a few replicatedn order to accommodatich situationsZheng X et

al., (2013)showed thatt is possible to obtain improved differential gecadling
results bycombining the results obtained o representative methods: one
parametric, DESeq, and one nonparametric, NQITkey suggested strategies to
use these two methods individually or combined according to the characteristics of
the dataBoth methods shoed slightly but consistently higher sensitivities for the
overexpressed genes than for the upelgoressed genes. Owexpressed genes
were slightly more likely to be called correctly as differentially expressed than
underexpressed genebloreover,DESeq showed lengttlependent results where
longer transcripts were called more as differentially expressed, whereas NOISeq
did not show this trendt indicates that for longer genes, DESeq calls more genes
as differentially expressed, but their resultslude 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,iisce the number of biological replicates (n.=2) was too small, we
have determined diffentially expressed genes (DEGs) between d2 and d4, by
combining two representative differential gesadling methods: one parametric
method, DESeq?2 (applying a threshold edgjust < 0.05 and-pdjust < 0.01), and

one nonparametric method, NOISeq (pasteprobability threshold > 0.8 and >
0.9).

The total number of expressed genes analyzed in d2 and d4 datasets is 13,841.
TheTable 6summarizes the results obtethusing DEseq2 applying a threshold of
p-adj < 0.05 and fadj < 0.01; while th&able 7shows DE analysis using NOlseq
tool.

Comparison N° of DEgenes| 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 6d4 vs d2 DE analysis using DESeq?2 applying a thresholdaofjist < 0.05 and < 0.01.

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

Table 7d4 vs d2 DE analysis using NOIS@Rpsterior probability threshold 0.8 and 0.9).
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To perform a stringent DEG analysis, we considered the threshold combination
DEseq2 padi 0.01 and NOlseq pp 0.8.

By the intersection of DE genes in Deseq2 and NOlseq, we found that there were
1735 DEGsbetween dzi4. In particular, 1057 genes were upregulated at d4
compared to d2, while 678 genes were downregulated, as illustratedRigtine

47.

,/‘

e

rsection of DE genes at d4 vs d2 in

o

Deseq2 and NOlseq methods.

Figure 47 Inte

Then, to confirm what | have seen by RTR inFigure 42(Chap.1) | plotted a

time course of gee expression for representative genes from pluripotent cells,
cardiopharyngeal mesoderm and endothelial cell differenticfiguie 49.

As previously described, these analyses revealed that pluripotent cell markers such
as Nanog Utfl, Sox2, Rexl, Oct3/4were rapidly down regulated during
differentiation. Next, | observed higher expression level of the mesoderm
specific genes, likBr achyury (T), E 0 measdGatatxi4 1 , Me f 2«
compared to d2. Similarly, several wkhown endothelial marker genes were
highly expressed at day 4.¢.,Kdr, Pecaml1, VECadherin,Eng, Tall, CDB34,

Gata6, Gatal, Gata2, Flt1, Nos3, Ets1, Etv2, Vwf

These data support the idea that the endothelial lineage commitment is induced
during the time window da4.
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