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RESUMO

O sangue é um dos tecidos mais regenerativos do corpo humano, em que mais
de 100 bilides de novas células sanguineas séo produzidas por dia num adulto
saudavel. Atualmente acredita-se que o sistema hematopoiético é organizado
hierarquicamente, em que no topo se encontram as células com maior potencial
de auto-renovacdo e diferenciacdo, as células estaminais hematopoiéticas
(HSCs), que dao origem a células progenitoras mais comprometidas que se
tornam progressivamente mais restritas em termos da sua capacidade de
diferenciacéo, originando finalmente as células sanguineas maduras. O sistema
hematopoiético necessita, portanto, de ser rigorosamente regulado. A via de
sinalizacdo Notch foi ja associada a decisbes de destino celular em
hematopoiese, mas o seu papel na regulacdo de HSCs humanas em condi¢des
homeostaticas ainda nédo é evidente.

A via de sinalizacdo Notch também tem sido explorada em protocolos de
expansao ex vivo de células hematopoiéticas estaminais e progenitoras (HSPCs)
do sangue do corddo umbilical (UCB). Todavia, os mecanismos moleculares
desencadeados pela interacdo com os diferentes ligandos Notch ndo sao ainda
compreendidos e sdo necessarios estudos mais abrangentes.

Um dos objetivos deste trabalho foi realizar uma comparacéo lado a lado dos
efeitos dos ligandos Notch, Delta-likel (DII1), Delta-like4 (DIl4) e Jagged1 (Jagl),
guando apresentados a HSPCs in vitro. No estudo realizado foi observado que
apos cultura de curto-prazo, o DIl4 foi capaz de duplicar o nimero de células com
potencial de repopulacado, enquanto que o Jagl promoveu a manutencao destas
células. Mecanisticamente verificou-se que o Jagl bloqueia a progressdo no
ciclo celular atraves da sobre-expressao de p57, ao passo que o DIl4 bloqueia a
diferenciacao atraves da sub-expressdo de CEBPa.

Outro objetivo deste trabalho foi avaliar as funcdes dos recetores Notch,
NOTCH1 (N1) e NOTCH2 (N2) através de silenciamento génico com shRNA por
meio de vetores lentivirais em UCB HSPCs. Ap0s uma extensa validagdo em
linhas celulares, as eficiéncias de silenciamento obtidas em HSPCs foram em

média de 72% e 89% para os recetores N1 e N2, respetivamente. Foi verificado



que ambos os recetores sdo fortemente expressos nas populagcdes HSPC e
HSC, com maior ativacdo em HSCs. No estudo de xenotransplante foi observado
que, apesar de néo ter afetado o enxerto total, o silenciamento dos recetores N1
e N2 em HSPCs transplantadas provoca diferentes efeitos in vivo. o
silenciamento do recetor N1 favoreceu significativamente a diferenciacéo
mieloide sobre a linfoide, aumentando também a frequéncia de progenitores
hematopoiéticos, enquanto que o silenciamento do recetor N2 diminuiu
significativamente a frequéncia de HSCs.

Neste trabalho foi também desenvolvido um vetor lentiviral com componentes de
ponta para silenciamento e sobrexpressdo génica induzivel. Estes vetores
otimizados all-in-one Tet-on com duas cores foram desenvolvidos integrando os
melhores componentes disponiveis na literatura e apresentam um desempenho
superior aos mesmo tipo de vetores atualmente disponiveis. Com estes vetores
foi observado um controlo firme da expressdo génica, alta indutibilidade e
estabilidade ao longo do tempo, gerando silenciamento ou expressédo de

proteina robustos, que nao se verificam na auséncia de inducéo.

Palavras-chave: Células estaminais e progenitoras hematopoiéticas (HSPCs);
via de sinalizacdo Notch; regulacdo de HSPCs; silenciamento génico; vetores

lentivirais induziveis



ABSTRACT

The blood is one of the most highly regenerative tissues in the human body, with
more than 100 billion new blood cells being produced every day in a healthy adult.
Itis currently believed that the haematopoietic system is hierarchically organised,
where at the top reside the cells with higher self-renewal and differentiation
capacity, the haematopoietic stem cells (HSCs), which give rise to more
committed progenitors that become progressively more restricted in terms of their
differentiation capacity, finally originating the mature blood cells. Thus, the
haematopoietic system needs to be tightly regulated and the Notch signalling
pathway has been linked to cell fate decisions in haematopoiesis, however its
role in the regulation of steady-state human HSCs is still unclear.

Notch signalling has also been explored for ex vivo expansion of umbilical cord
blood (UCB) haematopoietic stem and progenitor cells (HSPCs), however, there
is a lack of understanding of the molecular mechanisms triggered by the different
Notch ligands and a need for more comprehensive studies.

One of the aims of this work was to perform a side-by-side comparison of the
effects of Notch ligands, Delta-likel (DII1), Delta-like4 (DIl4) and Jaggedl (Jagl),
when presented to HSPCs in vitro. In the study performed it was observed that
after a short-time culture, DII4 was able to duplicate the number of cells with
repopulating capacity, whereas Jagl promoted maintenance of these cells.
Mechanistically it was verified that Jagl blocks cell cycle progression through
upregulation of p57 while DII4 blocks differentiation through downregulation of
CEBPa.

Another aim of this work was to evaluate the roles of Notch receptors, NOTCH1
(N1) and NOTCH2 (N2) through lentiviral ShRNA-mediated gene silencing in UCB
HSPCs. After a thorough validation in cell lines, average knockdown efficiencies
of 72% and 89% were achieved for N1 and N2 receptors in HSPCs, respectively.
Both receptors were found to be highly expressed on HSPC and HSC
populations, with higher activation in HSCs. In the xenotransplantation assay it
was observed that, although the total human engraftment was not affected, N1
and N2 receptors silencing in the transplanted HSPCs promoted different

phenotypic outcomes in vivo. N1 receptor silencing significantly favoured myeloid
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over lymphoid differentiation, while increasing the frequency of haematopoietic
progenitors but had no effect in HSCs, whereas N2 receptor silencing significantly
decreased HSCs frequency.

In this work it was also developed state-of-art lentiviral vectors for inducible gene
silencing and overexpression. These optimised all-in-one Tet-on dual colour
vectors were developed by integrating the best features available in the literature,
presenting a superior performance to the same type of vectors currently available.
With these vectors it was observed a tight inducibility that led to potent
knockdowns or protein overexpression which were stable overtime in vitro and

virtually silent in the absence of induction.

Key-words: Haematopoietic stem and progenitor cells (HSPCs); Notch signalling
pathway; HSPCs regulation; gene silencing; inducible lentiviral vectors
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Figure 111.2 — Representative immunoblots probing for Notch2 (N2) in lysates from different cells.
N2 expressing cells (Raji) were either treated (+) or not (-) with EDTA for 15 min at 37°C
followed by 45 min in fresh medium prior to protein extraction. Samples were probed with ab
against the C-terminus of N2 (A) and with ab against the N-terminus of cleaved/activated N2
(B). Protein bands of N2TM and N2ICD were quantified and normalised to $-actin. The values
shown are the fold change relative to the untreated (B-Actin normalised) samples. A primary
AML sample was used as negative control for Notch2 expression. ..........cccccoeveeviiereennnne. 168

Figure IIl.3 — Representative immunoblots probing for Notch4 (N4) in lysates from different cell
lines. N4 expressing cells (Jurkat) were either treated (+) or not (-) with EDTA for 15 min at
37°C followed by 45 min in fresh medium prior to protein extraction. Samples were probed
with two different antibodies against the C-terminus of N4. (A) The monoclonal ab (L5C5)
detects the NATM domain while the polyclonal ab (H-225) detects the N4ICD (B). Protein
bands of N4ICD were quantified and normalised to -actin to confirm N4 activation in EDTA-
treated samples and low N4 activation in HeLa cells. Ratio of N4ICD expression in HeLa cells

is relative to sample of Jurkat with 6 pg without EDTA. ..o 169

Figure 11l.4 — Detection of the cleaved forms of Notch receptors using FCM, ICC and WB
performed with the indicated Notch expressing cells. (A) Representative FCM histograms (i),
immunofluorescence pictures (i) and immunoblot (iii) of Molt4 and AML cells/cell lysates
probed with ab against the N-terminus of cleaved N1. (B) Representative FCM histograms of
Saos?2 cells (treated with compE) and Raji cells probed with the polyclonal ab PA5-37433
against the N-terminus of cleaved N2. (C) Representative FCM histograms (i) and
immunofluorescence pictures (ii) of Raji and Saos-2 (treated with compE) cells probed with
the polyclonal ab ab52302 against the N-terminus of cleaved N2. (Di) ImageStream
histograms showing the colocalisation of DAPI and the ab against C-terminus of N4 stains in
Jurkat cells with and without EDTA treatment. (Dii) Immunoblot from Jurkat (with and without
EDTA) and HelLa (with and without compE treatment) cell lysates probed with ab against C-
terminus of N4; Fold change relative to untreated Jurkat (B-Actin normalised). The values in
FCM histograms indicate the MFI ratio between the respective staining and no primary ab
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Figure 1Il.5 — Gating strategy of different UCB haematopoietic populations. In the CD34*
compartment HSPC population is distinguished from the more committed progenitors
population (HPC) by the lack of CD38 expression. Within the CD34*CD38- compartment,
HSCs and less committed progenitors populations (MPP and MLP/LMPP) can be identified
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Figure 111.6 — Expression of extracellular Notch receptors on UCB HSPC and HSC populations.
(A) Representative histograms of each Notch receptor (light grey) and respective isotype

control (dark grey) stainings on the indicated Notch receptor non-expressing cell lines (CHO
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cells for all; U266 for N1 and K562 for N2 and N4) and Notch receptor expressing cell lines
(Jurkat for N1 and N4 and Raji for N2) and HSC as the testing population. The values in the
histograms indicate the MFI ratio between the Notch staining and respective isotype control.
(B) Quantification of Notch receptors expression (MFI ratios) in the indicated haematopoietic
populations (n=3). Error bars shown represent S.D........cccccccevviiiiiiiiiie e 175

Figure 111.7 — Notch receptors activation in HSPC and HSC populations. (A) Representative
histograms of N1ICD and N2ICD stainings (white) compared to no primary ab control staining
(grey) in HSC population. (B) Representative analysis of ImageStream data showing N4ICD
nuclear translocation through colocalisation with DAPI staining. (C) N1ICD and N2ICD
expression quantified by MFI ratio (NICD/control) and N4ICD quantified by the % of nuclear
translocation (n=4). Error bars shown represent S.D. ........cccooiiiiiiii i 176

Figure 111.8 — Immunohistochemistry staining of DIl4 (A) and Jagl (B) on paraffin sections of
human placental bed. (i) Representative image of Red AP staining without primary ab as
negative control and DIl4 or Jagl staining on the respective serial sections. (ii) Double-
fluorescent immunostaining of DIl4 or Jag and CD31 counterstained with DAPI. Scale bars
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Figure 111.9 — Immunohistochemistry staining of DII1 on paraffin sections of human placental bed
with two different anti-DII1 abs. Human bladder tissue was used as positive control for DII1
staining. For the ab ab84620 the first row of images shows representative DAB stainings with
black arrows indicating DII1 expression in placenta sections. Second row of images shows
double-fluorescent immunostaining of DII1 and CK8 or Vimentin (Vim) on bladder or placenta
tissue, respectively. Tissues were counterstained with DAPI. For the ab NBP2-27088
representative DAB staining images show that DII1 could not be detected in placenta sections.
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Figure I11.10 — Schematic representation of the experimental work to identify the roles of Notch
ligands DII1, DIlI4 and Jagl in human HSPCs regulation. ............cccoovveeiiiiieiiiiiee e 180

Figure 111.11 — Cell cycle analysis of CD34* HSPCs isolated after 5-6 days in coculture with S17
alone or S17 overexpressing the indicated Notch ligand. (A) Representative flow cytometry
analysis of cell cycle status in HSPCs derived from S17 alone and S17-Jagl cocultures. (B)
Cell cycle status of HSPCs from the different S17 cocultures (n=3). (C) Relative gene
expression of different cell cycle regulators in HSPCs derived from the different S17 cocultures
determined by gRT-PCR. Gene expression values from HSPCs derived from S17 cocultures
were used as reference (n=3). Error bars shown represent S.D.; *p<0.03, **p<0.003,
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Figure 111.12 — Analysis of HSPC differentiation after 5-6 days of coculture with S17 cells or with
S17 cells overexpressing the indicated ligand. (A) Representative flow cytometry analysis of
CD34 and CD45RA expression on cells derived from S17 and S17-Dll4 cocultures. (B)
Proportion of CD34* and CD34*CD45RA* populations in the total haematopoietic cells derived
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from the different S17 cocultures (n=5). (C) Relative gene expression of differentiation
markers/regulators in HSPCs derived from the different S17 cocultures. Gene expression
values from HSPCs derived from S17 cocultures were used as reference (n=3). Error bars
shown represent S.D.; *p<0.03, **p<0.003, ***pP=<0.0003. ....coviieiiiiiiiiiiiieeee e 184

Figure 111.13 — In vivo repopulation capacity of total haematopoietic cells derived from 5-6 days of
culture on S17 cells or S17 cells overexpressing the indicated ligand. (A) Total human
engraftment in NOD/SCID/B2m™ recipients 12-week post-transplantation either with 5000
CD34*CD38" cells (Day0) or the total haematopoietic cells (CD45%) generated from 5000
CD34*CD38- cells in the different S17 cocultures. (B) Limiting dilution analysis determined at
12-weeks post-transplantation to determine SRC frequencies in cells derived from the different
cocultures. (C) Fold expansion of the total haematopoietic cells in the different S17 cocultures.
Median bars are shown; *p<0.03, **pP<0.003.......cccoiiiiiiieee e 186

Figure IV.1 — Schematic representation of the developed lentivector for constitutive expression of
shRNA designated pLV.EF1a-miR30shRNA-GFP. This vector contains a GFP reporter that

allows monitoring the level of the shRNA expression in the transduced cells. .................... 197

Figure IV.2 — Schematic representation of the developed Tet-On system lentivector for inducible
expression of shRNA designated pLV.TetSyntP-miR30shRNA-GFP. TRE, Tetracycline
responsive sequence; rtTA3, 3 generation tetracycline-dependent transactivator; T2A, self-
cleaving peptide; GFP, Green fluorescent protein; mCherry, monomeric red fluorescent
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Figure IV.3 — HEK293T cells transduced with the constitutive pLV.EF1a-miR30shRNA-GFP and
the inducible pLV.TetSyntP-miR30shRNA-GFP lentivectors. (A) FCM dotplots of cells
transduced with the inducible vector in the absence and presence of doxycycline. (B) GFP and
mCherry expression of cells transduced with constitutive and inducible vector. (C) GFP
histograms of cells transduced with constitutive (full line) and inducible (dashed line) vectors.
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Figure IV.4 — Knockdown of NOTCH1 (N1) receptor in K562 cell line transduced with the
constitutive pLV.EF1a-miR30shRNA-GFP lentivector. (A) Representative FCM histogram
showing extracellular N1 receptor expression six days after transduction with non-target
control shLuc and shRNA targeting N1 (isotype control shown in light grey). (B) Relative N1
receptor levels quantified by FCM on cells transduced with N1 shRNAs relative to shLuc (n=3).
(C) Representative immunoblot against N1 receptor in K562 whole cell lysates harvested 9
days after transduction with N1 shRNAs and shLuc. (D) Relative N1 receptor levels quantified
by WB of N1 shRNA transduced cells relative to shLuc transduced cells (n=3). Error bars
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Figure IV.5 — Knockdown of NOTCH2 (N2) receptor in HEK293T cell line transduced with
constitutive pLV.EF1a-miR30shRNA-GFP lentivector. (A) Representative FCM histogram
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showing extracellular N2 receptor expression six days after transduction with non-target
control shLuc and shRNA targeting N2 (isotype control shown in light grey). (B) Relative N2
receptor levels quantified by FCM on cells transduced with N2 shRNAs relative to shLuc (n=3).
(C) Representative immunoblot against N2 receptor on HEK293T whole cell lysates harvested
9 days after transduction with N2 shRNAs and shLuc. (D) Relative N2 levels quantified by WB
of N2 shRNA transduced cells relative to shLuc transduced cells (n=3). Error bars shown
represent S.D.; **p<0.003, ***P<0.0003. ......oormiiiieeeiiiiiiirr e 203

Figure IV.6 — Representative dotplot of GFP expression of CB HSPCs (CD34+*CD38") transduced
with a constitutive pLV.EF1a-miR30shRNA-GFP lentivector. (A) GFP levels were analysed
four days after transduction compared to untransduced HSPCs and populations GFP'*% and
GFPhigh were collected separately by FACS. (B) GFP levels of GFPhigh and GFP'* populations
were analysed after 7 days in CUIUIE. .........coouiiii i 204

Figure IV.7 — Knockdown of NOTCH1 and NOTCH2 receptors in HSPCs transduced with
constitutive pLV.EF1a-miR30shRNA-GFP lentivector. Immunoblots against N1 (A) and N2 (B)
receptor protein in HSPCs whole cell lysates harvested 14 days after transduction with N1 or
N2 shRNAs and shLuc. (C) Relative transmembrane N1 and N2 levels quantified from WB of
N1 and N2 shRNA transduced cells relative to shLuc transduced cells and normalised to the

respective B-actin lEVElS (NTL). ..eeiiiiiiiei et e e 205

Figure IV.8 — Schematic representation of the commercial lentivector for constitutive expression
of shRNA designated CS-H1-shRNA-EG. In this vector the shRNA is expressed through a H1
promoter, while an EF1a promoter drives the GFP reporter that allows monitoring of
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Figure IV.9 — Knockdown of NOTCH1 (N1) receptor in K562 cell line transduced with H1-shRNA
lentivector. (A) Representative FCM histogram showing extracellular N1 receptor expression
six days after transduction with non-target control shLuc and shRNA targeting N1 (isotype
control shown in light grey). (B) Relative N1 receptor levels quantified by FCM on cells
transduced with N1 shRNAs relative to shLuc (n=3). (C) Representative immunoblot against
N1 receptor in K562 whole cell lysates harvested 9 days after transduction with N1 shRNAs
and shLuc. (D) Relative N1 receptor levels quantified from WB of N1 shRNA transduced cells

relative to shLuc transduced cells (n=3). Error bars shown represent S.D.; ***p<0.0003. .. 208

Figure 1V.10 — Knockdown of NOTCH2 (N2) receptor in HEK293T cell line transduced with H1-
shRNA lentivector. (A) Representative FCM histogram showing extracellular N2 receptor
expression six days after transduction with non-target control shLuc and shRNA targeting N2
receptor (isotype control shown in light grey). (B) Relative N2 receptor levels quantified by
FCM on cells transduced with N2 shRNAs relative to shLuc (n=4). (C) Representative
immunoblot against N2 receptor in HEK293T whole cell lysates harvested 9 days after
transduction with N2 shRNAs and shLuc. (D) Relative N2 levels quantified from WB of N2
ShRNA transduced cells relative to shLuc transduced cells (n=4). Error bars shown represent
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Figure 1V.11 — Schematic representation of the experimental work to identify the roles of N1 and
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transduced with H1-shRNA lentivectors for knockdown of NOTCH1 (N1) and NOTCH2 (N2)
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after transduction with shLuc (black) and shRNA targeting N1 or N2 (grey dashed line, isotype
control shown in empty black line). (ii) Relative N1 or N2 levels quantified by FCM on cells
transduced with N1 or N2 shRNAs relative to shLuc (n=4). (iii) Population doublings of HSPCs
transduced with the different shRNAs were quantified after 7 days of culture from the day when
GFP* HSPCs were sorted (day4). Error bars shown represent S.D.; ***p<0.0003. ............ 211

Figure IV.13 — Knockdown efficiencies of NOTCH1 (N1) and NOTCH2 (N2) receptors and colony

forming capacity in cells derived from LTC-IC assay of CD34*CD38- HSPCs transduced with
shLuc and shRNA targeting N1 or N2. (A, B) — (i) Representative FCM histograms showing
extracellular N1 or N2 receptor expression on LTC derived CD34* cells expressing shLuc
(black) and shRNA targeting N1 or N2 (grey dashed line, isotype control shown in empty black
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Figure 1V.14 — Frequencies of haematopoietic populations generated in the LTC-IC assay with

CD34*CD38- HSPCs transduced with shLuc and shRNA targeting NOTCH1 (N1) or NOTCH2
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assay. (B) — (i) Example of FCM dotplot showing gating of the different HSPC subpopulations
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Figure IV.15 — Total human cells engraftment in the BM of NSG mice 12 weeks after

transplantation of CD34*CD38-HSPCs transduced with shLuc and shRNA targeting NOTCH1
or NOTCH2. (A) Gating strategy to quantify total human cells engraftment. (B) Quantification
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Figure IV.16 — Human haematopoietic stem and progenitor populations in the BM cells of NSG
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mice 12 weeks after transplantation of CD34*CD38 -HSPCs transduced with shLuc and shRNA
targeting NOTCH1 or NOTCH2. (A) Gating strategy to quantify haematopoietic stem and
progenitor populations. Quantification of stem and primitive progenitors (B) and commited
progenitors (C) frequencies in total human GFP* haematopoietic cells. Each dot represents a

mouse and median bars are shown. *p<0.03, **p<0.003...........cccceiiiii 218
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transplantation of CD34*CD38 - HSPCs transduced with shLuc and shRNA targeting NOTCH1
or NOTCH2. (A) Gating strategy to quantify B-cells and CD33* myeloid cells, in particular,
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CHAPTERI1

INTRODUCTION



[.L1. HUMAN HAEMATOPOIESIS:
CHARACTERISATION AND REGULATION

The haematopoietic system is composed by different types of blood cells believed to
be hierarchically organised. Lying at the bottom of the hierarchy are the mature blood
cells which are predominantly short lived, requiring a constant replenishment
throughout adult life. Haematopoietic stem cells (HSCs) that sit at the top of the
hierarchy are rare cells responsible for generating multipotent progenitors (MPPs) that
in turn give rise to intermediate precursors that become progressively restricted in
terms of their differentiation capacity [1]. Finally, these precursors differentiate into
mature blood cells. The regulation of stem cells self-renewal and differentiation
requires a specific microenvironment of surrounding cells, known as the stem cell

niche, which for the adult HSCs is found in the bone marrow (BM) [2].

Due to their ability to self-renew and to maintain multilineage potential, HSCs have the
capacity to reconstitute the entire blood system of a recipient following transplantation,
thus sustaining lifelong blood formation [2]. Under homeostasis, HSCs persist mainly
guiescent in the GO or G1 cell cycle phases, while upon stress they actively divide and

differentiate.

The first evidence of HSCs existence came during the atomic era, when it was
discovered that lethally irradiated mice could be rescued following injection of spleen
or marrow cells from unirradiated donors [3]. However, HSC multilineage potential was
demonstrated later through clonal in vivo repopulation assays [4, 5]. Following these
discoveries, research in the field evolved towards the establishment of haematopoietic
stem and progenitor cells (HSPCs) hierarchical system and their phenotypic

identification.

Given that the generation of blood cells is largely conserved throughout vertebrate
evolution, studies in several model organisms like mouse and zebrafish have shed
light on our understanding of the haematopoietic process in humans. Most of the

knowledge on the haematopoietic system in vivo has been derived from mouse
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studies. However, significant discoveries have been made in human haematopoiesis
thanks to the emergence of the xenotransplantation assay, the development of more
robust in vitro clonal assays and the refinement of sorting strategies based on cell

surface antigens (reviewed in [6]).

[.1.1. THE HAEMATOPOIETIC HIERARCHY, A BRIEF NOTE

The high turnover of blood cells under homeostasis requires a thigh regulation of
haematopoiesis in order to meet the demands without exhausting the HSC pool, also
required for regenerative purposes. This tight control relies on the hierarchical
structure of the haematopoietic system, where at the top lies a reservoir of long-term
HSCs (LT-HSCs). The LT-HSCs are mainly quiescent and are responsible for the
lifetime supply of blood cells. Downstream of these cells are the short-term HSCs (ST-
HSCs) and the MPPs with decreasing self-renewal potential and increasing
proliferative capacity than the LT-HSCs. MPPs give rise to the oligopotent and lineage
restricted progenitor which are the real “workhorses” of the haematopoietic system,

dividing rapidly and generating high numbers of mature blood cells.

Many studies have increased our understanding on this hierarchy organisation by
focusing on the identification of HSC and progenitor subpopulations (Figure 1.1), by
relying on two core experimental settings: cell sorting and clonal assays. Ideally, to
truly define a population, each cell within a purified subset should possess the same
differentiation potential. The identification of pure haematopoietic populations is still
an unresolved subject, with new studies suggesting a redefinition of the current

hierarchy model.

[.L1.1.1. HumAN HSCs

HSCs can be phenotypically identified through the expression of specific surface
antigens and by the functional ability to self-renew and reconstitute multiple blood

lineages at the clonal level.
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The murine model is still largely used to explore the haematopoietic system regulation
especially in the context of disease. Very briefly, in the murine system functional HSCs
are identified by the lack of expression of several cell surface antigens found in
differentiated or mature cells (Lineage-, Lin") and by the high expression of the stem
cell antigen 1 (Sca-1) [7] and the tyrosine-protein kinase kit (c-kit; CD117) [8], being
commonly referred to as the LSK population (Lin'Scalt*c-kit"). This population,
however, is heterogeneous in terms of self-renewal capacity, containing LT-HSCs, ST-
HSCs and MPPs. LT-HSC population is defined by further selecting for negative
expression of CD34 and FIt3 (FMS-like tyrosine kinase 3) antigens [9-11].
Alternatively, antigens of the Slam family (CD150 and CD48) can also be used to
define a similar population of LT-HSCs (LSK CD150*CD48", [12]).

Mouse Human
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Figure I.1 — Haematopoietic hierarchy model and currently accepted phenotypes of different
haematopoietic stem and progenitor cells populations from human and mice. Abbreviations: LT-
HSC, long-term HSC; ST-HSC, short-term HSC; MPP, multipotent progenitor; MLP/LMPP,
multilymphoid progenitor/lymphoid-primed MPP; CMP, common myeloid progenitor; CLP, common
lymphoid progenitor; MEP, megakaryocyte/erythrocyte progenitor; GMP, granulocyte/macrophage
progenitor; EP, erythroid progenitor; GP, granulocyte progenitor.
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Regarding human HSCs, the identification of human LT-HSC and ST-HSC populations
has relied on the xenotransplantation of human cells in limiting cell doses in order to
assess multilineage repopulation ability. The selection of primitive human
haematopoietic cells has been widely based on the expression of the CD34 antigen
[13]. The CD34 antigen is a single-pass transmembrane glycoprotein which exact
function is still unclear in HSPC biology, but that has been suggested to participate in
cell-cell adhesion within the BM (reviewed in [14]). CD34"* cells contain a mixture of
HSPCs that make up 1-4% of the BM mononuclear cells (MNCs) [13], up to 6% of
mobilised peripheral blood (PB) MNCs [15] and 1-2% of umbilical cord blood (UCB)
MNCs [16]. To further purify a more primitive population, additional markers have been
identified. The CD90 antigen was first shown to identify a subset of CD34* cells
capable of repopulating SCID (severe combined immunodeficient) mice with
multilineage engraftment [17]. Further HSC refinement was then achieved by depleting
CD38 [18, 19] and CD45RA [20] positive cells.

Thus, it is now considered that the Lin"CD34*CD38 CD90*CD45RA" phenotype
represents a highly enriched human HSC population, which comprises around 25% of
the Lin"CD34*CD38" population from UCB and around 30% from BM. In fact, it was
demonstrated successful long-term multilineage engraftment of these cells in most of
NOD/SCID/IL2Ry-null (NSG; nonobese diabetic/SCID, gamma chain null) mice after
injection of 100 cells [21]. In the same study it was proposed that the expression of
CD90 on CD34*CD38 CD45RA" cells might distinguish HSCs from the less primitive
MPPs. However,CD90- MPPs were still able to be serially transplanted, although to a
much lesser extent than the CD90* HSCs [21].

Thus, there was need for further characterisation to distinguish HSCs from the nearest
progeny with less stemness property. In fact, the expression of integrin a2 (CD49b)
was shown to distinguish mouse LT-HSCs from ST-HSCs [22]. By analogy, for human
cells it was shown that cells enriched in HSCs (Lin"CD34*CD38 CD45RA*Rh0') but
expressing CD49f (integrin a6) antigen were capable of long-term multilineage
engraftment and successful secondary transplantation [23] thus, identifying a purer

human LT-HSC population.

Furthermore, other studies demonstrated that, analogously to mouse HSCs, a more

primitive CD34  HSC population with SCID-repopulating capacity exists at the top of
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CD34* cells [24-26]. Indeed, an early report showed that the repopulation capacity of
the Lin"CD34°CD38" UCB population was associated to the CD93" sub-fraction [25].
Although, a much later study reported that CD34" cells purified from UCB could give
rise to CD34" cells [26], still little was known about these rare CD34 cells and their
relationship with CD34" populations. Only recently it was demonstrated that the CD34-
population comprises HSCs residing at the top of the human haematopoietic
hierarchy, capable of generating self-renewing CD34*CD38" cells in vivo and more
competent in serial transplantation than the CD34*CD38" population and in particular
the Lin"CD34*CD38CD90*CD45RACD49f* HSCs [27].

[.1.1.2. MULTIPOTENT PROGENITORS

When compared to HSCs, the MMPs right below in the hierarchy are characterised by

limited self-renewal capacity but still with full differentiation potential.

As previously mentioned, Majeti and colleagues distinguished MPPs from HSCs by
the lack of expression of CD90 [21]. They showed that when transplanting 500 of these
cells into NSG mice, multipotent haematopoiesis was achieved although with low
levels of BM chimerism and limited serial-transplantability. Later on, Dick’s group
further defined this MPP population as Lin'CD34*CD38 CD45RA CD90 CD49f
showing these cells were only capable of transient engraftment peaking at 4 weeks
and undetectable by 16 weeks [23]. Recently, analogous to the murine system, MPPs
subpopulations were identified based on expression of CD71 (transferrin receptor) and
CD110 (thrombopoietin receptor) [28]. These subpopulations were shown to have
early lineage bias, with MPP F1 (CD34*CD38 CD90'CD45RACD71CD110") giving
rise predominantly to megakaryocytes and F2/F3 cells (CD34*CD38 CD90"CD45RA"
CD71") being more biased towards erythroid lineages. The authors also carried a
comparison in different development stages of haematopoiesis and showed that foetal
liver cells had more oligopotent progenitors whereas the adult BM contained primarily
unipotent progenitors that appeared to arise directly from MPPs. Based on these
observations the authors proposed that adult haematopoiesis could be organised as
a ‘two-tier’ system, defying the widely accepted hierarchical model with progressively

differentiated populations.
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[.1.1.3. LINEAGE COMMITTED PROGENITORS

According to the classical hierarchical system, progenitors with biased differentiation
capacity can be found downstream of MPPs. These progenitors are known as
common lymphoid progenitors (CLP) and common myeloid progenitors (CMP). The
latter give rise to granulocyte/macrophage progenitors (GMPs) and
megakaryocyte/erythrocyte progenitors (MEPs). GMPs differentiate to the

granulocyte-monocyte fate while MEPs give rise to red blood cells and platelets.

Unlike their precedents, in the human system these progenitors are positive for CD38
expression. The myeloid populations can then be distinguished based on CD45RA
and CD123 (alpha chain of the interleukin 3 receptor, IL-3Ra) expressions [29], or
alternatively, by FIt3 and TPO-R (thrombopoietin receptor) expressions [30, 31]. As
mentioned above, the classical model of haematopoiesis suggests that the first stage
of lineage commitment occurs at the bifurcation between the CMP and CLP
populations. However, this model was redefined in the mouse system with the
discovery of LMPPs (lymphoid-primed MPPs) [32]. In human cord blood, it was later
described a multilymphoid progenitor population (MLP) defined as CD34*CD38 CD90"
CD45RA", and positive for CD10, with the ability to originate all lymphoid lineages and
some monocytic/macrophage, but without granulocytic, erythroid and megakaryocytic
outputs [30]. Later on, another study demonstrated the presence of an LMPP-like
population with granulocyte potential, within the CD34*CD38 CD90 CD45RA*
compartment, distinct from the one previously described by the lack of CD10 [31].
Moreover, another bone marrow population similar to cord blood MLPs, devoid of
clonogenic myelo-erythroid potential, was isolated from CD34*CD38*CD45RA*CD10"
cells based on high expression of L-selectin (CD62L) [33].

Recently, an interesting study described functional and transcriptional differences
between the CD34*CD38'CD90"°CD45RA*CD10- LMPP population, the CD34*CD38-
CD90"°CD45RA*CD10* MLPs and the CD34*CD38*CD123* CD45RA*CD10- GMPs
[34]. It was also demonstrated that these populations were heterogeneous at the
single cell level, containing not only the more abundant uni-lineage progenitors, but
also bi- and rarer multi-lineage progenitors, particularly in the LMPP compartment.

This, coupled with single cell expression analyses, suggests that a continuum of
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progenitors execute lymphoid and myeloid differentiation rather than uni-lineage

progenitors present downstream of stem cells.

Thus, it seems that the bifurcation between myeloid and lymphoid commitment is still
not clear in the human system and is dependent on the development stage of

haematopoiesis.

[.1.2. HSCS FUNCTIONAL CHARACTERISATION

[.1.2.1. INVITRO ASSAYS

Under the proper conditions, in vitro assays allow a first line evaluation of HSPC self-
renewal and differentiation capacity in response to given extrinsic stimuli (growth
factors, niche cells interactions, etc) or genetic manipulation (overexpression or
silencing of haematopoietic regulators. These assays can be divided into short-term
and long-term assays.

Short-term assays: suspension culture and CFU assay

Suspension culture of HSPCs in serum-free medium supplemented with cytokine
allows to maintain and expand these cells at some extent for further evaluation of the
different subpopulations. The output cells are usually evaluated for phenotype, cell
cycle, differentiation capacity and ability to reconstitute immunodeficient mice.

Cytokines cocktails usually include stem cell factor (SCF), FMS-like tyrosine kinase 3-
ligand (FIt3L) and thrombopoietin (TPO). A high concentration cocktail of SCF and Flt3
at 300 ng/mL combined with TPO was shown to be able to maintain human
repopulating cells up to 9 days in culture [35]. On the other hand, lower concentrations
of SCF and FIt3L combined with interleukin (IL)-6, IL-3 and granulocyte colony-
stimulating factor (G-CSF) have been shown to promote HSPCs proliferation but at

the expense of self-renewal [36, 37].

The colony-forming unit (CFU) assay allows to assess the content of haematopoietic
multipotent and lineage-restricted progenitors based on the number and morphology
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of generated colonies. However, this assay only enables the generation of colonies
from myeloid lineage and thus, not suitable to assess lymphoid output.

In this assay, low cell doses are plated in a semisolid medium supplemented with
appropriate combinations of cytokines, enabling proliferation and differentiation of
haematopoietic progenitors which give rise to discrete colonies. The semi-solid
medium is usually provided by methylcellulose that provides viscosity, which supports
the three-dimensional growth of the haematopoietic colonies and prevents migration
of the cells so that they remain within a colony. A colony is derived from a single cell
and can contain mature cells of different lineages depending on the growth factors
used and the multipotentiality of the progenitor cell. The type of colony yielded can be
assessed based on their morphology, being classified as CFU-M (macrophage), CFU-
G (granulocyte), CFU-GM (granulocyte-macrophage), CFU-E (erythroid), BFU-E
(blast forming unit-erythroid) and CFU-GEMM (granulocyte-erythroid-macrophage-
megakaryocyte). The latter represents the more primitive multilineage colony, being
an indicator of a more immature population. To further assess the most primitive
progenitors it is possible to replate the colonies in a secondary colony assay [38].
Additionally, colonies can be harvested to check their numbers and phenotype using

flow cytometry and morphologic evaluation by Giemsa-staining.

Liquid cultures can also be used to assess the lymphoid and myeloid differentiation
potential of a population. For instance, to define the MLP population, a liquid culture
of cells on MS5 stroma supplemented with SCF, IL-7, TPO, IL-2, granulocyte-
macrophage colony stimulating factor (GM-CSF), G-CSF and macrophage colony
stimulating factor (M-CSF) has been used [30]. Alternatively, a recent study has
reported an optimised liquid culture for human progenitors on MS5 stroma
supplemented with SCF, G-CSF, FIt3L, IL-2, IL-15 and the prostaglandin-synthesis
inhibitor DUP-697 [34]. Both conditions were shown to support the production of
neutrophils, monocytes, B cells and natural killer (NK) cells, although the former was

less permissive for granulocytic output.
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Long-term culture: LTC-IC assay

Long-term cultures (LTCs) are used to measure the frequency of HSCs or immature
progenitors content in a population. A long-term assay enables to select for the more
primitive cells with more longevity and thus, with higher self-renewal ability, which

should retain their full differentiation capacity.

This type of assay was first implemented by Dexter and colleagues upon discovery
that in a culture containing horse serum and corticosteroids, murine bone marrow cells
naturally form an adherent layer that supports the generation of granulocytes and
macrophages for several weeks without the need of exogenous growth factors [39,
40]. These culture conditions were shown to be required for the maintenance of both
stroma and haematopoietic primitive cells [41, 42]. Based on these findings LTC
systems were established using irradiated adherent feeder layers to allow the
continuous in vitro generation of myeloid [39, 40] as well as lymphoid cells [43, 44]
and the quantification of more primitive cells which can be identified as LTC-initiating
cells (LTC-ICs) [45, 46] or cobblestone area forming cells (CAFCs) [47] depending on
the type of assay.

Although originally performed with primary bone marrow stromal cells, feeder layers
of stromal cell lines are preferred due to reproducibility and other practical
considerations. Several stromal cell lines have been tested for their ability to support
haematopoiesis in LTC systems, including M210B4, CFC034, AFT024 [48, 49] and
MS5 [50, 51]. The murine stromal cell line MS5 secretes extracellular matrix proteins
such as fibronectin, laminin, collagen type I, heparan and proteoglycans, making them
ideal to create a niche to which HSPCs closely associate with, allowing the regulation

of their differentiation or expansion [52, 53].

To perform an LTC assay, purified primitive haematopoietic cells are seeded onto
irradiated stromal cell layers, where throughout 5 weeks the more committed
progenitors will mature and be discarded through media changes. Meanwhile, the
more primitive cells are kept in culture due to their ability to migrate underneath the
feeder layer, thus continuing to expand and giving rise to new progenitors. In an LTC-
IC assay, these progenitors with colony-forming ability are then quantified through a
CFU assay. The LTC-IC frequency can be determined either through the total number
of CFUs in culture divided by the average of CFUs produced per LTC-IC for the
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standard conditions used, or through a limiting dilution assay (LDA) based on Poisson
statistics and the method of maximum likelihood [54]. During the LTC assay wells can
be microscopically screened for the presence of “cobblestone areas” which are
defined as colonies of at least five small, non-refractile cells that grow underneath the
stromal layer, creating a cluster of flattened, optically dense cells [55, 47]. The LTC-
IC and CAFC represent similar but not identical primitive cells, which have been placed
hierarchically above CFUs, but below the SCID-repopulating cell (SRC). Indeed, cells
identified in these assays are functionally heterogeneous and are found in both Lin-
CD347CD38" (HSPCs) and Lin'CD34*CD38* (HPCs) populations [56], though higher
proliferative activity appears to be in the CD34*CD38" compartment [57, 58]

Nevertheless, these assays can only measure stem cell-like and progenitor cell-like
activity, and they are usually used as a screening method before assessing the
population ability to fully reconstitute all the blood cell lineages of a conditioned

recipient.

1.1.2.2. IN VIVO XENOGRAFT ASSAY

The HSC repopulation capacity in vivo was first observed by Till and McCulloh upon
discovery of colonies in the spleen of irradiated mice after bone marrow transplantation
[4]. For human HSCs, the advent of xenotransplantation model introduced the gold
standard assay to evaluate the long-term self-renewal and multipotential of these cells.
In initial reports several groups demonstrated the engraftment of human BM cells in
mice with severe combined immunodeficiency (SCID, Prkdcscid) [59-62]. SCID mice
have a disrupted protein kinase DNA-activated catalytic polypeptide (Prkdc) gene,
which results in the lack of expression of rearranged antigen receptors, and therefore
lack of functional B and T cells. However, this model has limitations due to the high
level of innate immune function and spontaneous emergence of B and T cells with
age, hampering human engraftment. Improvement of Xxenotransplantation was
obtained when SCID mice were crossed with non-obese diabetic (NOD) mice,
originating a more profound immunodeficient mouse model (NOD/SCID) [63], in which
the injection of small numbers of human CD34* cells was demonstrated to reconstitute
multilineage human haematopoiesis [63]. However, the NOD/SCID model has high

incidence of thymic lymphoma and persistent activity of NK cells, precluding long-term
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engraftment studies [63]. Further improvement of the xenograft model resulted in the
NOD/SCID/B2m~ mouse, with deletion of the beta2microglobulin (2m) gene, which
encodes an essential component of the major histocompatibility complex (MHC) class
| thus, resulting in loss of MHC | expression and consequently lower NK cell activity.
However, although more immunodeficient than the original NOD/SCID mouse, this
model is still limited by susceptibility to thymic lymphoma. Thereafter, mice with
deleted (NOG) or truncated (NSG) IL2R- common y chain were generated. This
receptor is a critical component of the IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 signalling
[64, 65] and deficiency of this gene results in complete loss of B, T and NK cells.
Alternatively, the mouse model BALB/c-Rag2~ ll2rg™~, lacking recombination
activating gene (Rag), also shows deficiency in B, T and NK cells, and has also been
used as xenograft model [66]. Transplantation of human HSCs into either NSG or
BALB/c-Rag2~"" II2ry™- recipients leads to stable, long-term engraftment of HSCs in the

recipient BM and generation of all human-blood lineage cells in the periphery [67, 66].

However, the multilineage differentiation of the xenogratft is limited and biased: while
human B cell reconstitution is robust and T cell is delayed, reconstitution of NK cells
and myeloid cells is usually poor. This appears to be mainly due to lack of human
cytokines that are required for the development and maintenance of the latter cell
lineages [68]. Thus, efforts to further improve the xenograft models were directed into
the development of humanised models with expression of human cytokines such as
TPO, IL-3, GM-CSF, and other not cross-reactive cytokines [69, 70].

Nevertheless, despite all the improvements, there is currently no standard in the field
regarding which mice, approaches and time-points for best measuring human HSC
activity in vivo. In the case of mouse HSCs, engraftment endpoints are well
established: LT-HSCs are defined as the ones with repopulation capacity beyond 12
weeks, whereas ST-HCs are the ones with multilineage potential at 6 weeks. For
human HSC studies many investigators have adopted a 12-week period, however a
longer period or secondary transplant might be needed to better distinguish between

human transient and durable-reconstituting cells [6].

All things considered, the xenograft model is still the best assay available at present
to assess the presence of human normal and leukaemic initiating cells, and much work

is ongoing to improve the limitations of the xenograft model.
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[.1.2.3. 3D SCAFFOLDS FOR HUMANISED NICHE MODELS

Many recent studies have established the essential role of the BM niche in the
maintenance of HSCs by balancing quiescence, expansion and multipotency [71-73].
In the niche, HSCs closely associate with supporting niche cells including osteoblasts
and mesenchymal stromal cells (MSCs) [74-76], further discussed in section 1.1.3.3.
Additional cues derive from the extracellular matrix and even the 3D structure of the
niche was shown to influence HSCs [77, 78]. Artificial reconstruction of all these niche
components is a current approach to better simulate the in vivo niche of HSCs. These
3D systems consist of co-culturing mesenchymal stromal cells and/or endothelial cells
with HSCs in a tri-dimensional matrix to guarantee not only the fundamental
components and molecules, but also the right structure and space for the long-term
maintenance of the HSC multipotency [79, 80]. In fact, it was demonstrated that 3D
cultures have superior supporting activity compared to the 2D systems [81, 82] and it
might represent a bridge to fill the gap between the in vitro and in vivo systems.

As previously mentioned, the xenograft model is the most widely used and relevant
readout system for studying normal and malignant haematopoiesis. However, the
difficulties to genetically manipulate the BM niche in immunodeficient mice models as
well as the unfeasibility to engraft BM stromal cells [83, 84] prompted the use of
scaffolds of 3D bone-tissue-like models. Indeed, in the xenograft model, human HSCs
engraft in a murine microenvironment that may not reflect the interactions between
HSCs and the BM microenvironment in humans. Thus, in 2012 the group of Konopleva
and Andreeff developed an extramedullary bone marrow model using human MSCs
and endothelial colony-forming cells (ECFCs) with Matrigel scaffolds in NSG mice [85].
The authors showed that the extramedullary bones had similar structure and provided
an environment functionally equivalent to the normal bones. Furthermore, MSCs and
ECFCs were able to be genetically modified to identify genes critical for the
maintenance of normal and leukaemic cells, such as Hif1a (Hypoxia-inducible factor
1 alpha) thus, allowing to downregulate or upregulate the expression of single proteins,
activating or silencing specific molecular pathway in specific niche cells. The possibility
to genetically modify components of the BM niche in different human or murine cell

types enables the systematic investigation of their effect on the development and
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progression of normal and malignant haematopoiesis, as well as the possibility to find
new regulatory mechanisms and therapeutic targets.

[.1.3. HSCREGULATION

In order to meet the demand of cells in a highly regenerative tissue like the blood, not
only under regenerative conditions after acute blood loss or infection, but also during

normal homeostasis, haematopoiesis must be tightly regulated.

The HSPC regulation depends on both intrinsic and extrinsic elements, the former
being a wide variety of regulatory molecules present within the cell, whereas the latter
include the different cell types and soluble signals with which HSPCs interact in their
niche. Thus, the fate of HSPCs is controlled by intrinsic cell regulators, which in turn,

are modulated by external signals.

The intrinsic regulators of stem cell function include nuclear transcription factors,
molecular regulators of cell cycle, molecules that act as mitotic clocks that set up the
number of rounds of division (HSCs have shown to express high levels of telomerase
[86]) and epigenetic regulators controlling the structure and organisation of DNA and

chromatin [87].

In postnatal life, blood cell formation takes place primarily in the bone marrow, where
HSCs are surrounded by different cell types, including MSCs, osteoblasts, fibroblasts,
adipocytes, endothelial and accessory cells (e.g., macrophages, lymphocytes). All
these different cell types are part of the HSC niche that is responsible for providing the
right conditions for their functions (reviewed in [88, 89]). Recent evidences indicate
that there are several haematopoietic niches within the marrow microenvironment
including endosteal, vascular, and perivascular niches, which exert differential effects
on HSCs [90].

As this work is focused on HSPC regulation through the Notch signalling pathway,
some important regulators will be only briefly mentioned here, whereas the role of

Notch signalling will be covered in more detail in the following subchapter.
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[.1.3.1. HSC CELL CYCLE

Tissue homeostasis requires the presence of multipotent adult stem cells which have
been shown to exist in a dormant, or quiescent cell cycle state. This quiescent state is
considered a fundamental property of HSCs in the adult bone marrow, avoiding
functional exhaustion and cellular insults to maintain lifelong haematopoietic cell
production [91, 92]. The decision of whether or not to exit quiescence is considered to
be stochastic and deterministic and both cell-intrinsic and -extrinsic signals induced in
response to stress, like inflammation or blood loss that allow quiescent HSCs to re-

enter the cell cycle, proliferate and differentiate [8, 93].

Dormant HSCs are believed to be the most immature LT-HSCs residing at the apex
of the hierarchy and thus, the precise regulation of their cell cycle is required for the
effective production of mature haematopoietic cells with minimal stem cell exhaustion
[94] .

In mouse studies, highly dormant HSCs identified by label retention of H2B-GFP
(Green Fluorescent Protein) have been showed to have higher repopulation ability
compared to cycling HSCs [95, 71]. Consistently, most gene knockout mice models
that lead to HSC defects with excessive proliferation and loss of quiescence result in
defective HSC repopulation capacity [96] thus, implying the existence of cell-
autonomous, intrinsic regulatory mechanisms that link quiescence to the repopulating
potential of HSCs. However, other contradictory reports also showed that knockout of
some genes such as Cdkn2c or Myb resulted in higher repopulation potential with
higher proliferation of HSCs [97, 98]. In addition, the administration of a cell cycle
inhibitor can inhibit the engraftment of human HSCs in NOD/SCID mice [99]. It was
also suggested that there is no correlation between the duration of GO phase and the
repopulation potential of HSCs [100]. These contradictory effects may be due to
functional heterogeneity within dormant HSCs or lack of discrimination between
symmetric or asymmetric cell divisions. A combination of single cell paired-daughter
assay with detailed genetic analysis could help to unravel the relationship between
HSC quiescence, self-renewal capacity and repopulation potential [101]. It is also
unclear whether a correlation exists between cell cycle status and the differentiation
potential of HSCs, with several studies indicating that quiescent HSCs are a
heterogenous group with varying lineage bias [102, 103].
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Due to the limitations to study human HSCs, the delineation of quiescent properties of
human HSCs ultimately relies on the repopulation capacity in immunocompromised
mice. In the initial studies where BM CD34* cells were analysed using simultaneous
DNA/RNA staining, approximately two-thirds of LTC-ICs were identified as quiescent
[104]. More recently, highly purified HSCs with repopulating capacity were identified
in a cord blood-derived Lin"CD34-CD38-CD93"9" population, which were shown to be
more quiescent compared to any of CD34* HSPC sub-populations studied [27].

Furthermore, there is still a lack of understanding on how division, self-renewal, and
differentiation are integrated. A recent study established CDK6 levels as a master
regulator of the duration of quiescence exit in human HSCs [105]. The authors of this
study found CDKG6 to be differentially regulated in HSCs subsets, and that the absence
of CDKG6 in LT-HSCs resulted in a 5-6 hr delay in GO exit. The cumulative effect of this
delay was illustrated to limit LT-HSC divisions and to ultimately preserve HSC pool
integrity in the long term [105]. Also, a previous study demonstrated that the cytokine
G-CSF produced a heterogenous response in cell cycling of human HSCs in vitro
[106]. When human HSCs were subdivided according to G-CSF receptor (CD114)
expression, it was uncovered that CD1147° HSCs exhibited significantly higher long-
term repopulation potentials in NSG mice, suggesting that the exit from quiescence in

vitro is regulated through the cell intrinsic expression of CD114.

Several molecular regulators of cell cycle progression and transcription factors have
been identified as intrinsic regulators of HSC quiescence and some examples are
given below, as well as components of the BM niche known to maintain HSC

guiescence.

[.1.3.2. TRANSCRIPTION FACTORS AND MOLECULAR REGULATORS

A large but still not fully characterised list of molecules including cell surface receptors,
signal transduction molecules and several transcription factors have been recognised
for their regulatory roles in HSCs (reviewed in [107]). Transcription factors have
attracted much attention given their essential roles in the initial development,
expansion and maintenance of HSCs [2]. Their importance has been reinforced by the

understanding that many of these key transcription factors such as mixed-lineage
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leukaemia (MLL), Runt-related transcription factor (AML1), and stem cell leukaemia
(SCL) are also major players in leukaemogenesis [6].

In human cells, many transcription factors, including ID genes, SOX8, SOX18, and
NFIB have been associated with HSCs phenotype, while factors such as MYC and
IKZF1 have been identified in differentiation into MPPs [23]. HOXB4 is one of the most
extensively studied HSC transcription factor shown to be important in both mice and
human HSCs. Overexpression of this factor in mouse HSCs was the first shown to
lead to profound HSC expansion in vitro and in vivo [108]. However, HOXB4-
transduced human CD34" cells have shown a limited (2- to 4-fold) expansion of HSCs
[109]. The polycomb-group factor, BMI1 appears to maintain HSC self-renewal
through the regulation of genes involved in cell cycle regulation and apoptosis [110]
and to increase the multilineage potential of human HSCs, as well as their replating
capacity [111]. Other genes in which the expression was shown to increase self-
renewal and repopulation potential includes Hesl and HIf [112] as well as Notchl
[113]. In contrast, activation of certain genes and pathways like the mTOR pathway
leads to loss of HSC self-renewal [114], similarly to BATF activation that limits HSC
self-renewal in response to DNA damage, a feature that can contribute to cancer

protection but may also promote tissue ageing [115].

In addition, HSC fate choices are greatly influenced and controlled by epigenetic
changes. For example, it was revealed that increase in H4K16Ac levels led to inhibition
of Cdc42 which resulted in functional restauration of aged HSCs [116]. Also, increased
levels of H3K9me2 was shown to set HSC lineage commitment, whereas inhibition of
G9 improved HSC maintenance [117].

Specifically acting on cell cycle, the transcription factor and chromatin remodeler
SATB1 was shown to regulate various cell cycle regulators (including MYC) in HSCs
[118]. The lack of this gene in mouse HSCs was revealed to lead to lower quiescence,
lower repopulation potential and decreased symmetric self-renewal cell division
frequencies at the single cell level. Similarly, the transcription factor PU.1 regulates
the transcription of multiple cell cycle regulators in HSCs [119]. Accordingly, low levels
of PU.1 in HSCs promote loss of HSC quiescence and increase in cell proliferation.
Chromatin immunoprecipitation followed by sequencing (ChlP-seq) studies in LSK

cells revealed that PU.1 binds to enhancers and promoters of multiple cell cycle
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inhibitors and activators, including Gfil, E2f1, Cdc25a, Cdkl, Cdknla and Cdknlc,
regulating their expression.

Recently, the application of next generation sequencing to genome-wide analysis of
haematopoietic transcription factors has evidenced interactions in a complex
combinatorial manner [120-122]. These multidimensional interaction studies provided
new insights into the HSC regulatory machinery and also highlighted the importance
of epigenetic regulation in the coordination of expression and activity of these

transcription factors in both normal and leukaemic initiating cells.

[.1.3.3. THE HSC NICHE

The concept of stem cell niche was first introduced by Schofield as a region that can
harbour stem cells and maintain the balance between self-renewal and differentiation
[123]. Since then, much progress has been made in the identification of HSC niche
components in the BM.

The osteoblastic niche was first demonstrated in 2003 by two research groups that
showed that increase in the number of osteoblasts (OBs) in vivo was associated with
increased number of HSCs [74, 75]. Zhang and colleagues demonstrated interactions
via N-cadherin between label retaining haematopoietic cells and osteoblasts on the
endosteal surface. Angiopoietin-1 (ANG-1) and TPO expressed by OBs which bind to
Tie2 and MPL receptors respectively, can also contribute to HSC quiescence [124,
72]. The work demonstrating the Tie2/Ang-1 signalling pathway also confirmed the
expression of N-cadherin in Tie2*LSK cells, however none of the subsequent studies
identified a functional role for N-cadherin in the HSC niche. Other two studies that
followed have identified the expression of N-cadherin on LSK [125] and FIk2'LSK cells
[126] thus, proposing roles for N-cadherin in the HSC niche. However, in direct conflict
with these observations, two other papers reported no evidence of N-cadherin
expression on FIk2"LSK cells or a further enriched population, SLAM-LSK HSCs [127,
128]. In addition, these authors found that N-cadherin conditional knockout mice had
no observable phenotype in HSC frequency, long-term competitive repopulation, or
serial transplantability [128]. This led to a heated debate between Linheng Li and Sean

Morrison groups that upon mediation led to the conclusion that N-cadherin does not

46



play an essential functional role in HSCs [129]. In fact, although OBs have been shown
to sustain the quiescence and retention of HSCs [130-132, 72], recent imaging studies

did not reveal a significant association between osteoblasts and HSCs [133].

Meanwhile, in 2005, Kiel et al identified HSCs in close proximity to vascular sinusoids
using SLAM family markers (CD150, CD244, CD48) thus, providing first evidence of
the vascular niche [12]. Shortly after, perivascular stromal cells expressing CXCL12
(CAR cells) were identified in contact with HSCs near sinusoids and shown to regulate
HSC self-renewal, proliferation and trafficking [134]. Chemokine CXCL12 is essential
for migration, retention and mobilisation of HSCs [135]. Additionally, perivascular
human MSCs (CD146") were shown to reconstitute bone marrow niche, suggesting
their importance in regulating haematopoiesis [136]. Importantly, sinusoidal
endothelial cells can balance the expansion and differentiation of LT-HSCs by
preventing exhaustion of the repopulating LT-HSC pool through Notch signalling [137]
and endothelial-specific Jaggedl appears to be required to maintain functional HSCs

in steady state and to prevent premature exhaustion during BM regeneration [138].

In the last years the advanced imaging technologies helped in unveiling cellular
location specificity, new cellular components and candidates involved in the HSC
maintenance. In mice, Nestin* perivascular MSCs are spatially associated with HSCs,
and in vivo Nestin* cell depletion was shown to rapidly reduce HSC content in the bone
marrow and to reduce HSPC bone marrow homing [76]. In addition, sympathetic
nerves that are associated to Nestin* cells regulate circadian expression of CXCL12
[139]. Conditional knockdown of Scf in endothelial and perivascular cells was shown
to cause reduction in HSC frequency in BM [140], whereas deletion of Cxcl12 in
perivascular stromal cells (LepR*) and CAR cells revealed no effect in HSC and
progenitor numbers or reconstitution levels but increased mobilisation [141, 140]. In
another interesting study, quiescent HSCs were illustrated to preferentially associate
with arterioles, where high Nestin-expressing cells were observed, while proliferative

HSCs were found to be away from this niche [133].

Other types of cells known to regulate HSCs are the mature blood cells found in BM.
For instance, CD169* macrophages promote HSC retention by inducing CXCL12

production by Nestin* perivascular cells [142]. Also, megakaryocytes were shown to
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localise with a subset of HSCs and promote their quiescence through production of
CXCL4 and TGF-31 [143].

Thus, several niche cells have been shown to be important regulators of HSPCs not
only through direct contact but also through secreted signals. The diversity of these
signals provides multiple targets for new agents for haematopoietic recovery and to
increase stem cell yields for transplantation. Interactions between these signals must
continue to be explored to unravel the complex nature of the HSC niche. Of note,
alteration of the niche can also lead to a pathological microenvironment leading to
abnormal haematopoiesis (reviewed in [144]). Studies on benign and malignant BM
niche are crucial not only for the understanding of the basic biology of this system but
also to ensure a safe translation to the treatment of malignancies. Therefore, the
identification and characterisation of new niche components can not only elucidate

HSPC regulation but may also be exploited for therapeutic ends.
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[.2. NOTCH SIGNALLING IN HAEMATOPOIESIS

The canonical Notch signalling is an evolutionarily conserved pathway with a
fundamental role in many cellular functions including cell fate determination in most
developing tissues and organs, as well as cell differentiation, proliferation and survival
in adult tissues [145, 146]. The essential role of Notch signalling during development
is supported by the embryonic lethality that is associated with deficiencies in Notch
signalling in various model organisms, including worms, flies and mice. Notch signals
are used iteratively at different decision points to guide functional outcomes dependent
on gene dose and signalling context [147]. Indeed, aberrant levels of Notch signalling
are associated not only with human developmental anomalies but also with the
progression of several malignancies, where it can either promote an oncogenic or
tumour suppressive effect depending on the tissue and cellular context (reviewed in
[148]). Particularly, in the haematopoietic system, although Notch is a well-recognised
oncogene in several lymphoid malignancies (T-cell acute lymphoblastic leukaemia (T-
ALL), B-cell chronic lymphocytic leukaemia, splenic marginal zone lymphoma), more
recent studies are focusing on the role of Notch signalling as a tumour suppressor in

myeloid malignancies [148].

Notch signalling differs from a conventional signalling pathway triggered by the
interaction of soluble factors and their receptors. This pathway requires cell-to-cell
contact for activation through the interaction of a ligand and a receptor as
transmembrane proteins expressed on the cell surface, making it an ideal candidate
for instructing communication between a cell and other closely associated cells like
HSPCs and niche cells.

The importance of Notch signalling in haematopoiesis was firstly highlighted by its
association with haematological malignancies [149], motivating further efforts to
elucidate its role in HSC regulation and lineage determination. Moreover, Notch
receptors and ligands are widely expressed in the haematopoietic system, further

implying the importance of this signalling pathway in adult haematopoiesis.
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However, although Notch signalling proved a well-established role in HSC emergence
during development [150] and in T cell formation [151], its role in the maintenance of
adult HSCs has been controversial due to conflicting reports. Many studies have been
performed to elucidate the role of Notch signalling in HSPC regulation in a cell
autonomous and non-autonomous manner. These studies will be reviewed in this sub-
chapter to help understand the current stand on the role of Notch signalling in human

haematopoiesis.

[.2.1. THE NOTCH SIGNALLING PATHWAY

After over a century of its discovery, many biochemical and biological studies have put
together the details of the Notch signalling mechanism. This signalling pathway was
first studied in Drosophila where it was shown that the Notch gene encodes a large
transmembrane receptor that interacts extracellularly with membrane-bound ligands

encoded by the Delta and Serrate genes [152].

In a simplistic way, cellular outcomes mediated by canonical Notch signalling are
determined by a signal transduction mechanism in which proteolysis of a Notch
receptor is enabled upon effective binding to a Notch ligand, releasing the Notch
receptor intracellular domain (NICD) which translocates to the nucleus where it
associates with DNA-binding factor RBPjk and coactivators to enable the transcription

of Notch target genes.

[.2.1.1. NOTCH RECEPTORS AND LIGANDS

Notch receptors are single-pass transmembrane heterodimer proteins composed by
distinct protein modules (Figure 1.2). The extracellular region consists of a series of
N-terminal epidermal growth factor (EGF)-like repeats and it is followed by a
juxtamembrane negative regulatory region (NRR) comprised of three Lin12/Notch
repeats (LNR) and a heterodimerisation domain (HD). The intracellular region
comprises a protein-binding RBPjk-associated molecule (RAM) region, seven ankyrin
repeats (ANK), nuclear localisation signals (NLS), a transcriptional activation domain

(TAD), and a C-terminal degron domain rich in amino acids proline, glutamate, serine,
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and threonine (PEST) [153]. In mammals, four different Notch receptors Notch1-4 (N1-
4) have been identified, encoded by different genes. These receptors differ in the
number of EGF repeats (from 29 to 36) and also in the structure of their C-terminal

intracellular regions.
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Figure 1.2 - Structure of human Notch receptors. Abbreviations: ANK, ankyrin repeat domain; DSL,
HD, heterodimerisation domain; LNR, Lin-12/Notch repeat; NECD, Notch extracellular domain; NEXT,
Notch extracellular truncation; NICD, Notch intracellular domain; NLS, nuclear localisation signals;
NRR, negative regulatory region; PEST, proline, glutamate, serine, and threonine; RAM, RPBjk-
associated molecule; TAD, transcriptional activation domain; TM, transmembrane domain. Adapted
from [154].

In the extracellular domain (NECD), effective interactions with a ligand from
neighbouring cells (trans interactions) are known to be mediated by EGF repeats 11—
12, whereas inhibitory interactions with a ligand co-expressed in the same cell (cis
interactions) are mediated by repeats 24—29 [155]. Calcium-binding EGF repeats play
an important role in determining the structure and affinity of Notch to its ligands [156,
154]. The EGF repeats are followed by a NRR, identical between receptors, and are
considered as the ‘activation switch’ of the receptor, responsible for keeping the
receptor in an autoinhibited conformation and preventing ligand-independent

activation [157]. Disruption of this autoinhibition is frequently observed in T-ALL with
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mutations that affect the NRR from N1 receptor [158]. During trafficking to the cell
surface, Notch receptors undergo a series of maturation steps in the trans-Golgi
network that include glycosylation by enzymes like O-fucosyl transferase 1 (Pofutl)
and Fringe proteins (Lunatic, Manic, and Radical Fringe) [159, 160]. Additionally,
immature receptors are cleaved by a Furin-like protease at site S1 in an unstructured
region of the HD [161], originating the mature Notch heterodimer in which a Notch
extracellular subunit (NECD) and a transmembrane Notch subunit (NTM) are
associated by a calcium-dependent non-covalent bond [162]. In this structure, the
NRR stays enclosed between the ligand-binding and transmembrane domains,
adopting a conformation in which an extensive interface between the LNR and HD
domains buries a metalloprotease site (S2), the first cleavage site necessary for Notch

activation.

Intracellularly, the RAM domain is a high affinity binding module with a conserved WxP
(tryptophan-any amino acid-proline) motif, believed to be essential for co-repressors
displacement from DNA binding factor RBPjk by NICD [163]. An unstructured linker
containing one NLS sequence connects RAM to the ANK domain, which is followed
by an additional NLS and the TAD.

Unlike the RAM, ANK, and PEST domains, which are highly conserved, the TAD
shows substantial evolutionary divergence among the four mammalian Notch
receptors. N1 TAD is homologous to its Drosophila counterpart, while N2 contains a
similar TAD with weaker activity. In contrast, N3 contains a TAD that shares minimal
function and sequence conservation, while N4 does not possess one at all [164]. N1
TAD can directly interact with transcriptional coactivators [164] which can increase N1-
induced transcription by recruiting additional coactivators or stabilising the association
of acetyltransferase p300 with the Notch transcriptional complex [165]. Actually, N3
and N4 have a weaker transcription activation as compared to N1 and N2, and this
strength appears to be dependent on promoter context and the cooperation of RAM-
ANK and TAD domains within each Notch receptor [166]. Interestingly, N3 appears to
be able to repress N1-mediated activation through HES promoters due to competition
for RBPjk access and for a common coactivator present in limiting amounts [167].
Also, in a more recent report, N4 was shown to be able to inhibit N1 activation by
receptor cis-inhibition [168]. These reports indicate that under certain contexts N3 and

N4 receptors can play a role in the regulation of N1 signalling strength.
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Finally, the end part of the C-terminus of the Notch receptors contains a conserved
PEST domain, containing degrons that regulate the stability of NICD. Phosphorylation
of PEST domain is recognised by E3 ubiquitin ligases FBW7 that promote ubiquitin-
mediated degradation of the NICD. In addition to mutations in HD, the main N1 active
mutation in T-ALL affects the PEST domain, producing insensitivity to FBW7 [169].
Additionally, the levels of Notch receptors at the cell surface and therefore their
availability for ligand binding can be regulated by E3 ligases - Deltex, Supressor of
Deltex (Itch/AlIP4) - that control Notch receptor trafficking either towards lysosomal

degradation or recycling, impacting its half-life [170].

Regarding Notch ligands, there are also four functional ligands in mammals (Figure
1.3), all of which are single-pass transmembrane proteins: Delta-likel (DII1) and Delta-
like (Dll4) are members of the Delta family of ligands, and Jaggedl (Jagl) and
Jagged?2 (Jag2) that are members of the Serrate family of ligands. Delta-like 3 (DII3)
is incapable of activating Notch signalling and has been recognised as a decoy ligand,
since phenotypes observed in DII3-deficient mice are consistent with Notch gain of
function [171]. Notch ligands are also composed by an extracellular domain with a
variable number of EGF-like repeats but unlike the receptors, the ligands possess only

a small intracellular portion without distinct protein modules.
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Figure 1.3 — Structure of human Notch ligands. Abbreviations: DSL, Delta-Serrate-Lag2 domain;
MNNL, N-terminal domain of Notch ligand; TM, transmembrane domain. Adapted from [154].
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The extracellular domain of human Notch ligands is characterised by three related
structural motifs: a conserved MNNL (module at the N-terminus of Notch ligands)
domain, a distinct cysteine-rich DSL (Delta/Serrate/LAG-2) motif which is followed by
a series of iterated EGF-like repeats (both calcium-binding and non-calcium binding)
that precede the transmembrane segment. Jagged ligands also contain a cysteine-
rich domain between the EGF-like repeats and the transmembrane domain that is not
observed in Delta ligands [154]. Several mutagenesis and deletion studies previously
showed that the DSL domain conferred specificity of binding to Notch receptors which
is facilitated by the covalent linkage of EGF1 and 2 to the DSL [154].

Many studies have focused on investigating the secondary structure of Notch
receptors and ligands, as well as the structure of receptor-ligands complexes to
elucidate the extracellular regions that are involved in the binding interaction that leads
to a signal (reviewed in [154, 172]). Initial studies indicated that the DSL domain within
each ligand could interact with Notch EGF11-12, with possible involvement of
additional domains [153]. Recently, two landmark studies solved the X-ray structures
of N1-DIl4 [173] and N1-Jagl complexes [174]. These comparison studies between
receptor and ligand complexes revealed that the interface observed between N1 and
Dll4 was larger than between N1 and Jagl. This data supports other experiments that
demonstrated higher in vitro affinity of DIll4 for N1 compared to Jagl [175].
Interestingly, while N1-DIl4 interactions involve only EGF10-13, in N1-Jagl complex
additional interactions seem to occur between EGF1-3 in Jagl and EGF8-10 in N1.
This was demonstrated by the existence of catch bonds in which the strength of
interaction was shown to increase when greater forces or shear stress were applied.
This finding suggests that when a low force is applied, the Jag1/N1 interaction may be
unproductive, whereas for DII4/N1 may result in receptor activation, and this difference
may be important for the function of distinct ligands under different physiological

settings.

The concept of Notch activation requiring a pulling force was first introduced nearly
two decades ago when Parks et al. proposed that the mechanical strain generated by
receptor trans-endocytosis upon ligand binding somehow exposed the S2 cleavage
site [176]. However, only more recently, studies employed molecular force
measurements which demonstrated that forces between 4 and 9 pN were sufficient to

unfold the N1 NRR in response to DII1, and that allosteric interactions mediated by
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EGF repeats did not affect the force required [172]. The origin of this in vivo force
remains poorly defined, with the prevailing hypothesis being ligand endocytosis
mediated by ubiquitination of the ligand intracellular domain by E3 ligase Mind bomb1
(Mibl1) [177]. Nevertheless, how the ubiquitination mechanistically contributes to
endocytosis is still not understood, and alternative candidates for producing a “pulling
force” have been proposed to be associated to cell migration and shear stress

generated by blood flow [178].

Despite substantial advances there is still limited understanding on how much binding
affinities vary for different ligand-receptor pairs, and how much do regions that flank

the key interacting domains contribute to binding affinity and specificity.

As mentioned above, Notch receptors suffer post-translational glycosylation
modifications which modulate their relative response to ligands of the Delta versus
Jagged families. Indeed, modifications by Fringe potentiates interactions of N1 with
DII1 and reduces responsiveness to Jagl [179], although it is still unknown how these
modifications can inhibit Jagl-mediated activation. Nevertheless, these observations
suggest that the presence of specific Fringe enzymes could help to fine-tune the
response of Notch receptors to available ligands in different cellular environments.
Certainly, it is well established that different Fringe homologs modulate Notch-
mediated biologic processes in a specific manner, such is the case of Lunatic Fringe

in the haematopoietic lineage commitment and differentiation [180].

[.2.1.2. NOTCH SIGNALLING MECHANISM

Notch signalling is initiated when a productive trans interaction between a Notch
receptor and Notch ligand occurs, leading to the activation of the receptor through two

sequential cleavages (Figure 1.4).

Ligand binding produces a conformational change of the receptor releasing the
autoinhibition imposed by the NRR thus, allowing ADAM metalloproteases to cleave
at S2 site, which lies immediately externally to the transmembrane domain (Figure
[.2) [181, 182]. Both ADAM10 and ADAM17 have been implicated in S2 cleavage, with
reports suggesting that ADAM10 acts predominantly under physiologic conditions

[183, 184], whereas ADAML17 appears to be associated to ligand-independent
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pathophysiologic Notch activation [185]. S2 cleavage results in shedding of the NECD,
creating a short-lived membrane-bound form of Notch, termed Notch extracellular
truncation (NEXT) that is rapidly cleaved within its transmembrane segment at S3 site
by the y-secretase complex [186, 187] thus, releasing the NICD. Once released, the
NICD translocates to the nucleus and integrates a ternary transcription complex by
association to the DNA binding factor RBPjk (also known as CSL [for CBF1/ RBPjk
(C-promoter Binding Factorl/ Recombination Binding Protein jk), Su(H) (Suppressor
of Hairless), and Lag-1]), and the coactivator Mastermind-like (MAML) [188], to
activate transcription of Notch target genes.
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Figure 1.4 — Notch signalling pathway. Immature Notch receptors are subjected to cleavage by furin-
like proteases (S1), glycosylation by Pofutl (not shown) and Fringe glycosylases in the Golgi apparatus
before presentation of the functional form at the cell surface. Productive binding of the receptors with
ligands on neighbouring cells induces successive cleavages by ADAM proteases (S2) and y-secretase
(S3), releasing the intracellular domain of Notch that translocates to the nucleus and integrates a
transcription activation complex by association to the DNA binding factor RBPjk. Proteins shown in red
and green are co-repressors and co-activators of RBPjk, respectively [189].
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Despite the number of ligands and receptors, the DNA-binding protein CSL is the
centrepiece of transcriptional regulation in the canonical Notch pathway, acting as a
molecular hub for interactions with either corepressors or coactivators to repress or
activate transcription respectively [190]. In the absence of an active Notch signal CSL
acts as a transcriptional repressor through association with corepressor complexes
that keep the target enhancers silenced by recruiting histone deacetylases or other
modifying enzymes (reviewed in [191]). Although it was originally proposed that the
presence of the NICD could displace the co-repressors from CSL, recent studies have
challenged this model, suggesting that an exchange of entire complexes (rather than
co-activators substituting for co-repressors on DNA-resident CSL) is more likely [191].
Binding of the Notch transcription complex CSL-NICD-MAML recruits histone
modifying coactivators, like CBP/EP300 (CREB Binding Protein/ E1A Binding Protein
P300) or PCAF (P300/CBP-associated factor). This leads to rapid increases in the
deposition of chromatin marks on nucleosomes, including H3K4 trimethylation and
H2B ubiquitinylation in the promoters of Notch regulated genes, and H3K27 and
H3K56 acetylation in Notch-regulated enhancer elements, enabling transcription of the
target genes [191, 172].

Given the fact that all cell types use this common core complex (CSL/NICD) to mediate
Notch transcriptional responses, many studies have been focusing on how this
complex can regulate distinct sets of target genes within different cell types. In fact,
CSL DNA binding sites architecture, affinity, and combinatorial cis-regulatory logic
appear to differ between enhancers and are likely to contribute to target gene
specificity. Additionally, expression of cooperating factors and repressors differ within

different cell contexts enabling different Notch responses [191].

The best-characterised Notch targets belong to the Hes/Hey families, which codify for
bHLH (basic helix-loop-helix) proteins that in general, function as DNA-binding
transcriptional repressors. Expression of several members of the family (including
Hesl1, Hesb5, Hes7, Heyl, and Hey?2) depends mostly on Notch activity and are known
to participate in many of the Notch-assigned functions, including proliferation,
differentiation, apoptosis, self-renewal, and asymmetric cell division regulation, by
repressing key cell fate determinants and cell cycle regulators [192]. Hes genes are
generally responsible for Notch functions that require the inhibition of one specific cell

fate to allow the determination of an alternative fate (lateral inhibition). In addition,
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many components of the Notch pathway are themselves direct targets. For instance,
Deltex1 encodes a ubiquitin ligase that regulates Notch trafficking and was first shown
to be positively regulated by Notch thus, acting as a negative feedback regulator [193].
Other common targets include components of other signalling pathways, like positive
and negative regulators of Ras [194] and EGF receptor [195] pathways. The precise
nature of the Notch targets and the consequences for the cross-regulation of signalling
pathways are likely to differ depending on cell context. Importantly, Notch also directly
regulates expression of genes encoding proteins that actually implement cell
functions. For example, in T-ALL cells many of the direct targets are involved in
metabolism [196], while in several developmental contexts direct targets include

cytoskeletal regulators [197].

Although Notch mediates a number of biological processes through the canonical
pathway, a ligand- or CSL-independent (non-canonical) function of Notch has also
been reported. The most well-studied and conserved effect of hon-canonical Notch
function is the regulation of Wnt/B-catenin signalling, in which Notch titrates levels of

active 3-catenin (reviewed in [198]).

[.2.1.3. NOTCH EXPRESSION AND FUNCTIONS

Given that each Notch molecule undergoes proteolysis to generate a signal and thus,
can only signal once, regulation of either ligand or receptor availability at the cell
surface are key to control Notch activation. A simple way of regulating availability is to
restrict ligand and/or receptor expression spatially and temporally. Indeed, different
ligands and receptors can have overlapping as well as distinct expression patterns
during development and are subject to regulation by other signalling pathways
(reviewed in [199]).

N1 and N2 receptors are widely expressed in many tissues during development and
also in adult mammals. N3 expression is particularly found in vascular smooth muscle
and pericytes, while N4 is most highly expressed in endothelium. Accordingly, Notchl
[200] and Notch2 [201] knockout mice result in embryonic lethality associated with
developmental defects in many organs, whereas Notch3 [202] and Notch4 [200]

knockout mice are viable displaying multiple blood vessels defects.
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The presence of four mammalian Notch receptors and many ligands led to the
suggestion that each Notch protein may target a discrete set of downstream genes.
However, it has been reported that Notch receptors can display both unique [203, 150]
and redundant functions [204, 205] during development of different tissues.
Interestingly, it has been shown that Notch paralogs can have contrasting roles in the
same tissue, as observed in different stages of human breast cancer where N1 may

act as an oncogene and N2 may play a tumour-suppressor role [206].

Although expression patterns of ligands are less well defined than for receptors, some
knockout mice studies and congenital human disorders have revealed specific ligand
functions and preferred ligand-receptor pairs. For instance, knockout mice show that
expression of DIlI4 on thymic epithelial cells [207] and Notchl on haematopoietic
progenitors [151] are required to induce T cell development, in accordance with
biochemical studies showing that N1 has a higher affinity for DIl4 than for DII1 [175].
On the other hand, the DII1-Notch2 interaction is required for marginal zone B-cell
development [208, 209] and mast cell adhesion at inflammatory sites [210].
Additionally, DII1 and DIl4 appear to play distinct roles in vascular signalling [211] and
were even shown to have opposing effects on muscle differentiation [212, 213]. In fact,
Dll4 is unable to replace DII1 function in many tissues, leading to embryonic lethality
in mice when knocked into the DII1 locus [214]. Moreover, ligand specification has
been associated to N1 indispensable role in arterial specification and HSCs
emergence, given that DII4 deletion results in strong arterial defects [215], whereas
Jagl deletion impairs definitive haematopoiesis [216]. Accordingly, arterial endothelial
cells and HSCs originate from distinct endothelial precursors characterised by different
N1 signal strengths triggered by different ligands: Jagl was shown to produce low
Notch strength thus, inhibiting the endothelial programme and allowing HSC
specification, while DIl4 was demonstrated to induce high Notch activation by selecting
the endothelial fate [217]. However, it remains unclear whether these effects were
merely due to the spatial and temporal differences in expression patterns or if there
were underlying intrinsic differences in affinity among various ligand-receptor

complexes.

An interesting new study has started to shed some light on this subject, showing that
ligand identity can control Notch activity dynamics. In this study it was revealed that

DII1 induced a pulsatile N1 activation, whereas DIl4 triggered a sustained activation,
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which preferentially upregulated Hesl and Heyl/HeyL, respectively, producing
opposite cell fates in embryonic myogenesis [218].

Regarding the adult haematopoietic system, Notchl and Notch2 were first shown to
be expressed in human BM haematopoietic progenitors [219]. More recently,
expression of N1, N2 and N4 was also demonstrated at the protein level in UCB and
BM HSPCs, including in the more primitive CD34 - HSC population, which was
revealed to have higher Notch activation [27]. Accordingly, the expression of Notch
ligands in haematopoietic niche cells has been extensively reported [220]. So far, a
great number of studies have tried to understand the effects of Notch signalling in adult
haematopoiesis and in particular, the distinct roles of each receptor and ligand in the

niche context, which will be discussed in the following sections.

1.2.2. NOTCH SIGNALLING IN HSPC REGULATION

As previously mentioned, although it has been established an essential role for Notch
signalling during development of the haematopoietic system [150] and in T cell
specification [151], its role in the regulation of adult HSCs in physiological conditions

remains controversial due to conflicting reports.

Initial studies suggested that activation of Notch signalling in HSPCs was associated
with increased stemness, given that HSPCs expressing a constitutively active form of
N1ICD [221] or the Notch target Hesl [222] presented increased self-renewal
capacity. Further to this, activation of Notch signalling through exposure of
haematopoietic precursors to Notch ligands in vivo and in vitro, such as Jag1l [75], DIl1
[223] and soluble Jagl [224] also promoted stem cell self-renewal while inhibiting
differentiation.

Although these early reports suggested that Notch signalling could be a regulator of
haematopoiesis, it might be contested that this effect could likely to be due to super-
physiological levels of Notch signalling in vitro. Nevertheless, in an interesting study,
loss of Itch (an E3 ubiquitin ligase that controls Notch receptor degradation) in HSPCs
led to sustained levels of Notchl activation thus, functioning as an indirect Notch gain-

of-function approach [225]. Mice that were transplanted with Itch-deficient LSK cells
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had an expanded stem cell pool with enhanced haematopoietic contribution up to 24
weeks as compared to control LSK cells.

Despite these positive results that paved the way for approaches that allowed the
development of in vitro HSPCs expansion protocols [226, 227], the understanding of
the functional role of Notch signalling remains unclear as loss of function approaches
have led to the proposal that the Notch pathway is not required in steady-state

haematopoiesis.

[.2.2.1. NOTCH LOSS-OF-FUNCTION EFFECTS IN HSPCsS

A summary of the Notch loss-of-function studies and their effects on haematopoiesis

is presented in Table I.1.

In early reports, loss of Notchl [151] and Rbpj [228] have established the Notchl-
RBPjk-Hes1 axis as a major regulator of T cell differentiation, while no myeloid and B-
cell lineage defects were observed. Although these studies did not focus on HSCs,
LSK cells from a transgenic Notch reporter (TNR-GFP) mouse have been shown in a
subsequent study to harbour high Notch activity. In this study, the authors observed
co-localisation of c-kit* and GFP* cells in bone marrow sections and GFP expression
in primitive LSK cells by flow cytometry. Additionally, transplantation of murine Lin
cells transduced with dominant-negative Rbpj resulted in the depletion of HSCs

population after long-term reconstitution [229].

Moreover, as in other contexts, it is still largely unknown which Notch ligand/receptor
pairing is preferentially used by HSPCs or if the different receptor-ligand interactions
trigger different responses. Jagl was shown to be expressed on bone marrow
osteoblasts from mouse and human [75, 230]. However, both loss of Jaggedl and
Notchl in the bone marrow had no effect either on HSCs homeostasis, on
haematopoietic reconstitution after genotoxic insult or in cell numbers of stem and
progenitor subsets after bone marrow transplant [231]. Thus, this study excluded an
essential role for Jagl-mediated N1 signalling on HSCs self-renewal or differentiation.
However, these studies did not rule out the possible redundant effects from other
Notch receptors or ligands. Indeed, Varnum-Finney and colleagues demonstrated that

N2 specifically inhibited myeloid differentiation in vitro and promoted LSK cell self-
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renewal and repopulation following transplantation. However, under steady-state
conditions, neither loss of N1 nor N2 had any effect on the number of HSCs [232]. It
was also recently reported that activation of N2 mediated by EC-derived Jag2 was
essential for HSPCs recovery after myelosuppression, regulating HSPC cell cycle and
guiescence during regeneration [233]. Another recent study on the role of N2 found
that N2 blockade, but not N1, and N2 deficiency (Vav-Cre/Notch2M) |ed to increase in
HSPC egress from BM [234]. Interestingly, N2-blocked LSK and N2-deficient LSK
showed less cells in GO and more in G1, suggesting that N2 helps maintain HSPCs
guiescence. Nevertheless, BM HSPC homeostasis remained unaffected either in N2-
deficient mice or recipients of N2-deficient HSPCs. Although a mild decrease in
HSPCS subpopulations (MPPs, CMPs, MEPs and CLPs) was observed after N2
blockade, no effect in reconstitution capacity was observed after BM transplantation.
Accordingly, another study evaluated a pan-inhibition of canonical Notch signalling,
where LSK cells expressing a dominant negative form of MAML1 (dnMAML1) showed
comparable repopulation capacities to control LSK cells [235]. In contrast to the
observations of Duncan et al. [229], it is now generally viewed that mouse HSPCs cells
are in fact exposed to very low levels of Notch signalling in vivo (due to low Notch
receptors expression on mouse HSPCs). This could explain why loss of the canonical
Notch signalling reported in few studies failed to result in dramatic effects, whereas
exposing cells to super-physiological levels of ligands or NICD in vitro resulted in stem

cell self-renewal.

Despite this divergent data in mice, only more recently it was explored the role of Notch
pathway in human HSCs in vivo. Benveniste et al. directly compared the effects of
blocking canonical Notch signalling by overexpressing dnMAML1 in human purified
HSCs in vitro and in vivo [236]. In this study the authors claimed that, similar to the
mice system [235], excluding the blockage of T-lineage development from dnMAML1-
HSCs, there was comparable contribution to all haematopoietic lineages in a
transplantation competition assay between control- and dnMAML1-HSCs. On the
other hand, in vitro dnMAML1-HSCs showed both blocked T-cell differentiation and
impaired HSCs maintenance/expansion. Nevertheless, a more cautious evaluation of
the engraftment assay in this study could infer a different interpretation. Firstly, it
should be noted that the frequency of the engrafted human dnMAML1-HSCs
population was half as compared to controls and secondly, the total number of
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dnMAML1 engrafted cells (CD45%) was more than double than in control mice. Thus,
the authors claim that the total number of engrafted dnMAML1-HSCs was comparable
to control HSCs might not be correct, as the frequency of dnMAML1-HSCs was

reduced, likely due to increase in differentiation leading to expansion of total human

CD45" cells.

Table I.1 — Studies of Notch signalling in HSPCs regulation

Effect on general

Effect on

el EEE SIPEElES haematopoiesis HSCs/HSPCs B
Impaired T cell
Notchl development; Myeloid
deletion Mx1-Cre Mouse and B cell development ND [151]
is normal
Rbpi Impaired T cell
development; Myeloid
deletion Mx1-Cre Mouse  ,nd B cell development ND [228]
is normal
; Accelerated
dnRBPjk (O)fv g;ﬁxﬁiilg Mouse differentiation towards B | Depletion of LT- [229]
LSK cells . and myeloid cell HSC
dnRBPjk lineages
Jagged1 and No effect on progenitor
Jaggedl/ nor mature lymphoid,
Notch1 Mx1-Cre Mouse myeloid and erythroid Normal LSK [231]
deletion lineages
dnMAML1 Overexpression Impaired T cell
LSK cells of dnMAMLL1 development but normal
Mouse myeloid and B cell Normal HSCs [235]
Rbpj deletion Mx1-Cre development
Notchl and Myeloid and B cell
Notch2 Mx1-Cre Mouse development normal in Normal HSCs [232]
deletion steady state
; Impaired T cell Reduced
dnMAML1 2;/3;?\;(2:333'?: Human development but normal frequency but [236]
HSCs I myeloid and B cell higher HSCs
UCB cells development numbers
Higher
engraftment
y-secretase DAPT . L (increased
S - L Early differentiation of :
inhibitor administration in | Human HSPCs generation of [27]
(DAPT) Vivo CD34*CD38"
from CD34"
HSCs)

ND: not determined
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Furthermore, it is important to consider possible non-canonical functions of the Notch
receptors as a compensatory mechanism. In fact, it has been described that exposure
to DII1 can rewire IL-6 mediated signal in human CD34* cells through non-canonical
mechanisms that reduce membrane-bound IL-6 receptor expression, converting

progenitors from being directly IL-6 responsive, reducing myeloid differentiation [237].

Importantly, it should be noted that the more primitive population, defined as Lin'CD34"
CD38°CD93" (-/-/+), has higher Notch activity than the more mature but still enriched
CD34* HSCs population (Lin"CD34*CD45RA CD90*CD49f*). Indeed, the engraftment
potential of the -/-/+ HSCs was demonstrated to increase after several administrations
of the y-secretase inhibitor DAPT in a xenograft model [27]. Although a more
prolonged DAPT administration was shown to further increase human engraftment,
this occurred at the expense of CD34" cells that are normally derived from the
transplanted -/-/+ HSCs. These results suggest that the activation of the Notch
pathway is important for the maintenance of the human HSCs repopulation capacity.
However, the potential effects induced by the microenvironment was not determined

in this study since DAPT treatment may have also affected the niche cells.

Therefore, although these discrepancies suggest possible differences of Notch
signalling effects on murine and human systems, this uncertainty underlies the need

for having more stringent and well-described methods to disrupt Notch signalling.

[.2.2.2. NOTCH LOSS-OF-FUNCTION EFFECTS IN MYELOPOIESIS

While the previous studies focused on the performance of Notch defective HSPCs,
several other studies have evaluated mouse models in which different members of the
Notch pathway were deleted in the BM microenvironment, considering non-cell
autonomous effects. Table 1.2 summarises some of these studies which have
determined that Notch loss-of-function in the BM compartment frequently leads to the

development of a myeloproliferative disease (MPD) phenotype.

In an early report, deletion of y-secretase members Presenilinl and 2 resulted in an
expanded granulocytic compartment in mice with signs of MPD, although no effects
were observed in a side population (primitive population identified by a subset of Sca-

1* cells capable of excluding dyes such as Hoechst33342) [238].
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As previously mentioned, Notch receptors are subjected to post-translational
modifications. FX (homolog of human GDP-L-fucose synthase) enzyme mediates the
addition of N-acetylglucasamine residues [239], which are essential for proper
interaction with ligands [240]. Fx’ mice developed a fucosylation-dependent
myeloproliferative phenotype, with expanded Grl* granulocytes and Terll9*
erythrocytes [241] . Additionally, these mutant mice showed increased CMP, GMP and
MEP compartments, while CLPs were significantly reduced. Similar to FX-deficient
cells, Pofut-deficient marrow progenitors have defective O-fucosylation of Notch
receptors disabling their ability to bind to Delta-like ligands. Mice with pan-
haematopoietic (Mx1-Cre) deletion of Pofut had increased numbers of myeloid cells
and progenitors and reduced lymphocytes. In fact, overexpression of N1ICD in Pofut-
deficient cells was able to rescue T cell development and myeloid hyperplasia,
suggesting a role for O-fucose-dependent N1 activation [242]. Interestingly, these
observations suggest that Notch must be important at the multipotent progenitor stage,
where the fine-tuning of the pathway regulates the lymphoid versus myeloid cell fate

decisions.

In addition, using two Cre lines, MMTV-Cre and Mx1-Cre, Kim and colleagues showed
that the loss of Mibl, an essential component for Notch ligands endocytosis, led to
MPD originated from the LSK population [243]. Interestingly, transplantation of BM
cells from TNR-GFP mice showed that LSKs from reconstituted Mib1-mutant mice had
the same level of Notch activation as wild-type cells, meaning that the MPD was not
being caused by defective Notch receptor cleavage in HSPCs. In fact, the constitutive
expression of N1ICD in Mibl-null microenvironment significantly delayed the
development of MPD, suggesting that defective Notch signalling between the niche
cells caused the MPD phenotype. Nevertheless, this data suggests that appropriate
Notch signalling among the BM niche is required for LSK cells. In another study, the
metalloprotease Adam10 was deleted in the bone marrow compartment, which led to
both cell-autonomous and non-cell-autonomous MPD characterised by increased
granulopoiesis and HSCs pool [244]. This suggests once again that proper Notch

signalling must be maintained not only in HSPCs but also in the BM microenvironment.
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Table 1.2 — Studies of Notch signalling in myelopoiesis

Mouse model Phenotype Effect on stem cells Ref.

Psen1*/Psen2” MPD (expanded Normal side population [238]
granulocytes)

Fx MPD Normal LSK [241]

MMTV-Cre/Mib 1 MPD (expanded Expanded LSK [243]
Mx1-Cre/Mib 1 granulocytes)

Mx1-Cre/Pofut™ Increased neutrophils ND [242]

Mx1-Cre/Adam10¥ MPD (expanded Expanded LSK [244]
granulocytes)

Mx1-Cre/Ncstn'/ CMML-like Expanded LSK [245]

Mx1-Cre/Rbpj MPD Expanded LSK [246]

Tie2-Cre/Rbpj™
Vav-iCre/dnMAML 1" Increased GMP but no Normal LSK and LT-HSC [247]
myeloid neoplasm Decreased myeloid
potential
Mx1-Cre/Rbpjf Normal No effect [248]

Vav-Cre/Rbpj"

ND: not determined

Importantly, a subsequent work from Aifantis’ group revealed that mice transplanted
with Nicastrin (y-secretase component)-deficient HSCs developed a human chronic
myelomonocytic leukaemia-like disease with an expanded LSK compartment. This is
one of the few studies that attempted to understand the mechanisms behind this effect,
showing that Nicastrin-deficient LSK cells had a de-repressed myeloid program, which
is thought to be carried out by Hes1-mediated inhibition of Cepba and Spil expression
[245].

In another interesting study, Carlesso’s group showed that conditional deletion of Rbpj
using Mx1-Cre led to MPD [246]. When performing reciprocal transplantation
experiments, the authors observed that the mutant-LSK pool was significantly
increased but the GMP, CMP and MEP subsets were unaffected in wild-type mice,
showing similar survival compared to the control cohort. In contrast, when
transplanting wild-type HSPCs into mutant mice, CMPs and GMPs in BM and spleen

were significantly increased similarly to the parental Rbpj’ mice, resulting in lethal
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MPD. Interestingly, the disease evolved faster after BM transplant. Additionally, the
wild-type LSK pool in mutant recipients was less affected than in parental Rbpj”- mice
or when mutant cells were transplanted into wild-type mice, demonstrating a cell-
autonomous contribution of RBPjk in HSCs regulation. However, this also suggests
that cell autonomous loss of Notch activation is not sufficient to develop a myeloid
disease, while loss of Notch signalling in the microenvironment induces lethal MPD in
a non-cell-autonomous manner. Mechanistically, deletion of RBPjk led to increase in
miR-155 expression in BM niche cells where interestingly the NICD/RBPjk complex
acts as a transcription repressor of miR-155. miR-155 up-regulates NF-kB activation
by targeting one if its inhibitors kB-Ras1, leading to increased expression of G-CSF
and TNFa (tumour necrosis factor a) thus, inducing a persistent inflammatory state in
the BM.

Contrasting to these results however, two different reports recently published indicated
that loss of Notch signalling in vivo was insufficient for the development of MPD [247,
248]. In one study, the authors used a mouse model with dnMAML1 expression under
the inducible Vav promoter, arguing this model should yield a more specific disruption
of canonical Notch signalling than deleting Nicastrin (which has other substrates
besides Notch) and that Mx1-Cre requires an interferon response for induction which
can alter stem cell function and induce proliferation of myeloid cells [247]. Although
there was a significant increase in GMPs, associated to a decrease in CMPs, there
was no effect on the LSK and LT-HSC populations. This phenotype was not sufficient
to generate myeloid neoplasms though this study does not discard a role for Notch
signalling in myelopoiesis. In another recent study, the authors evaluated the deletion
of Rbpj using the constitutive Vav-Cre and the inducible Mx1-Cre. In direct contrast to
the results from Carlesso’s group [246], no distinct defects were observed at any
progenitor stage of myeloid lineages in RBPjk -deficient mice under steady-state or
regenerative conditions. Although these results are in in agreement with early reports
of unaffected myeloid potential in RBPjk-deficient mice [228], the authors did not
provide any explanation for the discrepancy between the studies using the same

genetic approach.

Overall, inhibition of Notch through the loss of different regulators of the pathway
seems to lead to expansion of haematopoietic progenitors. This can probably result

from early differentiation induced by the loss of a quiescent state imposed by Notch
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signalling. It would be relevant to clarify whether this effect leads to stem cell pool
exhaustion or if in some cases, stem cells can divide seemingly indefinitely as has
been previously described [225]. But most importantly, these studies demonstrate that
Notch activation via Notch ligand-receptor interactions between niche cells is also
required for normal haematopoiesis. Altogether these studies highlight the importance
of Notch signalling in the BM microenvironment for the proper regulation of

haematopoiesis.

[.2.2.3. NOTCH SIGNALLING IN THE HAEMATOPOIETIC NICHE

Due to the close contact required for Notch signalling communication, several studies
have evaluated the presence and functions of Notch ligands in the different bone
marrow niche cells (endothelial cells, osteoblasts, and mesenchymal stromal cells)

that are able to support HSPCs in vitro or appear closely associated to them in vivo.

Indeed, bone marrow endothelial cells express Notch ligands and its expression can
be regulated by pro-inflammatory stimuli in vitro and in vivo [249]. In a study by
Fernandez and colleagues, Jagged ligands expression was observed in the human
BM endothelial cell line BMEC and primary human BM endothelial cells. In addition,
their ability to expand haematopoietic progenitors in an in vitro co-culture system was
shown to be dependent on Notch signalling. The authors have also demonstrated that
the ligand density and Notch signal intensity could result in different degrees of HSPCs
expansion. Furthermore, in vivo pro-inflammatory cues (TNFa, LPS) caused an
increase in Jag2 expression on endothelial cells and in N1 and N2 receptors on

haematopoietic progenitors, which led to increase in Notch activation [249].

Later on, a comprehensive study by Butler and colleagues showed that endothelial
cells are able to support long-term expansion of Notch activated (TNR-GFP*) LSK
HSPCs, but not Notchl and Notch2 defective HSCs (Notchl”Notch2/-CD34 Flt-3-
LSK) [137]. The authors also demonstrated in their experimental settings that when
exposed to soluble SCF in vitro, HSCs were shown to secrete vascular endothelial
growth factor A (VEGF-A) thus, stimulating the translocation of Jag2 ligand on the
endothelial cells surface, which then supported the expansion of the HSCs by

interacting with N1 and N2 receptors. Furthermore, in vivo inhibition of both VEGFR2
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and VE-cadherin, essential for endothelial angiocrine signalling, led to a profound
decrease in the instructive capacity of endothelial cells. This caused impaired
reconstitution of TNR-GFP* haematopoietic cells after sub-lethal irradiation due to a
significant decrease in the regeneration capacity of TNR-GFP* HSCs. These results
highlight the importance of Notch communication in the vascular niche, revealing that
during haematopoietic recovery angiocrine expression of Notch ligands is essential to

balance the expansion and differentiation of HSCs.

Consequently, in vivo conditional deletion of Jagl in endothelial cells (VE-cadherin-
Cre) caused a decrease in the number of phenotypically and functional HSCs in steady
state, which was associated with a significant reduction in Notch activation in LSK
HSPCs [138]. In fact, mutant mice showed deficient haematopoietic recovery after
sub-lethal irradiation leading to reduced survival rate. Moreover, in vitro co-cultures
with endothelial cells from mutant mice resulted in greater haematopoietic expansion
exclusively from differentiated cells with a significant increase in myeloid cells [138].
These data emphasise the importance of niche Jagged ligands in balancing expansion
and differentiation of HSPCs, demonstrating that Notch signalling activation by BM
endothelial cells through Jagl ligand is essential to maintain homeostatic and

regenerative haematopoiesis.

Of note, this data contradicts the observations of Mancini et al., in which conditional
deletion of Jagl driven by the Mx1 promoter had no effect on haematopoietic
regulation at steady-state or regenerative conditions [231]. The authors of the latter
study verified that while the VE-cadherin-Cre efficiently deleted the floxed Jagl in BM
endothelial cells whereas the inducible Mx1-Cre system did not. These data indicate
that the observations of Mancini et al. could be associated with the lack of deletion of

endothelial-specific Jagl.

Apart from endothelial cells, other bone marrow stromal cells have also been shown
to be associated to HSPCs regulation via Notch signalling. A subset of human CD146"*
perivascular MSCs was found to support long-term culture of functional human HSPCs
partially through Notch activation [250]. Indeed, CD146* perivascular cells express
high levels of Jagl and Notch activation was observed to be significantly higher in
HSPCs co-cultured with CD146" cells than in co-cultures with total MSCs or CD146-
cells [250]. Moreover, Notch inhibition with DAPT resulted in decreased HSPCs
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number and CFUs and increased B-cell differentiation. These results suggest that
CD146" perivascular cells can also regulate self-renewal and lineage commitment of
HSPCs through Notch signalling [250].

Interestingly, a recent study shed some light on the human BM niche in vivo by
analysing human bone biopsy specimens and human-mouse xenografts. This study
revealed that HSCs with superior regenerative and self-renewal capacity tend to
localise in the endosteal regions of the trabecular bone area (TBA) [230]. These HSCs
were described to have distinct molecular activation enriched with Notch signalling
signature compared to HSCs from the long bone area (LBA). Particularly within the
TBA, phenotypic human HSCs and HPCs preferentially locate in the endosteal over
vascular regions [230]. The authors also showed that osteoblasts from the TBA were
found to have increased expression of Notch ligands Jagl, Jag2 and DIl4 compared
to osteoblasts from the LBA, consistent with the HSCs activation profile. In particular,
a 3-fold higher proportion of Jagl-expressing osteoblasts was detected in the TBA
compared to LBA and Jagl-binding HSPCs were found to have higher CFU capacity
and repopulating capacity. Upon Notch inhibition with DAPT treatment in vivo, total
human engraftment and HSPCs numbers were not affected in the LBA, whereas a
significant reduction in the TBA was observed, suggesting that only this region is
sensitive to Notch inhibition leading to an overall reduction in human engraftment in a
region-specific manner. These observations support a critical role of Notch signalling
in HSCs regulation through interactions with specific BM niche cells.

In a subsequent study, further investigation on the role of endosteal osteoblasts in
HSCs regulation showed that osteoblast ablation (Col2.3Atk) led to reduced
quiescence, long-term engraftment and self-renewal capacity of HSCs [251].
Moreover, osteoblast ablation in a transgenic chronic myeloid leukaemia mouse model
showed accelerated leukaemia progression with reduced survival compared to control
mice. In this mouse model, osteoblasts were found to express high levels of Jagl and
co-culture of leukemic or normal HSCs with stromal cells expressing Jagl resulted in
reduced cell cycling and total cell numbers. These data suggest that Jagl signalling
in the osteogenic niche is essential for maintaining HSCs quiescence and long-term

self-renewal capacity.
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Finally, to further evidence the importance of Notch ligands in the osteogenic niche, in
humanised mice with human Jagl-expressing osteoblasts, human HSPCs
repopulation was higher than in control mice [252]. In addition, mice with human DI|1-
expressing osteoblasts developed severe osteoclerosis, which suppressed the
generation of human B lymphocytes and retention of human HSPCs in the bone

marrow [253].

Altogether, these studies highlight the importance of Notch signalling in the osteogenic
niche for regulation of HSCs self-renewal and quiescence, particularly through Jagl
in the trabecular bone area, where interactions and Notch activation seem to be
higher. However, the activated Notch receptors and the molecular mechanisms behind
this regulation are still not understood and a more comprehensive study is necessary
to clearly identify the functions of the different ligands on HSPCs regulation both in

vitro and in vivo.
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[.3. NOTCH SIGNALLING IN HAEMATOPOIETIC
STEM CELL EXPANSION

In clinical settings, haematopoietic stem cell transplantation (HSCT) is used to treat
high-risk  haematological malignant disorders and other life-threatening

haematological and genetic diseases (reviewed in [254]).

HSPCs for HSCT can be harvested from BM, which requires an invasive procedure
for BM aspiration from the posterior iliac crests. Alternatively, these cells can be
obtained from G-CSF mobilised PB which is non-invasive and produces more rapid
haematopoietic reconstitution as compared to BM cells. However, in allogeneic
settings, PB transplant is associated with increased incidence and prolonged
treatment of chronic graft-versus-host disease (GvHD) [255, 256], due to the higher T

cells content.

GvHD is one of the major complications of allogeneic HSCT consisting in an
aggressive immune response of the donor T cells believed to be stimulated by tissue
injury resulting from prior conditioning regimen [257]. Although mortality is
considerably lower with autologous transplantation than with allogenic transplantation,
the absence of graft-versus-tumour activity in autotransplantation reduces its
effectiveness. Moreover, autologous grafts can be contaminated with tumour cells

which contributes to relapse in haematological malignancies.

UCB emerged as an attractive alternative source of HSPCs for allogeneic transplant,
considering that in contrast with the two other sources, is non-evasive and easily
accessible. Additionally, due to immunological immaturity of the immune cells, CB-
derived cells require less stringent HLA matching being less likely to cause GVHD,
without losing the graft-versus-leukaemia effect [258]. The first successful UCB
transplantation was performed in 1988 to treat a paediatric patient with Fanconi’s

anaemia [259].

Nevertheless, UCB transplant is limited by the blood volume that can be collected from
the cord and placenta and the number of total nucleated cells (TNCs) which can vary
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widely (9.8x108+4.7x10% [260]). Therefore, given the therapeutic numbers
recommended — >3x107 TNCs/kg or 22x10° CD34"* cells/kg — UCB transplantation is
usually only a viable option for paediatric patients, being associated with graft failure
in adults [261]. Alternatively, the use of two partially HLA-matched UCB units may
overcome the cell-dose barrier that limits UCB transplant in many adults and
adolescents [262]. However, a randomised clinical trial comparing one-unit versus
two-unit UCB transplantation did not observe any survival benefit using the double unit
and was actually associated with higher incidence of severe GvHD [263]. Moreover,
due to their more primitive nature, haematologic and immunologic reconstitution is
slower with UCB grafts and delayed neutrophil engraftment has been associated with

early transplantation-related mortality mainly due to infection [264].

In order to overcome these limitations of UCB transplantation, the ex vivo expansion
of UCB HSPCs has gained significant interest in the experimental haematology field.
Indeed, compared to adult BM-derived HSPCs, UCB progenitors have higher
proliferative potential, reportedly up to eightfold and four times more CD34* cells.
Furthermore, UCB contains higher frequency of transplantable HSCs, higher output of
progenitor cells, more CFUs, higher cell-cycle rate and a relatively long telomere
length [265-267].

However, it has been constantly debated that expanded HSCs have less potency for
engraftment and haematogenesis compared to unexpanded HSCs thus, preclinical
studies have continuously been focusing on increasing the potency of expanded
HSCs. The major hurdle to tackle in HSPCs ex vivo expansion protocols is the balance
between HSCs self-renewal and differentiation, which has been stalled by the
uncomplete understanding of HSPCs hierarchy and regulation. The following sections
review some of the main work towards HSPCs expansion, with focus on the use of
Notch ligands which have shown to promote stem cell self-renewal while inhibiting
differentiation [75, 223, 224].

[.3.1.  EXvivo EXPANSION OF UCB HSPCs

As previously explained, the therapeutic potential of an UCB unit could be maximised

through ex vivo expansion methods that allow not only the increase in stem cells with
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haematopoietic reconstitution potential, but also the selective expansion of short-term
engrafting HSPCs that will allow rapid recovery from pancytopenia thus, decreasing
early morbidity and mortality. Also, the combination of an ex vivo expanded unit with
an unmanipulated UCB unit might prove to be a beneficial strategy since it would
provide more rapid initial haematopoietic reconstitution (expanded cells) and long-
term sustainable haematopoiesis (unmanipulated cells). In fact, this approach has
been implemented in some clinical trials as it improves safety (back-up in case
expansion fails or interferes with engraftment) and offers the possibility to track each
unit engraftment contribution overtime based on the genetic differences between
grafts [268, 269].

Current expansion protocols for UCB HSPCs are still in development and evolving
continually with the increase in understanding of cell-intrinsic and cell-extrinsic (BM
niches) regulators of HSC self-renewal, fostered by the advances in cell and molecular
technologies. Early studies focused on the optimisation of cocktails of cytokines and
growth factors such as SCF, TPO, and FIt3L that are still widely used. However, these
cocktails generally fail to promote efficient HSCs self-renewal by themselves and are
known to induce differentiation, suggesting that additional factors are required. In
recent years, several developmental factors and chemical compounds, have been
reported to affect HSC self-renewal and are being explored in combination with

cytokine-based expansion cultures.

[.3.1.1. CYTOKINES AND GROWTH FACTORS

In early studies, the effects of single cytokines and growth factors and their
combination have been investigated on murine and human HSPCs in vitro cultures
(reviewed in [270]).

SCF is one of the first identified cytokines used in HSC expansion and remained an
essential component in many cocktails. However, much like TPO and FIt3L, although
able to stimulate proliferation of progenitor cells, their individual potential to induce
HSC expansion is insufficient [271, 272]. SCF and FIt3L have been considered key
cytokines for HSC expansion, since c-Kit and Flt3, the tyrosine kinase receptors for

SCF and FIt3L, respectively, were shown to transduce signals crucial for HSC
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development [273, 274]. TPO, a ligand for c-Mpl, was originally identified as a primary
regulator for megakaryopoiesis, but was also shown to promote the expansion of
primitive haematopoietic cells [275, 276]. Additionally, c-Kit and FIt3 signals can
synergise with glycoprotein (gp)130 signal mediated by a complex of IL-6 and soluble
IL-6 receptor (IL-6/sIL-6R) to stimulate the expansion of HPCs [277, 278]. On the other
hand, the effect of IL-3 is controversial, showing a negative impact on HSC expansion
in some studies [279] but not in others [280, 56].

Therefore, several combinations of cytokines and growth factors were explored with
SCID transplantation assays demonstrating that SCF, FIt3L and TPO are crucial for
the expansion of SRC [56, 18, 281]. Indeed, this was first demonstrated by two
independent studies from Dick’s and Eaves’ groups which achieved 2—4-fold increases
in UCB SRCs after 4 days [280] or 5-8 days [56] of culture in complex growth factor
cocktails of FIt3L, SCF, G-CSF, IL-3 and IL-6. Later on, another study reported a 4.2-
fold expansion of SRCs in a 7-day culture with a novel cocktail combination of FIt3L,
SCF, TPO and IL-6 and the soluble IL-6 receptor, in which the latter was included to

maximise the IL-6 signalling in cells where receptor density might be limiting [279].

However, despite examining a wide range of single and complex growth factor
cocktails, HSC expansion obtained with these protocols was still modest and
dramatically less than the readily achievable multilog expansion of progenitors. Work
of Conneally et al, demonstrated a robust 100-fold CFU expansion compared to a 2-
fold SRC expansion [56]. However, these conditions were not able to sustain the
output of rigorously defined repopulating HSC beyond a very limited time of culture.
For example, Bhatia and colleagues observed that the reconstitution ability of the
expanded HSPCs was lost after 9 days of culture despite further increase in the total
number of CD34+ cells, which suggests an exhaustion of the HSC pool [280]. In fact,
a recent study by Knapp et al. indicated that the FIt3L, SCF, G-CSF, IL-3 and IL-6
cocktail might only regulate short-term (4 days) survival and proliferation of human
HSCs, rather than maintenance of functional long-term HSC in vitro [282].

Furthermore, cytokine-based expansion protocols were translated into clinical trials
where no significant differences in haematopoietic recovery were obtained [283].

Thus, these poor outcomes using cytokine only ex vivo expansion protocols clearly
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suggest the need for additional factors to support in vitro HSC maintenance and

expansion.

Clues to extrinsic mediators of HSC self-renewal emerged from a broader
understanding of the key receptor signalling pathways involved in the development
and maintenance of the haematopoietic system. For instance, several bone
morphogenic proteins (BMPs), which have critical roles in haematopoietic
specification, were tested in cultures of UCB Lin-CD34+CD38- cells together with
multiple haematopoietic cytokines, revealing that BMP4 exclusively was able to extend
the period in which cells with repopulating potential could be recovered from culture,
suggesting a role in HSC survival that could be useful for achieving enhanced stem
cell expansion in vitro [284]. Nevertheless, some of the most compelling evidences of
early developmental growth factors impacting HSC self-renewal came from in vitro
studies of Notch signalling which will be explored in more detailed further ahead.

[.3.1.2. SMALL MOLECULES

Identification of small molecules has significant interest since they are capable of
penetrating into the cell and target cytoplasmic components of an intrinsic pathway
unlike growth factors or cytokines. Moreover, they can be easily produced and are cost
efficient. High-throughput screenings of thousands of molecules have been used to
find new compounds by testing their potential for HSCs ex vivo expansion (reviewed
in [285]).

A major break-through in the field was achieved by Cooke’s group that used high-
throughput technology for an unbiased screen of factors that could expand human
HSCs [286]. They screened a library of 100,000 small molecules in serum-free
medium containing TPO, SCF, FIt3L and IL-6 and successfully found a purine
derivative, StemRegenin 1 (SR1), shown to be able to promote a 50-fold expansion of
UCB-derived CD34+ cells and a 17-fold increase in long-term SRCs. SR1 is an
antagonist of the aryl hydrocarbon receptor (AhR), which was shown to express in
human HSCs and associated to pathways regulating haematopoiesis, including HES-
1, c-Myc, C/EBP, PU.1, B-catenin, CXCR4, and Stat5 [287] dependent processes.
However, the exact mechanism by which SR1 induces HSC expansion is not known

yet. Recently, a clinical study evaluated double-unit UCB transplantation where one
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unit was expanded for 15 days with SR1 [269]. This study successfully demonstrated
early neutrophil and platelet recovery and better engraftment in patients that received
expanded CD34+ cells as compared to patients that received equal numbers of
CD34+ cells from unmanipulated UCB. In addition, the marked expansion of CD34+
cells with SR-1 can ameliorate the limitation of cell dose in recipients of UCB and allow
the use of UCB units with less cells.

A later preclinical study from Sauvageau’s group found a pyrimidoindole derivative
(UM171) that promoted human HSC self-renewal and ex vivo expansion in an AhR-
independent manner given that the expression of AhR targets (AhRR and CYP1B1)
were not altered upon UM171 treatment [288]. In this work, a library of 5280 low-
molecular weight compounds was screened for their ability to expand human PB
CD34+CD45RA- cells (population enriched in LT-HSCs). A further screen of 300
analogs of a promising AhR-independent compound led to the discovery of UM171
with superior ability to stimulate the expansion of HSC-enriched population. In fact, the
authors showed that UM171 resulted in higher expansion of CD34+CD45RA- cells than
SR1, although CD34+ cell frequencies were similar, suggesting that UM171 targets
phenotypically more primitive cells than those targeted by SR1. Also, simultaneous
addition of SR1 to UM171 showed that there was a cooperation to enhance ex vivo
expansion of progenitor cells and to suppress differentiation, since SR1 alone induced
CD45RA" cell proliferation that was inhibited upon addition of UM171. A very recent
small clinical study just proved the safety and efficacy of UM171 expanded UCB,
achieving fast neutrophil recover (median of 10 days) [289]. Therefore, UM171 and
SR1 may represent promising chemical compounds for clinical ex vivo expansion of
human HSCs. However, the mechanisms of SR-1 or UM171-mediated HSC self-

renewal and differentiation block are unknown.

Another promising compound, the small lipid mediator prostaglandin E. (PGE.), was
identified as a regulator of HSC self-renewal using library screens in
zebrafish. Hoggatt et al. reported an improved engraftment of mouse HSPCs cultured
with PGE: which remained upon serial transplantation, suggesting an effect on LT-
HSCs [290]. It was later shown in UCB HSPCs that PGE: was able to both activate
general cell survival and proliferation pathways but also to lead to a specific cytokine
response [291, 292]. In a preclinical study, treatment with PGE: improved engraftment
of UCB HSCs into NOD/SCID mice and autologous transplantation of treated PB
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HSCs in non-human primates showed stable long-term engraftment [291]. This was
followed by a two-year clinical trial for double-unit UCB transplantation with one
unmanipulated unit and one with a 2-hour ex vivo pulse of PGE2. This study
demonstrated clinical safety of PGE. treatment and improvements in neutrophil

recovery and overall engraftment, giving grounds for phase Il clinical trial [292].

Another group of molecules that has been considered for HSCs expansion are pan-
inhibitors of DNA methylation, based on the observation that DNA hypermethylation
occurs during culture expansion of HSCs and is correlated to loss of proliferation and
engraftment capacity [293]. Among various genes that were shown to be methylated
during ex vivo expansion were genes that play a central role in the haematopoietic
development and immune response, suggesting their relevance for the rapid loss of
stemness during in vitro manipulation, although the mechanistic pathways still need to
be elucidated [293]. Nonetheless, DNA methyltransferase inhibitors including histone
deacetylase inhibitors like valproic acid (VPA) [294], 5-aza-2'-deoxycytidine (aza-D)
[295] and nicotinamide (NAM) [296], were tested for their efficacy in reducing
hypermethylation of the regulatory or marker genes during UCB HSPCs ex vivo
expansion, showing promising results in xenotransplantation assays. In particular,
NAM, an inhibitor of SIRT1 (class Il NAD(+)-dependent-histone-deacetylase)
promoted an 80-fold increase in CD34" cells, by delaying differentiation and increasing
homing and engraftment efficacy of UCB CD34* cells when cultured with cytokines
[296]. In fact, recent results of a phase I/1l clinical study using only one expanded UCB
unit, revealed reduction in neutrophil recovery by 9.5 days (median time of 11.5 days)
and platelet recovery by 12 days compared to standard UCB transplant [297]. While
in a first clinical study a second unmanipulated UCB unit was co-infused with the NAM
expanded unit to maintain patient safety [268], long-term follow-up revealed stable
haematopoiesis derived from the expanded unit. Thus, unlike in other clinical studies,
transplant of a single expanded UCB unit was evaluated, establishing feasibility,
safety, and efficacy of a NAM-based expansion protocol for the use one expanded
UCB unit as stand-alone graft [297].
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[.3.1.3. STROMAL FEEDER LAYERS

As previously mentioned, stromal cells are well-established supportive niche cells that
play a key role in supporting both maintenance and differentiation of the stem cell pool
in vivo. Thus, co-culture of HSCPs with human stromal cells, like MSCs, supplemented
with growth factors has been explored in an attempt to mimic these interactions ex
vivo to expand functional HSCs [298].

However, over the last years, several studies with MSCs have demonstrated different
degrees of efficacy to expand HSPCs in vitro (reviewed in [299, 300]) and the precise
cellular and molecular mechanisms involved in these interactions are still not clear. It
appears that cell-to-cell contact is crucial and that the HSPCs fraction adherent to the
MSCs layer after expansion is enriched in more primitive cells with higher migratory
potential [301-304]. On the other hand, it was also reported that soluble factors
released by MSCs were sufficient to promote HSPCs expansion [298]. In particular, it
was demonstrated that activation of the CXCL12/CXCR4 axis in co-cultures promoted
HSPCs proliferation and was essential for LTC-IC potential [305]. However, when
HSPC were separated from MSCs by a semipermeable membrane, LTC-IC activity
became CXCR4 independent [305].

Different studies have attempted to establish the optimal cytokine cocktail to expand
HSPCs in co-culture with BM derived-MSCs but with divergent results (reviewed in
[299, 300]). Furthermore, other MSCs sources have been evaluated given the higher
availability and ease and non-invasive collection, such as adipose tissue (AT)-MSCs
and umbilical cord matrix (UCM)-MSCs. However, the supportive potential of these
cells has shown contradictory results, which may be due to the different isolation
methods and culture media used in the studies [306-308].

Besides different cytokines cocktails, alternative strategies to improve HSPCs
expansion in MSC co-culture have been explored. For instance, the addition of two
epigenetic regulators, aza-D and trichostatin A (TSA) to the culture medium was found
to increase the number of total HSCs and this was associated to a synergistic effect
that increased stemness and survival [309]. Another strategy to strengthen the BM-
MSCs function as feeder layers is their genetic manipulation in order to induce the
secretion of crucial factors for HSPCs growth such as angiopoietin-like 5 [310]. As

previously mentioned, a more recent approach focused on mimicking the BM niche
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structure by seeding the MSCs on 3D systems like collagen or fibrin scaffolds together
with HSPCs [78, 311]. 3D-cultures of HSPCs have been shown to be superior to
conventional 2D cultures, promoting increased migration of HPSCs toward MSCs
associated to higher levels of molecules involved in the maintenance of HSCs
qguiescence. Moreover, the synergic action between 3D scaffolds and MSCs was
shown to increase the proliferation of HSPCs which retained a more primitive
phenotype [79, 312].

The initial studies of UCB HSPCs co-cultures with MSCs demonstrated modest
progenitors expansion [313] but led to higher haematopoietic engraftment [314, 315],
hence paving the way to clinical translation. In a clinical study, De Lima and colleagues
transplanted two UCB units, one un-manipulated and one expanded for 14 days on
BM-MSCs layers supplemented with cytokines (SCF, FIt3L, G-CSF, and TPO), which
significantly improved engraftment compared to un-manipulated double UCB units as
a graft. They also reported a median 30-fold expansion of CD34"* cells and a median
time to neutrophil and platelet engraftment of 15 and 40 days, respectively. However,
long-term follow-up showed that only the cells derived from the un-manipulated UCB
unit ultimately contributed to long-term donor-derived haematopoiesis. The authors
attributed the positive engraftment results to the increased numbers of committed

progenitors in the expanded cells that accelerated the haematopoietic recovery [316].

Although BM-MSCs are considered the gold standard for HSPCs ex vivo expansion,
the extended time required to expand sufficient numbers to be used as feeder layers
represents a logistical problem for clinical applications, since the progression of some
haematological diseases has a fast clinical course. For this reason, MSCs derived
from UCM are considered an attractive alternative for their prompt availability and
great proliferation capacity with most studies demonstrating haematopoietic

supportive function [317].

Nevertheless, the use of MSCs feeder layers for HSPCs ex vivo expansion remains a
controversial issue since extended characterisation of MSCs intrinsic properties are
required to better understand their supportive mechanisms. Furthermore, there is a
need for systematic and comprehensive comparison between the different MSCs
sources in order to finally establish their potential for HSCs ex vivo expansion and

maintenance.
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[.3.2.  NOTCH LIGANDS IN HSPCS EXPANSION

As previously described, the role of Notch signalling in human HSCs regulation in

physiological conditions is still unclear.

Nevertheless, initial studies demonstrated that activation of Notch signalling in HSPCs
in vitro was associated to increased stemness, given that HSPCs expressing a
constitutively active form of N1 [221, 113] or the Notch target Hesl [222] delayed
differentiation and preserved long-term multiineage reconstituting capacity.
Furthermore, exposure of haematopoietic precursors to Notch ligands, such as Jagl
expressed by osteoblasts in vivo [75], or in vitro immobilised DII1 [223] and soluble
Jagl [224] also promoted stem cell self-renewal while inhibiting differentiation.
Although mouse models of Notch loss-of-function failed to show an effect in HSCs,
this early work proved the usefulness of Notch ligands for activation of Notch signalling
ex vivo as a novel approach for expanding HSPCs, of which the main studies are

described here and summarised in Table 1.3.

Initially, the in vitro effects of Notch ligands on HSPCs were studied by adding soluble
forms to the cytokine supplemented-media. For instance, the addition of soluble Jagl
to CD34*CD38~ HSPCs cultures resulted in modest effects in terms of cell
proliferation, but induced survival of HSCs with repopulating capacity [224]. The
addition of soluble DII1 and DIl4 was initially shown to promote the expansion of
primitive and multilineage progenitors, but only DII1 led to increase in numbers of
HSCs with repopulating ability [318]. However, subsequent work from Bernstein’s
group demonstrated that immobilisation of DII1 ligand was crucial for Notch signalling
activation, and the soluble form of DII1 not only failed to activate but actually inhibited
Notch signalling [319]. Shortly after, it was reported for the first time the effects of
membrane-bound DII1 and Jagl (S17 stromal cells overexpressing DIl1 and Jagl) in
UCB HSPCs differentiation [320]. Importantly, later work by Lauret and colleagues first
reported that membrane-bound DIl4 (S17 cells overexpressing DIl4) actually inhibited
HSPCs proliferation while maintaining long-term repopulating cells [227]. Furthermore,
in a direct comparison study, the soluble form of DIl4 was shown to enhance
proliferation of HSPCs associated with the loss of stemness as opposed to the

membrane-bound form [321].
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Table 1.3 — Studies of Notch signalling in UCB HSPCs ex vivo expansion

NOtCh Study Outcome Ref
ligand
Culture with soluble DII1 Increased expansion of HSPC and SRC [318]
Culture with immobilised 100-fold increase in CD34* cells with increased [226]
Dll1 SRC and myeloid and B cell engraftment
Lower densities increased CD34* cells and SRC
Dose-dependent effects ] o . +
of DIIL Higher densities induced apoptosis of CD34 cells = [322]
and reduced SRC and myeloid engraftment
DIl1
Culture with immobilised = >150-fold increase in CD34* and 15.6 fold-increase
DII1 for UCB HSCT in SRC frequency [323]
phase I clinical trial Faster myeloid engraftment in transplanted patients
Fed-batch culture with 6-fold increase in long-term SRC
. . Increased long-term engraftment compared to [237]
immobilised DII1
standard DII1 culture
Culture with immobilised = 3-fold higher rapid myeloid repopulating cells than [324]
DIl1 and SR1 in cultures with each component alone
Co-culture on Inhibition of HSPCs proliferation but maintenance of [227]
mbD4/S17 LTC-IC and engraftment potential
Dll4
Co-culture on solD4/S17 . .
vs mbD4/S17 solD4/S17 increased HSPCs with loss of LTC-IC [321]
Co-culture on CD146" Maintenance of HSPCs with short-term and long- [250]
BM stromal cells term repopulating capacity
Jagl
Co-culture on OP9 Increased expansion of HSPCs [325]
Co-culture on BM Expansion of CFUs, increased with higher Jag2
Jag? P gher Jag [249]

endothelial cells

density

Based on these results, it is now generally viewed that soluble forms of Notch ligands
have an antagonistic effect of Notch signalling in haematopoietic cells and thus,

ligands are either presented immobilised on a plastic surface [226] or by stromal cells
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overexpressing a membrane-bound ligand [321, 325] or by a specific fraction of niche
cells that naturally express high levels of Notch ligands [250, 249].

Work by Bernstein’s group on HSPCs culture with immobilised DII1 ligand resulted in
100-fold increase in CD34* cell numbers and this was associated with reduced
myeloid differentiation which led to increase in myeloid and B cell engraftment in
immunodeficient mice [226]. Further work from this group revealed that in vitro Notch
activation with DII1 at specific doses promoted different outcomes. While lower
densities increased numbers of CD34* HSPCs and SRCs, higher densities induced
apoptosis of CD34* cells and reduced the generation of SRCs and human myeloid
engraftment [322]. Indeed, work from this group was translated to a phase | clinical
trial of double unit UCB transplantation, using one unmanipulated unit and one DI|1-
expanded unit [323]. In this study, CD34* cells were expanded for 17-21 days in the
presence of fibronectin fragments and immobilised DII1 in serum free conditions
supplemented with five cytokines (SCF 300 ng/mL, FIt3L 300 ng/mL, TPO 100 ng/mL,
IL—6 10 ng/mL, and IL-3 10 ng/mL), which resulted in >150-fold increase in CD34*
cells and 15.6 fold-increase in SRC frequency. Preliminary results from the clinical
study suggested faster myeloid engraftment and shortened neutrophil recovery by a
median of 10 days compared to patients receiving two unmanipulated units. Although
the long-term engraftment was derived from the co-transplanted unmanipulated unit,
it was the first demonstration of rapid haematopoietic engraftment supported by ex
vivo expanded UCB-HSPCs [323].

Mechanistic insight on the effects of DII1 on HSPCs in vitro was obtained in a
collaborative work between Bernstein and Zandstra groups [237]. The authors
demonstrated that DII1 reduced myeloid cell production by reducing expression of IL-
6R on myeloid-restricted progenitors thus, preventing the accumulation of monocytes
and granulocytes in their experimental settings. These culture conditions provided a
more supportive environment for HSC expansion and self-renewal. However, in the
absence of membrane IL-6R, myeloid cells can respond to IL-6 via trans-signalling in
the presence of soluble IL-6R. Using a fed-batch culture system, IL-6R was
continuously depleted from the culture, resulting in enhanced production of LT-HSCs
[237]. Hence, the environmental regulation from the combination of DII1 in a fed-batch
culture system allowed an output of HSPCs with both rapid and sustained engraftment

capacity.
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In another study, it was demonstrated that HSPCs cultured on DII1 along with AhR
antagonist SR1 led to enhanced rapid myeloid reconstitution associated with an
increase in rapid repopulating cells by 3-fold in comparison to treatment with either
component alone. However, no significant differences were obtained in the generation
of LT-HSCs [324].

Focusing on DIl4, although previous studies have suggested a weak potential for
HSPCs ex vivo expansion, DIl4 was shown to support the maintenance of short-term
repopulating capacity [227, 321]. More recently Lauret’s group reported that mouse
BM HSPCs maintained a higher proportion of cells in the GO phase when co-cultured
with DIl4, limiting the loss of HSPCs with repopulating capacity during ex vivo
expansion. This effect was correlated to a downregulation of cell cycle genes like
Ccnd1l, Ccnd2, and Ccnd3, and upregulation of stemness related genes such as Bmil,
Gata2, Hoxb4 and Myc [326].

Regarding Notch ligands Jagl and Jag2, not many studies have explored their effect
on human HSPCs ex vivo expansion. One study co-cultured HSPCs on OP9 stroma
cell line that naturally expresses Jagl with OP9 overexpressing DII1 and BM-MSCs
[325]. After 7 days of culture both OP9 conditions promoted expansion of CD34*CD38"
cells while inhibiting total cell proliferation, particularly in the OP9 control condition
(Jagl), which was not observed in MSC co-cultures. Also, other study showed that co-
culture with human CD146* perivascular MSCs, which express high levels of Jagl,
supported maintenance of ST- and LT-HSPCs while inhibiting differentiation, whereas
unfractionated MSCs and CD146~ cells induced differentiation and compromised ex
vivo maintenance of HSPCs [250]. In another work, BM ECs were found to express
Jag2 and co-culture with CD34* cells promoted expansion of haematopoietic
progenitors (CFUs), which was enhanced by increased Jag2 density from an
overexpressing BMEC cell line. Furthermore, expression of Jag2 was shown to be
upregulated on BM ECs by proinflammatory cytokine TNFa, which was associated
with increased N1 activation in HSPCs, suggesting that under conditions of
inflammatory stress in vivo, Jag2-mediated Notch signalling plays a role in HSPCs

activation and expansion [249].

Thus, currently, Notch signalling-based protocols for HSPCs ex vivo expansion have

mostly focused on activation through DII1 ligand and further studies are necessary to
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better understand the effect of other Notch ligands, particularly on the expansion of
human HSCs with reconstitution capacity [327].
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CHAPTERII

MATERIALS AND METHODS



[[.1. CELL CULTURE

All cell culture work was performed under aseptic conditions in a Safe 2020 Class |l
Biological Safety Cabinet (Thermo Fisher Scientific, Waltham, MA, USA) with sterile
materials. All cells were incubated at 37°C, 5% COz and under normoxia in a
humidified incubator HeraCell 150 (Thermo Fisher Scientific). Centrifugation of cell
suspensions were performed in a Beckman Allegra 6R (Beckman Coulter, Brea, CA,
USA). All plasticware and tissue culture vessels were purchased from Greiner Bio-
One (Stonehouse, UK) and VWR International (Radnor, PA, USA).

[1.1.1. CELLLINES

Adherent cells

HEK293T, Lenti-X 293T, HelLa and Saos-2 cell lines were cultured in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM; Merck KGaA, Darmstadt, Germany)
supplemented with 10% inactivated foetal bovine serum (FBS, Life Science Group
Ltd., UK), 1% GlutaMAX™ (Thermo Fisher Scientific) and 1% Penicillin-Streptomycin
(P/S, 10000 U/mL, Thermo Fisher Scientific), herein termed as “complete DMEM”.
CHO and MS-5 cell lines were cultured in Iscove’s Modified Dulbecco’s Medium
(IMDM, Thermo Fisher Scientific) supplemented with 10% FBS and 1% P/S -
‘complete IMDM”. S17 stromal lines were cultured in aMEM with nucleosides and
GlutaMAX™ (Thermo Fisher Scientific) supplemented with 10% FBS and 1% P/S —
‘complete aMEM”. All the S17 stromal cell lines were kindly provided by Dr. Evelyne
Lauret (University of Paris). Briefly, S17-DIl1, S17-Dll4 and S17-Jagl cells were
retrovirally transduced to overexpress the full length of human Deltal, Delta4 and
Jaggedl respectively and vectors carry puromycin resistant gene for selection. All the
other cell lines were provided by the cell services of Cancer Research UK — London

Research Institute.

All adherent cells were split every 3-4 days (or when reaching 70-80% confluence) by

trypsinisation. All cell lines, except HEK293T, were rinsed first with phosphate buffered

112



saline (PBS, Merck). For enzymatic cell detachment, 0.05% Trypsin-EDTA (Thermo
Fisher Scientific) was added to cover the cell culture surface, incubating at 37°C untill
all cells were detached (for 3-7 min). Trypsin was inactivated by adding complete
medium (twice the volume of trypsin) and cell suspension was transferred to Falcon
tubes. Cells were centrifuged at 300x g for 5 min, resuspended in complete medium
and replated at aproprate dilution. HEK293T and HelLa cells were generally split 1:8-
1:10, Saos-2 cells were split 1:3-1:4 and CHO and MS-5 cells were split 1:4-1:6. All
S17 cell lines were split 1:4 every 3 days.

All cell lines, with exception of MS-5 and S17 cells, were used for experiments 3
passages after thawing and kept in culture for a maximum of 6 weeks. MS-5 and S17

cells were used between 3 to 6 passages after thawing.

Suspension cells

K562, Molt4, Jurkat, Raji and U266 cell lines were cultured in RPMI (Roswell Park
Memorial Institute) -1640 Medium (Merck) supplemented with 10% FBS and 1% P/S
— “complete RPMI”. OCI-AML3 cells were cultured in IMDM supplemented with 20%
FBS and 1% P/S — “IMDM20%". Suspension cells were generally split to an initial cell
density of 2.5-3x10° cells/mL every 3-4 days. All cell lines were provided by the cell

services of Cancer Research UK — London Research Institute.

I.1.1. THAWING AND CRYOPRESERVATION

Cells were thawed in a 37°C water bath and transferred dropwise to a 15 mL tube with
the respective culture medium. Cell suspensions were centrifuged at 300x g for 5 min,
resuspended in the respective culture medium as described and plated at apropriate
density. Cells were counted using a hemocytometer and trypan blue exclusion
method. Adherent cells were plated on tissue culture-treated surfaces at densities
around 1.5-2.5 x 10* cells/cm? and split upon reaching 70-80% confluence as
described. Suspension cells were plated on tissue culture-treated wells or flasks in

vertical position at densities around 1-2x106 cells/mL and split after 2 days.
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For cell cryopreservation, cells were frozen in the respective culture medium with 10%
DMSO (dimethyl sulfoxide, Thermo Fisher Scientific) by adding an equal part of cold
medium with 20% DMSO to the resuspended cells and transferring 1 mL per cryovial.
Adherent cells were frozen at cell densities between 2-5x10° cells/mL and suspension
cells at 8-10x10° cells/mL. Cryovials were placed at -80°C in a CoolCell™ Container
(Corning Inc., Corning, NYS, USA) or a Cryo Cooler® (VWR International) to allow
freezing at -1°C/min. In the following days cryovials were trasferred to liquid nitrogen

storage.

I.1.2. CELL TREATMENTS

1.1.2.1. EDTA TREATMENT - NOTCH ACTIVATION

Molt4, Raji and Jurkat cells from ongoing cultures were plated at 1x10° cells/mL in
fresh culture medium supplemented with EDTA (ethylenediaminetetraacetic acid,
Merck) to 5 mM and incubated at 37°C for 15 min. Cells were centrifuged as described
and resuspended again in fresh medium at 1x10° cells/mL and incubated at 37°C for
further 45 min. After this period, cells were collected and proceeded to intracellular

staining or protein extraction.

1.1.2.2. COMPOUND E TREATMENT - NOTCH BLOCKAGE

HelLa and Saos-2 cell lines were plated to 50-60% cell confluence and in the following
day the culture medium was replaced by fresh medium supplemented with Compound
E (Gamma Secretase Inhibitor XXI, Merck) to 2 uM. Cells were incubated at 37°C for
36-48h and then collected by trypsinisation with 0.5% trypsin without EDTA (Thermo
Fisher Scientific) to proceed to intracellular staining or protein extraction.
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[[.2. MOLECULAR BIOLOGY

All cell suspensions or protein samples were centrifuged in a Heraeus™ Fresco™ 21
Microcentrifuge (Thermo Fisher Scientific) or in a Beckman Allegra 6R (Beckman
Coulter).

[1.2.1. CLONING OF LENTIVIRAL VECTORS

All plasmids and primers used in the following cloning methods are listed in Table II.1
and Table 1.2 (Appendix 1), respectively. A list of the primers used for DNA
sequencing can be found in Table 11.3. All primers were purchased from Merck as
lyophilised custom DNA oligos with desalt purification and were subsequently
resuspended in nuclease-free (NF)-H20 (Thermo Fisher Scientific) to a concentration
of 100 uM. Primers design was based on melting temperatures and other properties

(secondary structure, primer dimer) estimated by Sigma-Aldrich® OligoEvaluator™.

Please refer to Table 1.4 for the list of reagents/kits used in the referred cloning
techniques; unless otherwise stated, all procedures were carried out according to

manufacturer’s instructions.

All centrifugations were performed in a Heraeus™ Fresco™ 21 Microcentrifuge
(Thermo Fisher Scientific) or a Heraeus™ Megafuge™ 40R (Thermo Fisher
Scientific). Gel electrophoresis was performed with PowerPac™ Basic (Biorad
Laboratories, Hercules, CA, USA) power supply, Green Range horizontal tanks (Scie-
Plas Lda., Cambridge, UK) and homemade TAE (tris-acetate-EDTA) buffer (Appendix
V).

[I1.2.1.1. CONSTITUTIVE MIR30SHRNA LENTIVECTOR

The lentiviral vector pLV.EF1a-miR30shRNA-GFP for constitutive expression of
miR30shRNA with a GFP reporter was generated based on the vector pLV.EF1a-
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premiRNA3Oa-rPuro. This vector contains an EF1a promoter and intron with the
mir30a precursor sequence inside the intron, followed by the gene for red fluorescent

puromycin-N-acetyl-transferase.

To obtain the GFP reporter, an EGFP (enhanced GFP) gene was amplified by
polymerase chain reaction (PCR) from an in-house vector (pSIN.Tet-HPGK-rtTA2-
hDKK-Ires-GFP) using the “GFP” primers to insert the restriction sites (RS) Xbal and
Sall. PCR amplification was performed with HotstarTaq (Qiagen, Germantown, MD,
USA) with an annealing temperature (Ta) of 70°C and the final product was cleaned
up by gel electrophoresis in a 1% UltraPure Agarose (Thermo Fisher Scientific) gel,
from which the product with the expected size was excised from the gel on an UV
transilluminator. DNA was extracted from the gel and then digested with Xbal and Sall
restriction enzymes (RE) followed by heat inactivation (all RE were from New England
Biolabs, Ipswich, MA, USA). The pLV vector was also digested with Xbal and Sall RE,
followed by dephosphorylation. The linearised vector was then separated by gel
electrophoresis after which the respective product was excised, and the DNA
extracted from the gel. Quantification of DNA and quality check were performed in a
NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific). The GFP insert was
then ligated to the linear pLV vector with compatible cohesive ends at a ratio of 3:1.
The ligation product and a negative control (with NF-H20 as insert) were transformed
in NEB® Stable (New England Biolabs) competent bacteria which were then plated in
Lennox broth (LB) agar (Thermo Fisher Scientific) plates with ampicillin (100 pg/L,
Merck). Several colonies were picked for screening according to the number of
colonies in the negative control. Colonies were grown overnight in 5 mL of LB medium
(Merck) for plasmid minipreps. Analytic digestions with Xbal and Sall RE were
performed to confirm if a DNA fragment with the size of the GFP insert was detected
after gel electrophoresis. Positive vectors were sent for sequencing at Eurofins
Genomics (Ebersberg, Germany) with the primer “Seq gfp fwd” to confirm the

presence of correct GFP sequence without any mutations.

Once the GFP sequence was confirmed, the next step consisted in replacing the
mMiR30 precursor sequence by a mir30shRNA sequence. The mir30 backbone used
for shRNA integration was obtained from a Dharmacon™ pGIPZ™ vector. The design

of shRNA oligos and cloning inside the backbone is described below in section 11.2.1.3.

116



[1.2.1.2. INDUCIBLE TET-ON MIR30SHRNA LENTIVECTOR

The inducible vector pLV.TetSyntP-miR30shRNA-GFP was generated by adding and
substituting the necessary components to the constitutive vector pLV.EF1a-
MiR30shRNA-GFP.

Firstly, the mCherry reporter was amplified from the pmCherry vector with the primers
“‘mCherry” (Ta of 66°C) adding the cloning sites Apal and Sall. The PCR product was
cleaned up as previously described and digested with enzymes Apal and Sall in a
sequential digestion as recommended in NEBcloner® since these enzymes are
incompatible; enzymes were heat inactivated also as recommended. The mCherry
gene was inserted into the vector pRRL.SFFV-d20GFP-T2A-mBFP containing the
spleen focus-forming virus (SFFV) promoter driving the expression of two sequences
separated by the sequence that encodes for the self-cleaving peptide T2A. This vector
was digested likewise with Apal and Sall RE, dephosphorylated and purified for
ligation to generate the vector pRRL.SFFV-d20GFP-T2A-mCherry. After
transformation, several colonies were picked for colony PCR with the “mCherry”
primers to confirm the presence of the mCherry gene. Colony PCR was performed by
picking a colony and mix it in 10 pL of NF-H20 from which 1 pL was used as template
in the PCR reaction. Colonies that showed a PCR product with the size of the mCherry

insert were used for minipreps of the vector pRRL.SFFV-d20GFP-T2A-mCherry.

The rtTA3 (reverse tetracycline responsive transactivator 3) gene was amplified from
the pINDUCER21 (ORF-EG) vector with the primers “rtTA3” (Ta of 62°C) adding the
cloning sites Xhol and BmgBI and part of the T2A sequence in the 3’ end. The PCR
product was cleaned up and digested with enzymes Xhol and BmgBI followed by heat
inactivation. The rtTA3 gene was inserted into the intermediate vector pRRL.SFFV-
d20GFP-T2A-mCherry which was digested likewise with Xhol and BmgBIl RE,
dephosphorylated and purified for ligation to generate the vector pRRL.SFFV-rtTA3-
T2A-mCherry. After transformation, several colonies were picked for minipreps and
the rtTA3 insert was confirmed by analytic digestion with Ndel (cuts inside rtTA3) and
Xhol RE. The sequence of the SFFV-rtTA3-T2-mCherry cassette was confirmed by

sequencing using the four primers listed in Table I1.3.

After sequence confirmation, the cassette was amplified by PCR using the High

Fidelity PCR Master (Roche, Basel, Switzerland) with the primers “Cassette” (Ta of
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56°C) to insert the cloning sites Mlul and Sall. The PCR product was cleaned up and
digested with enzymes Mlul and Sall followed by heat inactivation. The constitutive
vector pLV.EF1a-miR30shRNA-GFP was then digested with Mlul and Sall RE,
dephosphorylated and purified for ligation to generate the vector pLV.EF10-
MiR30shRNA-GFP-SFFV-rtTA3-(T2A)-mCherry.  After  transformation, several
colonies were picked for minipreps and the cassette insert was confirmed by analytic
digestion with Ndel (cuts inside rtTA3) and BamHI (cuts inside miR30) RE. In the
positive minipreps the cassette sequence was again confirmed by sequencing using

the four primers listed in Table I1.3.

The last step was to replace the EF1a promoter by the inducible promoter TetSyntP
(commercially known as TRE3G promoter) but maintaining the EF1a intron. The
inducible promoter was obtained from the vector pTRE3G-mCherry first by cloning
part of the intron in front of the TRE3G promoter in this vector to originate the vector
pTRE3G-EF1intron. For this, a portion of the EF1a intron sequence from the vector
pLV.EF1a-miR30shRNA-GFP was amplified by PCR using the primers “EF1intron” (Ta
of 52°C) to insert a Sall RS in 5" end and maintaining the BamHI RS in the 3’ end. The
pTRE3G-mCherry vector and the PCR product were digested with Sall and BamHI RE
and processed for ligation. The ligation product was transformed in One Shot™
TOP10 (Thermo Fisher Scientific) bacteria and several colonies were picked for
minipreps. Successful ligation was verified by digestion with Sall and BamHI RS. The
following step was to amplify the inducible promoter from the pTRE3G-EF1lintron
vector by introducing a Clal RS in the 5’ end using the primers “TRE3G” (Ta of 47°C)
in order to be able to clone into the vector pLV.EF1a-miR30shRNA-GFP-SFFV-rtTA3-
mCherry. Because the forward primer has multiple annealing sites that could not be
avoided in primer design, the PCR product was purified in a 1.2% agarose gel and ran
for longer time to excise the higher size PCR product. The purified DNA was then
single digested with Clal RE since the 3’ end also contains a Clal RS from the original
sequence. The pLV vector was linearised also by single digestion with Clal RE (cuts
just upstream the EF1a promoter) and the ligation product was transformed in NEB®
Stable bacteria. Because only one cloning site was used, ligation of the insert can
occur in two orientations. Thus, analytic digestion with Clal and BamHI was used to
identify the minipreps with the correct sequence, since the Clal site in the 5’ end of the
promoter becomes methylated. Then, the initial sequence of the intron in the pTRE3G-
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EFlintron vector was cloned in the pLV vector downstream of the inducible promoter
using the cloning sites Clal and BamHI. Both vectors were digested with these
enzymes and the fragments of interest were extracted after gel electrophoresis. The
ligation product was transformed in NEB® Stable bacteria originating the final inducible
vector pLV.TetSyntP-miR30shRNA-GFP-SFFV-rtTA3-mCherry. The inducible
promoter and EF1a intron sequences were confirmed by sequencing with the primers
“Seq fwd Teto”, “Seq fwd SyntP” and “Seq rev SHMIR30 EF1”.

For final quality control of the selected clone, all the elements cloned were verified by
sequencing using all the sequencing primers mentioned above. The final vector and

all the intermediate vectors were stored in bacterial glycerol stocks.

[1.2.1.3. CLONING OF NOTCH1 AND NOTCH2 MIR30SHRNAS

Sequence Selection and Design

Several shRNA sequences were selected for human NOTCH1 (N1) and NOTCH2 (N2)

receptors and cloned into the constitutive pLV vector for knockdown validation.

Initially, four target sequences were selected for each receptor from the options
commercially available from Dharmacon™ pGIPZ lentivectors (Horizon Discovery
Group plc, Cambridge, UK) and by selecting the sequences with less to no
complementarity to other potential targets. These shRNA sequences were designed
based on algorithms taking in consideration rules for efficient processing of miR30

backbone.

The selected target sequences with 19 nucleotides were then used to design oligos
following the rules for miR30shRNA structure. First, nucleotides -1 upstream and +1
downstream the target mMRNA sequence were added to the sense sequence and the
complementary bases were added to the antisense sequence. For example, as can
be seen in the sequence blast shown in Figure Il.1, the sense sequence becomes 5'-
GGAGCACCTGTGAGAGGAATA-3' and the antisense sequences is 5'-
TATTCCTCTCACAGGTGCTCC-3'. Then, the nucleotide at position -2 the sense
sequence is used to create a mismatch nucleotide C or A in the position +21 of the

antisense sequence. In the given example the position -2 of the target sequence is a

G which means the position +21 of the antisense sequence needs to be a C (5’-

119



TATTCCTCTCACAGGTGCTCCC-3’) and the position -2 of the sense is an A (5'-
AGGAGCACCTGTGAGAGGAATA-3’). These sense and antisense sequences were

integrated in the miR30 backbone including a loop sequence in between (5’mir30-

sense-loop-antisense-3'mir30) based on the pGIPZ™ sequence design. Forward and
reverse oligos are shown in Table 1.5 (Appendix I), synthesised ready to ligate with
the cloning sites Xhol and EcoRI as described bellow.

Upon the initial testing of four shRNA sequences for each Notch receptor it was
necessary to select more sequences to achieve more potent knockdowns. Additional
sequences were chosen from Dharmacon™ pGIPZ selection, MISSION® shRNA
Library (Merck) and published data. In total, ten ShRNA sequences were tested for N1
and six for N2 to identify at least two shRNAs for each receptor that allowed consistent
knockdowns above 60% in cell lines. The best ShRNA sequences identified for N1
(N1.1, N1.2 and N1.3) and N2 (N2.1 and N2.2) can be found in Table II.5, as well as

the Luciferase shRNA used as non-target control.

Homo sapiens notch 2 (NOTCH2), transcript variant 1, mRNA
Sequence ID: NM_024408.3 Length: 11474 Number of Matches: 1

Range 1: 1059 to 1077 GenBank Graphics

Score Expect Identities Gaps Strand
38.2 bits(19) 0.025 19/19(100%) 0/19(0%) Plus/Plus

Query 1 GAGCACCTGTGAGAGGAAT 19

S5bjct 1859 GAGCACCTGTGAGAGGAAT 1@77

1821 ttcacttttg agtgraactg ccttccaggt tttgaagoielule:lda e gu =W sl uatt

Figure 1.1 — Standard Nucleotide BLAST® (National Center for Biotechnology Information
database) of a NOTCH2 shRNA sense sequence and localisation in the target sequence.

Cloning into mir30 backbone

Phosphorylated oligos with Xhol 5" overhang and EcoRI 3’ overhang were purchased
from Merck and resuspended in NF-H20 to 1 mM. For the annealing reaction, 2 pL of
each oligo were added to 48 pL of annealing buffer (Appendix 1V) and incubated at
95°C for 4 min followed by 70°C for 10 min and allowed to cool down at room

temperature (RT) for 30min. Annealed oligos were diluted 1:10 in NF-H20 prior to
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ligation. Because the cloning sites Xhol and EcoRlI inside the miR30 backbone are not
single restrictions sites in the pGIPZ vector or in the developed pLV vectors, the
mir30shRNA sequence from the pGIPZ vector was first cloned into an intermediate
vector (pECFP-C1) that does not contain Xhol and EcoRI RS that can interfere with
the cloning strategy. For this, the miR30shRNA sequence was amplified by PCR with
HotstarTaq using the primers “miR30shrRNA” (Ta of 56°C) to insert the BamHI and
Nhel cloning sites. The PCR product was cleaned up and digested with the BamHlI
and Nhel RE which were then inactivated by ethanol precipitation of the DNA
overnight. The pECFP-C1 vector was digested with BamHI and Nhel RE,
dephosphorylated and purified. Transformation of the ligation product was performed
in One Shot™ TOP10 bacteria with kanamycin (Merck) selection plates (50 pg/L).
Several colonies were picked for minipreps which were verified by sequencing with
the primer “Seq fwd SHMIR30 pECFP”. Once confirmed, the miR30shRNA sequence
in the pECFP-miR30shRNA, the vector was digested with Xhol and EcoRI RE to insert
the desired shRNA oligo. Transformation of the ligation product was performed in One
Shot™ TOP10 bacteria with kanamycin selection plates and several colonies were
verified by sequencing with the primer “Seq fwd SHMIR30 pECFP”.

Upon sequence confirmation, the whole miR30shRNA sequence was cloned in the
pLV vector using the BamHI and Nhel cloning sites to replace the original miR30
precursor. Both the pECFP-miR30shRNA and the pLV vector were digested with
BamHI and Nhel and the fragments of interest were extracted after gel
electrophoresis. The ligation product was transformed in NEB® Stable bacteria as
previously described. The miR30shRNA sequence in the pLV vector was confirmed
by sequencing with the primer “Seq rev SHMIR30 EF1”. A positive clone for each
shRNA was stored in a bacterial glycerol stock and used for endotoxin-free maxiprep

for lentivirus production.

[1.2.1.4. CLONING OF NOTCH1 AND NOTCH2 sSHRNAS INTO A
CONSTITUTIVE H1-SHRNA LENTIVECTOR

The lentiviral vector CS-RfA-EF from Riken (Wako, Saitama, Japan) was used for the
expression of N1 and N2 shRNAs under an H1 promoter. This vector also contains a

GFP reporter that is driven by an EF1a promoter. Company’s instructions were
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followed to design the shRNA oligos for cloning in the pEntr4-H1 vector that allows
cloning into the CS-RfA-EF vector through Gateway® recombination.

Sequence Selection and Design

ShRNA sequences used in this vector were first selected based on the sequences
previously validated with the mir30shRNA system, adjusting the sequence according
to Riken recommendations. Sense sequences starting with a C or T were altered to
start with an A or G (preferably A) by shifting the target sequence one or two
nucleotides. The oligos were designed with a Bglll 5’ overhang and a Xbal 3’ overhang
and with the loop sequence 5’-TTCAAGAGA-3’ between the sense and anti-sense
sequences. Phosphorylated oligos were purchased from Merck and annealed as
previously described. An additional N1 shRNA (N1.4) had to be selected to achieve
higher knockdown than the ones obtained with sequences N1.1 and N1.3. The final
shRNA sequences that promoted very efficient knockdowns can be found in the oligos
listed in Table I1.6.

Cloning into H1 Lentivector

The pEntr4-H1 vector was linearised by digestion with Bglll and Xbal RE,
dephosphorylated and purified after gel electrophoresis. Ligation to the shRNA oligo
was performed followed by transformation in One Shot™ TOP10 bacteria with
kanamycin selection plates. Several colonies were picked for minipreps and
successful ligation was verified by digestion with EcoRI and Pstl RE. The shRNA
sequence in the positive clones was then verified by sequencing with the primer

“‘pHlup2seq’.

Once cloned, the pEntr4-H1-shRNA vectors, the H1-shRNA sequences were
transferred to the destination vector CS-RfA-EG trough a Gateway® LR reaction.
Reactions were incubated for at least 6 h due to the large size of the destination vector
and transformed in One Shot™ TOP10 bacteria with ampicillin selection plates.
Several colonies were picked for minipreps and shRNA sequences were confirmed

once more by sequencing with the primer “pHlup2seq”.
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A positive clone for each shRNA was stored in a bacterial glycerol stock and used for

endotoxin-free maxiprep for lentivirus production.

[1.2.1.5. INDUCIBLE TET-ON MIR30SHRNA LENTIVECTORS - PGK
AND UBC PROMOTERS

Two additional lentivectors for inducible expression of miR30shRNA were developed
to replace the constitutive SFFV promoter in the pLV.TetSyntP-miR30shRNA-GFP-
SFEV-rtTA3-mCherry vector. These were the human PGK (phosphoglycerate kinase)
and the human UBC (ubiquitin C) promoters, generating the vectors pLV.TetSyntP-
MiR30shRNA-GFP-PGK-rtTA3-mCherry and pLV.TetSyntP-miR30shRNA-GFP-
UBC-rtTA3-mCherry.

The two new promoters had to be first cloned in the intermediate vector pRRL.SFFV-
rtTA3-T2A-mCherry, replacing the SFFV promoter with the cloning sites Nhel and
Xhol. The PGK promoter sequence was amplified by PCR from the in-house vector
pSIN.Tet-HPGK-rtTA2-hDKK-Ires-GFP with the primers “PGK” (Ta of 65°C), adding
the Nhel and Mlul RS in the 5’ end and Xhol in the 3’ end. The UBC promoter was
PCR amplified from the pLVUT-tTR-KRAB vector using the High Fidelity PCR Master
and the primers “UBC” (Ta of 67°C), adding the same restriction sites. Purified PCR
products were digested with Nhel and Xhol RE, as well as the vector pRRL.SFFV-
rtTA3-T2A-mCherry and prepared for ligation as previously described. Ligation
products were transformed in NEB® Stable bacteria and several colonies were picked
for minipreps. Correct ligation was verified by the size of the fragments generated upon
digestion with Nhel and Xhol RE. The new promoters were inserted in the inducible
pLV vector using the cloning sites Mlul (upstream the promoter) and Ndel (inside the
rtTA3). Both vectors were digested with these enzymes, the pLV vector was
dephosphorylated and the fragments of interest were isolated for ligation as previously
described. Ligation products were transformed in NEB® Stable bacteria and several
colonies were picked for minipreps. Correct ligation was verified by the size of the
fragments generated upon digestion with Mlul and Ndel RE. The promoters
sequences in the final vectors were confirmed by sequencing with the primer “Seq
GFPend Fwd” which binds to the end of the GFP sequence just before the constitutive

promoter in the inducible pLV vector.
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Like for the constitutive promoter, the miR30shRNAs tested were cloned using the
cloning sites BamHI and Nhel (section 11.2.1.3).

[1.2.1.6. CONVERSION OF MIR30SHRNA TO MIRESHRNA

To generate mIREShRNA lentivectors, the miR30 backbone of a desired miR30shRNA
(shLuc, shN1.1 and shN1.2) was modified by PCR amplification with the primers
‘miRE” (Ta of 77°C) to obtain the exact miR sequence described in [1]. As described
before for miR30shRNA cloning, the purified PCR product was cloned in the pLV
vector using BamHI and Nhel cloning sites. The miIREShRNA sequence in the pLV

vector was confirmed by sequencing with the primer “Seq rev SHMIR30 EF1”.

After sequence confirmation, mIREShRNA inserts were cloned in the inducible vector
pLV.TetSyntP-miR30shRNA-GFP-UBC-rtTA3-mCherry replacing the miR30shRNA
between BamHI and Nhel RS.

The miREshLuc (abbreviated to shLucE) insert was also cloned in the intermediate
vector pECFP-C1 using BamHI and Nhel RS to allow more convenient cloning in the
future of custom made shRNA oligos with Xhol and EcoRI RS. Note that, when using
the mirE backbone, because the EcoRI RS position was moved, custom oligos must
be 125 bp, instead of 110 bp as the ones used for miR30shRNA cloning presented in
Table 11.5. As an example, the forward and reverse oligos for shLuUckE cloning into
pPpECFP-C1 should be as follow:

Fwd: 5’pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCTACGCTGAGTACTTCGAA
ATGTAGTGAAGCCACAGATGTACATTTCGAAGTACTCAGCGTAATGCCTACTGCCTCGG
ACTTCAAGGGGCTAG-3’;

Rev: 5’pho- AATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGCATTACGCTGAGTACTTCG
AAATGTACATCTGTGGCTTCACTACATTTCGAAGTACTCAGCGTAGCGCTCACTGTCAA

CAGCAATATACCTTC-3'.
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[1.2.1.7. INDUCIBLE TET-ON OVEREXPRESSION LENTIVECTORS

The lentivectors for inducible gene overexpression were generated from the previous
miR30shRNA vectors by replacing the whole EF1a intron for a multiple cloning site
(MCS) followed by a sequence that encodes for the P2A self-cleaving peptide,
originating the vectors pLV.TetSyntP-MCS-(P2A)-GFP-PGK-rtTA3-mCherry and
pLV.TetSyntP-MCS-(P2A)-GFP-UBC-rtTA3-mCherry.

An additional vector was also developed with a constitutive EF1a promoter —
pLV.TetSyntP-MCS-(P2A)-GFP-EF1a-rtTA3-mCherry. To generate this vector, first
the EF1a promoter was cloned in the miR30shRNA vector using the same strategy as
for PGK and UBC cloning. The EF1a promoter was amplified by PCR from the in-
house vector pLV.EF1a-MCS-GFP with a high fidelity polymerase and the primers
“EF1” (Ta of 62°C), adding the Nhel and Mlul RS in the 5’ end and Xhol in the 3’ end.
Because the digested PCR product failed to ligate to the pRRL vector in multiple
attempts, an additional cloning step for TA cloning was performed. The TA cloning kit
allowed to directly ligate the purified PCR vector to an intermediate vector (pCR2.1)
without need of any digestion. Once in the pCR2.1, the EF1a promoter was isolated
by digestion with Nhel and Xhol RE that allowed the successful ligation to the pRRL

vector and subsequent ligation to the pLV vector as previously described.

For the PGK and UBC vectors, to replace the intron for the MCS-P2A, the EF1a intron-
GFP sequence was replaced for the MCS-P2A-GFP sequence using the Clal and Mlul
cloning sites. The MCS-P2A-GFP sequence was obtained from the in-house vector
pLV.EF1a-MCS-GFP by PCR amplification with the primers “MCSforpLV” Fwd and
Revl (Ta of 58°C). The purified PCR product and the PGK and UBC vectors were
digested with Clal and MIul-HF® RE and prepared for ligation and transformation
according to the standard steps. Positive minipreps were verified by digestion with Clal
and MIul-HF® RE and the insert sequence was confirmed by sequencing with the
primer “Seq fwd SyntP”.

For the EF1a vector, because there are two Clal RS (one before the intron and one
before the constitutive EF1a promoter), the MCS-P2A-GFP sequence was amplified
by PCR and added Clal RS in both ends with the primers “MCSforpLV” Fwd and Rev2
(Ta of 60°C). The purified PCR product and the EF1a vector were digested with Clal

RE and prepared for ligation and transformation. After minipreps, the correct

125



orientation of the insert was verified by digestion with BamHI and Xbal RE and the

insert sequence was confirmed by sequencing with the primer “Seq fwd SyntP”.

Negative control vectors were created by replacing the MCS-P2A-GFP sequence by
the GFP sequence alone using the BamHI and Mlul RS. The GFP sequence was
amplified by PCR from the in-house vector pLV.EF1a-MCS-GFP with the primers
“GFPkozak” (Ta of 60°C) introducing a BamHI RS and a consensus kozak sequence
in the 5’ end and maintaining the Mlul RS in the 3’ end. The purified PCR product and
the three overexpression vectors were digested with BamHI and Mlul-HF RE and
prepared for ligation and transformation (digestion of the PCR DNA was inactivated
with precipitation overnight). Positive minipreps were verified by digestion with BsmBI
RE (that cuts inside the P2A sequence) and the insert sequence was confirmed by
sequencing with the primer “Seq fwd SyntP”.

Luciferase overexpression vectors were generated by cloning the Luc sequence with
the cloning sites Nhel and BamHI. The Luc sequence was amplified by PCR from a
pGL2 vector (Luciferase reporter vector) with a high fidelity polymerase and the
primers “Luciferase” (Ta of 62°C), introducing an Nhel RS and a consensus kozak
sequence in the 5" end and eliminating the stop codon in the 3’ end and adding a
BamHI RS. The purified PCR product and the three overexpression vectors were
digested with Nhel and BamHI RE and prepared for ligation and transformation
(digested PCR DNA was precipitated overnight). Positive minipreps were verified by
digestion with the cloning enzymes and the Luc sequence was confirmed by

sequencing with the primers “Seq fwd SyntP” and “Seq P2A Rev”.

[1.2.2. WESTERN BLOT (WB)

[1.2.2.1. WHOLE-CELL LYSATES

Suspension cells were counted, centrifuged and washed twice in PBS to remove
traces of serum. Cell pellets were then resuspended in the appropriate volume of lysis
buffer - RIPA buffer (Merck) supplemented with proteinase inhibitor cocktail (1:100,
P8340, Merck). Cell lysates were incubated on ice for 15-20 min with vortexing every

5 min. Loosely attached cells like HEK293T were collected by pipetting up and down
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with PBS then transferred to tubes and proceeded like for suspension cells. For
adherent cells like HelLa, culture wells were washed twice with PBS and the lysis buffer
was added directly to wells, with plates on ice. Cells were scraped with a cell scraper
and the cell lysates were transferred to tubes, incubated on ice for 15-20 min with
vortexing every 5 min. Cell lysates were cleared by centrifuging for 10 min at 16000x
g at 4°C then the supernatants were harvested.

Protein concentration was quantified using the DC™ Protein Assay (Biorad
Laboratories) according to manufacturer’s instructions by measuring absorbances in
a CLARIOstar® Plus microplate reader (BGM Labtech, Ortenberg, Germany). Protein
concentration of the samples was extrapolated using a calibration curve generated

with BSA (bovine serum albumin) standards prepared from a BSA stock (Merck).

[1.2.2.2. SDS-PAGE

The desired protein quantities were mixed with water and 6x Laemmli buffer
(Appendix 1V) for a total volume of 24 uL. Samples were incubated for 5 min at 95°C

and let to cool down at RT for 10 min followed by a quick spin.

Each NUPAGE™ 4-12% Bis-Tris Gel (Thermo Fisher Scientific) was prepared
according to manufacturer’s instructions to run with the NUPAGE™ MOPS SDS
Running Buffer (Thermo Fisher Scientific) in a XCell SureLock® system (Thermo
Fisher Scientific). After assembling and adding the running buffer, 20 uL of sample
were loaded into each well and gel was run for 3-4 h at 90 V with a PowerPac™ Basic

(Biorad Laboratories).

[1.2.2.3. MEMBRANE TRANSFER (WET ELECTROBLOTTING)

A piece of PVDF (polyvinylidene difluoride) membrane (Maine Manufacturing LLC,
Sanford, ME, EUA) with the same size of the gel was cut and activated by incubating
in methanol (Merck) for 3 min. Membrane, two pads, filter paper and the protein gel
were soaked in NUPAGE™ Transfer Buffer (Thermo Fisher Scientific) with 10%
methanol to equilibrate. The gel-membrane sandwich was assembled on the open

cassette with the black side down in the following order: pad, filter paper, gel,
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membrane, filter paper and pad. Before closing the cassette, the sandwich was
pressed with a roller to remove air bubbles. The cassette was placed in the transfer
tank with the black side facing the black cathode. The tank was filled with transfer
buffer and run overnight at 30 V at 4°C. After the transfer, the membrane was rinsed
in tris-buffered saline (TBS, Appendix IV) with 0.05% Tween®20 (Merck) — “TBS-T” —
and blocked for 2-3 h in blocking solution (Appendix IV) at RT shaking on a Stuart™
Gyro-Rocker (Staffordshire, UK).

I1.2.2.4. PROBING AND SIGNAL DETECTION

After the blocking step, the membrane was probed with a primary antibody (ab) by
placing inside a tube with the desired primary ab diluted in blocking solution, rotating
overnight at 4°C. The list of the abs used and the respective dilutions can be found in
Table 1.7 (Appendix Il). The next day, the membrane was washed three times with
TBS-T shaking for 5 min and then placed in a tube with the respective horseradish
peroxidase (HRP) secondary abs (Table 11.9) diluted in blocking solution. The
membrane was then incubated with rotation for 1 h at RT and then washed again three
times for 5 min with TBS-T. For chemiluminescence detection, the membrane was
incubated with Immobilion® HRP Substrate (Merck) solution for 3-5 min (for B-actin
detection membrane was incubated with used substrate). The light-producing reaction
was captured either in a ChemiDoc™ XRS System (Biorad Laboratories) or with X-ray
film (Hyperfilm™ ECL™, Merck) developed in an EcoMax X-ray Processor (PROTEC
GmbH & Co. KG, Oberstenfeld, Germany).

[1.2.2.5. WB QUANTIFICATION

WB signal was quantified either using the acquisition software ImagelLab (Biorad
Laboratories) when was acquired with the ChemiDoc system or using the ImageJl

software [2] when detected with X-ray film.
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[1.2.3. IMMUNOHISTOCHEMISTRY (IHC)

Paraffin sections (4 um thick) were first de-paraffinised by immersing in Xylene (Merck)
twice for 5 min, followed by sequential hydrating steps in three decreasing grades of
ethanol: twice for 3 min in 100% ethanol, once for 2 min in 90% ethanol and once for
2 min in 70% ethanol. Tissue sections were then immersed in water before submitting

to antigen retrieval if necessary.

Antigen retrieval was achieved by microwaving the tissue sections in Antigen
Unmasking Solution (citrate-based, Vector Laboratories, Peterborough, UK) diluted
1:100 in distilled H20 (dH20) and allowed to boil for 10 min (total 16 min in 700W
microwave). Tissue sections were then washed twice with dH20. When peroxidase-
based systems were used for staining detection, endogenous peroxidase was
guenched by incubating the tissue sections for 10 min in a 2% solution of hydrogen
peroxide (Thermo Fisher Scientific) made in PBS followed by a washing step in PBS
for 5 min. Non-specific staining was blocked by covering the tissue sections with PBS
10% serum (donkey or goat, Merck) for 30 minutes at RT. Incubation with primary abs
(Table 11.8 in Appendix Il) was performed overnight in a humidified chamber at 4°C.
On the following day, tissue sections were washed twice with PBS for 5 min, incubated
with appropriate secondary abs (Table 11.9) for 1 h at RT in a humidified chamber
followed by washing steps as described. For immunofluorescent detection, tissue
sections were mounted with Dako Fluorescence Mounting Medium (Agilent
Technologies, Santa Clara, CA, USA) containing DAPI (4',6-diamidino-2-phenylindole
dihydrochloride, Merck) diluted 1:3000 from a 2 mg/mL stock. When using DAB as a
substrate, this was performed with the Dako Liquid DAB + Substrate Chromogen
System (Agilent Technologies). Staining development was monitored under an
inverted microscope which was stopped by placing the sections in dH20. Alternatively,
VECTOR® NovaRed Substrate Kit (Vector Laboratories) was also used according to
the manufacturer’s instructions. After the substrate development, sections were
washed three times in water for 3 min. At the end, sections were counterstained with
Mayer's Haemalum solution (Atom Scientific, Cheshire, UK) by incubating for 2 min
and rinsing thoroughly with water afterwards. Tissue sections were dehydrated by
immersing in increasing ethanol grades for 1 min and twice in xylene for 5 min and

finally mounted with DPX mounting medium (Thermo Fisher Scientific). Sections were

129



then visualised using an inverted microscope Olympus BX43 (Olympus, Tokyo, Japan)
or a fluorescent microscope Leica DM2000 LED (Leica Camera, Wetzlar, Germany).

[.2.4. IMMUNOCYTOCHEMISTRY (ICC)

Adherent cell lines were grown on Nunc™ Lab-Tek™ Permanox chamber slides
(Thermo Fisher Scientific) until 50% confluent. Suspension cell lines were allowed to
attach to poly-L-lysine coated slides for 15 min. All cells were fixed with 4% methanol-
free formaldehyde (16% solution (Taab Laboratory Equipment Ltd, Berks, UK) diluted
in PBS) at RT for 10 min, permeabilised with PSB + 0.1% Triton™ X-100 (Merck) for
10 min, blocked with 10% serum (donkey or goat) for 30 min at RT, incubated with
primary abs (Table 11.8) at 4°C overnight and then with appropriate secondary abs
(Table 11.9) for 1 h at RT. Slides were mounted with Fluorescence Mounting Medium
containing DAPI (1:3000 from a 2 mg/mL stock). Sections were then visualised with a

fluorescent microscope.

[1.2.5. LUCIFERASE ASSAY

The Luciferase Assay System E1500 (Promega, Madison, WI, USA) was used to
guantify the expression of firefly luciferase. Based on manufacturer instructions, 2x10°
cells were collected and washed twice in PBS. Pelleted cells were resuspended in 100
pL of Cell Culture Lysis Reagent and incubated on ice for 5 min with vortexing for 15
sec. The lysate was cleared by centrifuging at 12000x g for 1 min and collecting the
supernatant to a new tube which was stored at -80°C. For the detection of luciferase
activity, 20 uL of cell lysate were placed per well in an opaque 96-well plate and 100
pL of the Luciferase Assay Reagent were added. The plate was immediately placed
in a CLARIOstar® Plus microplate reader programmed to mix the plate for 10 sec and
perform a 2 sec measurement delay followed by a 10 sec measurement read for firefly
luciferase luminescence. Values obtained were normalised by subtracting the

background value obtained with the lysate of non-transduced cells.
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[1.2.6. QUANTITATIVE POLYMERASE CHAIN REACTION (QPCR)

RNA extraction was performed using the Direct-Zol RNA MicroPrep kit (Zymo
Research, Irvine, CA, USA) according to manufacturer’s instructions. cDNA was
generated by reverse transcription of the mRNA using the SensiScript Kit (Qiagen)
based on manufacturer’s instructions. Briefly, 20 pL reactions containing 1 pL of
reverse transcriptase enzyme, 2 pL of 2x reverse transcriptase buffer, 1 pL of Oligo-
dT 14-mer (10 puM, Merck), 2 pL of dNTPs and varying amounts of RNA (up to 120
ng/reaction) and molecular grade water were incubated at 37°C for 1 h. The reaction
was stopped by incubating at 93°C for 5 min. The cDNA solution was then placed on

ice for a few minutes.

For gPCR, between 2-6 ng of the original equivalent mMRNA were used per reaction
(10 pL) using the PowerSYBR™ (Thermo Fisher Scientific) kit according to
manufacturer’s instructions. All the primers used are listed in Table 11.11 (Appendix
[1), which were added at a final concentration of 600 nM. The PCR reactions were
amplified using QuantStudio 7 Flex Real-Time PCR system (Thermo Fisher Scientific).
The targets were amplified using the following protocol: Hold stage — 2 min at 50°C,
10 min at 95°C; PCR stage (40 times) — 15 sec at 95°C, 1 min at 60°C; Melt curve
stage — 15 sec at 95°C, 1 min at 60°C, 15 sec at 95°C.

The analysis was performed by using the AACt method [3-5], where Ct represents the
number of cycles it takes to detect a real signal from the sample. The ACt for a certain
gene is the difference between the Ct for the gene of interest and for the housekeeping

gene:

ACt = Ctgene of interest — Cthousekeeping gene (”-1)

The AACt value represents the difference between ACt values for the gene of interest

and the housekeeping gene in the tested condition and in the control condition:
AACt = ACtconaition x — Cteontrot (1.2)

Lastly, the fold-change in the expression of the gene of interest in relation to a control

condition is quantified based on the following equation:

relative mRNA expression = 27AACt (11.3)

131



[1.3. FLOW CYTOMETRY AND IMMUNOSTAINING

All the antibodies and the respective dilutions used for flow cytometry (FCM) analysis
or FACS are listed in Table 11.10 (Appendix II).

[1.3.1. EXTRACELLULAR STAINING

In general, for extracellular Notch receptors staining, 50 yL of PBS 2% FBS with HAG
(Human y-globulins from Cohn fraction I, 1ll; Merck) at 1:5 final dilution (from a 20
mg/mL stock) containing 1.5-2.5x10° cells were used per staining in a 5 mL
polystyrene tube. Two microliters of each ab were then added: isotype abs were added
from the crude stock and Notch abs from a 1:2 dilution. Cells were incubated for 30
min at 4°C in the dark and then washed with PBS 2%. Pelleted cells were resuspended
in 0.5 mL of PBS 2% + DAPI (1:2000) and immediately analysed in a BD
LSRFortessa™ (BD Biosciences, San Jose, CA, USA). When less cells were available
(e.g. to evaluate N1 and N2 knockdown on HSPCs), ~5x10* cells were resuspended
in 25 uL of PBS 2% + HAG for each staining. Then, 2 yL of ab were added to each
tube: isotype abs from a 1:2 dilution and N1 and N2 abs from a 1:4 dilution.

For haematopoietic cells multicolour staining, cells were resuspended in PBS 2% +
HAG according to the general rule per staining: <1x10°6 cells in 25-30 yL, 1-2x10° cells
in 50-80 uL. A master mix of abs was made first containing 5 pL of each ab per 1x10°¢
cells, except for N1 and N2 abs which were added by half (2.5 uL/1x108 cells). The
master mix of antibodies was added to the cells and incubated for 30 min at 4°C in the
dark. If stainings were immediately analysed, then cells were washed in PBS 2% and
resuspended in PBS 2% + P/S + DAPI. If was to proceed to intracellular staining, cells
were washed and resuspended with PBS only. When multicolour FCM was performed,
single stain controls were used for manual compensation. Analysis of FCM data was
performed with the FlowJoV10 software (FlowJo LLC, Ashland, OR, USA).
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[1.3.2. INTRACELLULAR STAINING - NICD

For the validation of NICD abs in cell lines, the required number of cells was
resuspended in PBS at 2x10° cells/mL in a 15 mL tube and the same volume of 4%
methanol-free formaldehyde (16% solution diluted in PBS) was added and incubated
for 10 min at 37°C (incubation at RT was also tested) to fix the cells. Cells were then
washed by toping up the tube with PBS and centrifuging at 450x% g for 10 min. Cells
were resuspend in 1 mL of PBS and the same volume of 0.2% Triton™ X-100 made
in PBS was added and incubated for 10 minutes at RT to permeabilise the cells. Then,
1 mL of FBS was added, tubes were topped up with PBS and centrifuged as before.
Pelleted cells were resuspended in enough volume of PBS 2% to distribute 2.5x10°
cells per 25 uL per staining. Two microliters of abs at different dilutions were added to
each tube to define the best ab dilution. No ab was added to the control tube. Cells
were incubated at 4°C for 50 min and washed with PBS 2% as before. An anti-rabbit
secondary ab was prepared in a master mix by diluting the ab 1:100 in PBS 2% and
25 uL were added to each tube. Cells were incubated at 4°C in the dark for 45-50 min
and washed as before. Cells were resuspended in 0.5 mL of PBS 2% with DAPI
(1:100) and incubated for 5 min on ice before FCM analysis. During analysis, DAPI
was acquired in linear mode and pulse-processing mode (DAPI-A vs DAPI-W) was

used to exclude any unstained, apoptotic and clumped cells.

After the validation, to detect the expression of NICD, the testing cells were fixed and
permeabilised as described. To detect N1ICD and N2ICD expressions, cells were
stained with the respective abs diluted 1:16. To detect N4ICD expression, anti-Notch4
ab was diluted 1:50 and after staining, cells were resuspended in 25 pL of PBS 2%
and DAPI was added to a final concentration of 2.0 ng/mL and samples were acquired
in an Amnis® ImageStream® (Luminex, Austin, TX, USA) image flow cytometer and
analysed using the IDEAS® software. This work was previously performed in the lab

by Antonio de Soure.
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[1.3.3. INTRACELLULAR STAINING - K167 (CELL CYCLE)

For cell cycle analysis, following extracellular staining, cells were fixed at RT and
permeabilised as previously described. Cells were resuspended in 50 pyL of PBS 2%
and divided into two tubes, one for the isotype control (mouse IgG1 k) and other for
the Ki67 stain. Then, 10 pL of the respective ab were added to each tube and cells
were incubated at 4°C in the dark for 1 h. Cells were then washed in PBS 2% and
resuspended in PBS2% with DAPI (1:100) and proceeded for FCM analysis as

described.

[1.3.4. FLUORESCENCE-ACTIVATED CELL SORTING (FACS)

All cell sorting was performed in a BD FACSAria™ Fusion (BD Biosciences) and using
the BD FACSDiva™ software (BD Biosciences). Extracellular staining was performed
in PBS2 % + P/S as described. If no staining was necessary, harvested cells were
directly resuspended in PBS 2% + P/S + DAPI. Sorting was performed with a 16-16-0
precision mode and dead cells and debris were excluded by gating DAPI negative

cells. All cells were sorted into PBS 2% + P/S.
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[1.4. LENTIVIRAL PRODUCTION AND CELL LINES
TRANSDUCTION

[1.4.1. PRODUCTION OF SECOND GENERATION LENTIVIRUSES

The Lenti-X 293T cell line (HEK293T subclone highly transfectable and that supports
high levels of viral protein expression [6]) was used as packaging cells with a calcium

phosphate transfection protocol.

11.4.1.1. CALCIUM PHOSPHATE TRANSFECTION

Lenti-X 293T cells were seeded in tissue culture dishes 16-18h before transfection.
Around 5x10* cells/cm? were seeded in 100 mm (D100) or 150 mm (D150) dishes with
7 mL or 18 mL of complete DMEM, respectively, and incubated at 37°C overnight. In
the following morning, culture medium was carefully changed 2 h before transfection
to Opti-MEM™ (Thermo Fisher Scientific) with 2% FBS, adding enough medium to

cover the cells monolayer (5 mL on D100 or 15mL on D150).

For the calcium phosphate transfection method, homemade CaClz (2.5 M) and 2x
concentrate HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) buffered
saline (HBS, Merck) was used. All reagents were warmed to RT before use. First, the

plasmid DNA mix was prepared according to the following quantities per 150 mm dish:

Per dish (D150 ~ 45-50 pg total DNA)
pMD2.G (1 pg/uL) 7.9 L (7.9 pg)
pCMVdR8.74 (1 ug/pL) | 16.1 yL (16.1 ug)
Transfer Vector X L
NF-H20 (sterile) X ML (up to 1128 L)
2x HBS 1250 pL
CaClz (2.5M) 122 uL
Total 2500 uL
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Where the amount of transfer vector is calculated based on a molar ratio 2:1:1 for the
transfer:packaging (pbCMVdR8.74):envelope (pMD2.G) vectors, considering that:

[vector] (ug/uL) x 2x10°

Mvector (nM) - size (bp) X 650 Da

(I1.4)

After mixing all the plasmids with the required volume of NF-H20, the CaCl> was added
dropwise and mixed gently by flicking. Then, 2x HBS was added dropwise while
vortexing in mild speed. The mixture was incubated for 10 min at RT and then added
to the cells drop by drop while gently swirling the dish. Cells were incubated at 37°C
and after 7-8 h the culture medium was carefully replaced with pre-warmed collection
media (Opti-MEM with 2% FBS, 1% P/S and 25 mM of HEPES [OptiMEM comes with
12.5 mM of HEPES]), using 5 mL on D100 or 15mL on D150. On the following day
cells were checked under a fluorescent microscope to assess quality of the
transfection through the fluorescent reporter expression which should be over 70% for

a good virus production.

The supernatant containing the virus was collected ~48 h after the medium change,
centrifuged for 5 min at 1000x g to pellet detached cells and debris, and filtered
through a 0.45 uym filter (Millex®-HV, Merck). When not concentrating the virus, the
whole virus supernatant was aliquoted in 1 mL aliquots and immediately stored at
-80°C.

[1.4.1.2. ULTRACENTRIFUGATION OF LENTIVIRAL SUPERNATANT

The virus supernatant was loaded into thinwall polypropylene konical tubes (Beckman
Coulter) and balanced with a maximum of 0.2 g of difference. A sample of 0.5 mL was
stored at -80°C for virus titration. Ultracentrifugation was performed in a SW32Ti rotor
(Optima XPN-80 Ultracentrifuge, Beckman Coulter), at 4°C and 90000x g for 2.5 h.
The centrifuged media was carefully discarded by pouring into an appropriate
container for decontamination. Empty tubes were placed inverted on a paper towel to
remove excess liquid and the walls of the tube were carefully wiped with a sterilised

cotton swab without touching the pellet.
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An appropriate amount of medium was added to each tube to resuspend the viral pellet
very gently pipetting up and down several times. When using in cell lines, 100 pL of
complete RPMI was added to each tube, whereas for use in HSPCs 40 yL of
StemSpan™SFEM Il (STEMCELL Technologies) was added to each tube. Tubes
were left sealed with parafilm for 2 h on ice with occasional flicking of the tubes. All
resuspended virus media were then transferred to a 0.5 mL tube and centrifuged for
1 min at 1000x g to pellet any major debris. The concentrated virus was aliquoted in
0.5 mL tubes, making aliquots of 20-30 L for cell lines and 7-10 yL for HSPCs which
were immediately put on dry ice and stored at -80°C.

[1.4.1.3. LENTIVIRUS TITRATION

HeLa cells were plated in 24-well plates at 2.5x10%cells in 0.5 mL of complete DMEM
12-16 h before adding the virus suspensions. Serial dilutions of the virus media were
prepared in 2 mL tubes with complete DMEM. When titrating unconcentrated virus,
dilutions of 1 in 64, 128 and 256 were generally used. When titrating concentrated
virus, dilutions of 1 in 2x10% and 4x10% were used. These dilutions were selected to
achieve transduction efficiencies below to around 20%, which guarantees a more
accurate virus titration. Diluted virus media (0.5 mL) was added to the cells (making a
total volume of 1 mL) and plates were incubated at 37°C for 2-3 days, after which cells
were detached as previously described. Cells were collected and centrifuged in 5 mL
tubes and resuspended in 300 L of PBS 2% + P/S + DAPI.

Transduction efficiencies were analysed by FCM in a BD LSRFortessa™, measuring
the percentage of GFP or mCherry positive cells depending on the transfer vector
being used. Virus titres were calculated based on the following equation and the

average from two dilutions.

% reporter

Virus titre (TU/mL) = 100

x dilution factor x 2.5 X 10*cells (1.5)
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[1.4.2. TRANSDUCTION AND GENERATION OF STABLE CELL
LINES

For the transduction of HEK293T cells, 1.25x10% cells/cm? were plated in culture wells
with complete DMEM 12-16 h before adding the virus. Cells were transduced with an
MOI of 10 by adding the required volume of virus suspension. When using
unconcentrated virus, culture medium was carefully changed in the following day.

Cells were split every 3 days.

For the transduction of suspension cells like K562 and OCI-AML3, cells were plated
at 5x10° cells/mL in culture wells with complete RPMI and IMDM 20%, respectively,
immediately before adding the virus. Cells were transduced with an MOI of 5 or 10 by
adding the required volume of virus suspension. Culture medium was changed 16 h
after transduction maintaining a concentration of 5x10° cells/mL and cells were split

every 3 days.

In the knockdown validation assays with the constitutive shRNA and miR30shRNA
vectors, transduced K562 and HEK293T cells were cultured for 6 days before analysis
of N1 and N2 knockdown, respectively, by FCM (staining of extracellular N1 and N2
described in section 11.3.1). These cells were cultured for an additional 3 days and then
harvested for protein extraction as described in section 11.2.2.1. In the inducible vectors
validation study (Chapter V), transduced K562 and OCI-AML3 cells were sorted for
mCherry* cells 3-6 days after transduction. When an appropriate number of cells was
available (2-5x10°), mCherry* cells were purified by FACS until a minimum of 5-
10x10* cells were collected into 2 mL tubes with PBS 2% + P/S. The collection tubes
were centrifuged and cells were resuspended in the respective culture media to a
concentration of 5x10° cells/mL. Cells were initially plated in wells of a 96-well plate,
splitting 1:4 after 2-3 days to a 24-well plate, after which cells were split as previously
described and maintained in a 12-well plate. Cells were collected in the referred time
points for FCM analysis and luciferase quantification assay (described in section
11.2.5).
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[I.5. HAEMATOPOIETIC ASSAYS

[1.5.1. ISOLATION OF MNCs FROM UCB

UCB/UCB-MNCs were obtained from different sources (Anthony Nolan Cord Blood
Bank, STEMCELL Technologies; Vancouver, Canada and The Royal London
Hospitals) after informed consent approved by their respective local ethical

committees and the Declaration of Helsinki.

MNCs were obtained by density centrifugation using Ficoll-Paque (STEMCELL
Technologies). Briefly, blood was diluted three times in PBS and gently added to a
layer of Ficoll (with 1 part Ficoll to ~2 parts blood) and tubes were centrifuged at 550%
g for 30 min at RT without brake. The middle layer of cells was collected, diluted 1:2
with PBS and centrifuged. The pelleted cells were resuspended with PBS and
ammonium chloride (STEMCELL Technologies) was added 3-4 times to the initial
volume and put at 4°C for 7-10 min to lyse the red blood cells. Then, 1-2 mL of FBS
was added to balance the osmolarity and tubes were topped up with PBS and
centrifuged. Cells were resuspended in 1-5 mL of PBS 2% FBS + P/S depending on
the cell pellet size. Cells were counted and immediately cryopreserved at 0.5-1.5x108
cells/mL in FBS with 10% DMSO as described.

[1.5.2. HSPCS SELECTION

[1.5.2.1. CD34* CELLS ENRICHMENT

Frozen vials of MNCs (0.5-1.5x108 cells) were thawed in PBS 2% + P/S and
resuspended in 0.5 mL of PBS 2% + P/S. Cells were counted and the resuspension
volume was adjusted according to instructions of EasySep™ Human CD34 Positive
Selection Kit Il (STEMCELL Technologies). The kit protocol was followed, performing
four rounds of selection. CD34* enriched cells were centrifuged, resuspended in 50
uL of PBS 2% + P/S and counted.
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[1.5.2.2. CD34+CD38-FACS

CD34* enriched cells were stained with anti-CD34-APC and CD38-PECy7 abs as
described in section 11.3.1. Single stains were also prepared by staining 50 uL of
discarded CD34- MNCs with anti-CD45-APC and CD38-PECy7 abs in separate tubes.
After staining, cells were resuspended in 0.5 mL of PBS 2% + P/S + DAPI and filtered
through a 70 um nylon mesh. CD34*CD38 HSPCs were isolated by FACS (section
[1.3.4) after compensation with single stains. CD34*CD38" cells were selected by

gating a CD38" population around 12-13% of the CD34* population.

[1.5.3. CO-CULTURE OF HSPCS WITH S17 STROMAL CELLS

To prepare the stromal layers, the different S17 cell lines were plated 2-3 days before
initiating co-culture, at 2x10* cells/cm? in a 24-well plate with complete aMEM. Co-
cultures of CD34*CD38 HSPCs were initiated by seeding 5x10° cells/well in 0.5 mL
of aMEM with 5% FBS and 1% P/S supplemented with SCF (100 ng/mL), FIt3L (100
ng/mL) and TPO (40 ng/mL, all cytokines from PeproTech, Inc, London, UK). Cells
were cultured for 5-6 days and then collected by harvesting all cells. Supernatant was
collected into a 15 mL tube then, wells were washed once with PBS and the wash-out
was also collected. The adherent fraction was harvested by trypsinisation for 7 min
with 2 subsequent washes with PBS 2% and the whole content was transferred to the
tube containing the non-adherent cells. Cells were centrifuged, resuspended in PBS
2%. The collected cells were either used for extracellular and intracellular staining (as
described in sections 11.3.1 and 11.3.3) for analysis of cell cycle and differentiation,
sorting of CD45*CD34" cells for RNA extraction (section 11.2.5) or sorting of CD45*
cells for mice transplantation (section 11.5.6). The panel of abs used are listed in section
11.5.7.
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[1.5.4. HSPCS TRANSDUCTION, SORTING AND CULTURE

FACS purified CD34*CD38 HSPCs were resuspended in StemSpan™SFEM I
containing SCF (100 ng/mL), FIt3L (100 ng/mL), IL-6 (10 ng/mL), IL-3 (10 ng/mL), G-
CSF (25 ng/mL; all cytokines from PeproTech), 1% P/S and HEPES (10 mM). Cells
were counted, the volume was adjusted to a concentration of 1-1.5x10° cells/mL and
100 pL of cell suspension (10000-15000 cells) were plated per well of a 96-well plate.
Cells were incubated overnight (~16 h) for pre-stimulation before adding highly
concentrated virus (titres > 108). Pre-stimulated HSPCs were transduced with MOI of
40-50. After 8-12 h, a drop of FBS was added to the wells to inactivate the viral
particles and then cells were collected into 2 mL tubes by washing the wells with PBS
several times. Collection tubes were centrifuged, and cells were resuspended in 100
ML of StemSpan™SFEM with SCF (300 ng/mL), FIt3L (300 ng/mL), TPO (20 ng/mL),
1% P/S and HEPES (10 mM) — “StemSpan 300/300/20”. Cells were plated into new
wells of a 96-well plate and incubated for 4 days. After this period, cells were collected
into sterile 5 mL tubes by washing the wells with PBS 2% several times, centrifuged
and resuspended in 0.5-1 mL of PBS 2% + DAPI + P/S. Next, GFP* cells were purified
in a BD FACSAria™ Fusion cell sorter into 2 mL tubes with 1 mL of PBS 2% +P/S.
After sorting, PBS was added to fill the collection tubes and cells were centrifuged,
resuspended in the appropriate medium and counted.

For the in vitro studies, cells were resuspended in StemSpan 300/300/20 and the
required number of cells were used for the LTC-IC assay (section 11.5.5). The
remaining cells were plated at a concentration of 2-3x10° cells/mL. After 3-4 days of
culture, cells were split 1:2 or 1:3 and cultured for additional 4 days and then collected
for N1 and N2 knockdown analysis by FCM. Cells were stained for N1 and N2 as
described in section 11.5.3.1. For in vivo studies, GFP* HSPCs were resuspended in

PBS 2% for adoptive transfer into NSG mice (section 11.5.6).

In vitro cell growth from the sorting day (day 4) to collection day for knockdown analysis
(day 11) was quantified as population doublings, according to equation 1.5, where N
is the number of cells.

ln(Nday 11/Nday 4)
In2

Population doublings = (11.6)
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[I.5.5. LTC-IC AssAy

To prepare the stromal feeder layers for the LTC-IC assay, early passage of MS-5
cells were thawed at least 12 days before the assay. Cells were cultured for 3-5
passages as previously described before being used as feeder layer. Before seeding
the MS-5 cells, 96-well and 24-well plates were coated with collagen (STEMCELL
Technologies) diluted 1:10 in PBS (0.3 mg/mL). To coat the wells, 35 pL or 200 pL of
the diluted solution was added to each well of 96-well and 24-well plates, respectively.
The solution was left for 1 min after which it was recovered and could re-used three
more times. The plates were left open inside the hood to allow the wells to dry for
~1 h. After this, the plates were either used immediately or sealed with parafilm and

stored at 4°C until use (for up to 2 weeks).

Before use, the collagen coated wells were washed two times with PBS to neutralise
the collagen pH and then 3000 cells/well or 18000 cells/well were plated in 96-well or
24-well plates, respectively (~60-70% confluency) with complete IMDM. Cells were
cultured for 2 days until 80-90% confluence was reached. On the day before HSPC
seeding, plates were irradiated at 6.8 Gy to arrest cell growth and culture medium was
changed 5-6 h after irradiation to 100 uyL/well of MyeloCult™ H5100 (STEMCELL
Technologies) with 1% P/S. Following sorting, GFP* HSPCs were seeded at different
cell doses per well of 96-well plate — 2.5, 5, 10 and 15 cells/well, with 5-15 wells for
each dose in one independent experiment. The required number of cells was
determined and resuspended in complete IMDM in order to dispense 10-20 pL into
each well. For 24-well plates, 60 cells/well were seeded, which is an equivalent dose
of 10 cells/well in the 96-well plate. LTC-IC cultures were incubated for 5 weeks and
half media change was performed once a week by removing 50 pL of the medium and
non-adherent cells and replacing gently with 50 yL of fresh Myelocult H5100 + P/S.
After 4 weeks, CAFCs were counted in each condition considering only large colonies

of >50 packed haematopoietic cells, as exemplified in Figure 11.2.
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Figure 1.2 — Example of a cobblestone-area at week 4 of the LTC-IC assay. In red circles are
identified the large colonies counted in this area.

I1.5.5.1. IMMUNOPHENOTYPIC CHARACTERISATION OF LTC CELLS

At the end of 5 weeks, all cells from each dose were harvested including the non-
adherent cells similarly as described in section 11.5.3. Collected cells were
resuspended in an equivalent volume of 100 pL/well of complete IMDM/well and 100
uL were used for the CFU assay as described below. The remaining cells from cell
doses of 5, 10 and 15 were pooled together, centrifuged and resuspended for
immunophenotypic analysis. Cells collected from 24-well plates were frozen down.

The panel of abs used in this assay can be found in section 11.5.7.

11.5.5.2. CFU AssAY (LTC-IC DERIVED)

To assess CFUs formation from the different LTC-IC doses used, 100 pL of the LTC-
IC cell suspension, which corresponds to one well of a 96-well plate, were transferred
into a 1.2 mL aliquot of enriched methylcellulose (MethoCult™ H4435, STEMCELL
Technologies) with 1% P/S. Cells were then mixed by vigorously inverting and plated
into 2 wells of a 12-well plate by loading 550 uL into each well using a blunt needle
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and a 1 mL syringe. The remaining unused surrounding wells and space between the
wells were filled with sterile water with 1% P/S. Plates were incubated at 37°C for 14
days, after which the total number of colonies were counted under an inverted
microscope. The number of LTC-IC derived CFUs per input cell was calculated from

the mean of the duplicate wells.

[1.5.6. INVIVO ASSAY

Due to the lack of an appropriate animal facility at Cardiff University to breed the
number of pathogen-free immunodeficient mice required for this project, both the
animal adoptive transfer and the schedule-1 sacrifice procedures were performed by
Dr. Fernando dos Anjos Afonso at The Francis Crick Institute in London. All the animal
procedures were performed in accordance with the UK Home Office regulations after

The Francis Crick Institute ethics committee approval.

[1.5.6.1. XENOTRANSPLANTATION OF HSPCs

For the Notch ligands study, NOD/SCID/B2m~- aged 8 to 12 weeks were sub-lethally
irradiated at 3.75 Gy (*¥’Cs) up to 24 hours before tail vein injection of sorted cells.
Mice were either injected with total CD45" derived from the different S17 co-cultures
(section 11.5.3) or with 5x10°% fresh CD34*CD38" cells (Day 0). For limiting dilution
analysis (LDA) mice were injected with different cell doses ranging from 625 to 40000
CD45"* derived cells from the different S17 co-cultures. For each cell dose 4-6 mice
were used. For the Notch receptors knockdown study, NSG mice aged 8 to 12 weeks
were irradiated at 3.75 Gy (*3’Cs) up to 24 hours before mice transplantation. For this
study, 5000 FACS purified GFP* HSPCs (section 11.5.4) were injected into the tail vein.

[1.5.6.2. IMMUNOPHENOTYPIC CHARACTERISATION OF ENGRAFTED
CELLS

Mice were sacrificed by cervical dislocation 12 weeks after adoptive transfer and the

tibiae, femurs and ileum were collected. Bone marrows were harvested by flushing the
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bones with PBS 2% using an insulin syringe (25 gauge). Bones were flushed several
times until they had a white appearance, indicating removal of most cellular content.
Red blood cells were lysed by adding to the cells suspension three times its volume
of ammonium chloride (STEMCELL Technologies) and incubating for 3-5 min at RT.
At the end, few drops of FBS were added to balance the osmolarity, then cells were
centrifuged, resuspended in 200 pyL of PBS 2% and counted.

In the Notch ligands study, a fraction of the cell suspension (containing 5x10° to 1x10°
cells) was stained with anti-CD45, -CD19 and -CD33 abs (panel in section 11.5.7) to
guantify the level of human myelo-lymphoid engraftment. Human engraftment was
guantified as the proportion of live cells that were CD45*CD33* and CD45*CD19*.
Dead cells and debris were excluded from the analysis and the maximum number of
lived effects were acquired. In the Notch receptors knockdown study, half of the cell
suspension was cryopreserved, and the other half was used for extracellular staining
dividing 20 uL to characterise human engraftment and differentiation phenotype and
80 pL to characterise engrafted HSPC sub-populations. The panels of abs used can

be found in section 11.5.7.
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[1.5.7. ANTIBODIES PANELS

Notch ligands study —in vitro

Cell cycle and differentiation: CD45-xx, CD34-xx, CD45RA-xx, Ki67-FITC

HSPCs sorting: CD45-xx, CD34-xx

Notch ligands study —in vivo

Human engraftment; CD45-xx, CD19-xx, CD33-xx

Notch receptors knockdown study —in vitro

HSPCs subpopulation: CD34-APC, CD38-PECy7, CD45RA-APCe789, CD90-BV605,
CD135-BV711

Differentiation and knockdown: CD11c-APC, CD14-PECy7, CD19-APCe780, CD33-
BV711, CD34-PerCP, CD56-BV605, IgG1/Notchl/Notch2-PE

Notch receptors knockdown study —in vivo

HSPCs subpopulation: CD10-APC, CD34-PerCP, CD38-AF780, CD45RA-PECYy7,
CD62L-PE, CD90-BV605, CD135-BV711, Lin-eFluor450, CD19-eFluor450

Human engraftment and differentiation: CD11c-PE, CD14-PECy7, CD19-APCe780,
CD33-APC

“xx” denotes that different fluorochromes were used in different experiments.
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[[.6. DATA ANALYSIS

All statistical analysis was performed using the Prism8 software (GraphPad Software,
San Diego, CA, USA).

When size of the sample was sufficient and passed the Shapiro-Wilk normality test,
statistical analysis was performed with unpaired t-test. When these requirements were
not satisfied, the nonparametric Mann-Whitney test was used. The p-value scale used
was: *p<0.03, **p<0.003 and ***p<0.0003.

For the LDA experiments, the L-Calc software (STEMCELL Technologies) was used

to calculate SRC frequency.
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APPENDIX I - MOLECULAR CLONING

Table 1.1 — Plasmids used for molecular cloning as templates, intermediate vectors and for shRNA expression.

Plasmid name

Source

pLV.EF1a-premiRNA30-RFP

Biossettia (San Diego, CA, USA)

pSIN.Tet-HPGK-rtTA2-hDKK-Ires-GFP

In-house vector

pGIPZ

Dharmacon — Horizon Discovery Group

pmCherry

Takara Bio (Mountain View, CA, USA)

pINDUCER 21 (ORF-EG)

Addgene (Watertown, MA, USA)
This vector was gift from Stephen Elledge & Thomas Westbrook (Addgene plasmid #46948;
http://n2t.net/addgene:46948; RRID: Addgene_46948) [7]

pPRRL.SFFV-d20GFP-T2A-mTagBFP

Addgene
This vector was a gift from Andrew Scharenberg (Addgene plasmid #31485;
http://n2t.net/addgene:31485; RRID: Addgene_31485) [8]

pLVUT-tTR-KRAB

pTRE3G-mCherry Takara Bio
pECFP-C1 Takara Bio
pEntr4-H1 Riken
CS-RfA-EG Riken
Addgene

This vector was a gift from Patrick Aebischer & Didier Trono (Addgene plasmid # 11651;
http://n2t.net/addgene:11651; RRID: Addgene 11651) [9]

pLV.EF1a-MCS-GFP

In-house vector (EF1a promoter derived from the vector CSII-EF-MCS from Riken)

pGL2

Promega
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Table 1.2 — Forward (fwd) and reverse (rev) primers used for molecular cloning.

Fwd | 5-TACCCCTCTAGAGTCGAGCTACCGGTCGCCACCATGGTGAGCAAGGGCGAGG-3'
GFP Rev | 5-TTGGAACCTAAGTCGACACGCGTTTACTTGTACAGCTCGTCCATGCC-3'
miR30 Fwd | 5-TCTCGAGGATCCACAGAATCGTTGCCTGCAC-3’
shrna Rev | 5-GCTCGAGCTAGCTTCAGCTTTGTAAAAATGTATCAAAG-3’
Fwd | 5-GGATCGATCCTCGAGCGCCACCATGTCTAGACTGGACAAGAGCAAAGTC-3'
1A Rev | 5-CTCCTCCACGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCACCGGAACCCCCGGGGAGCATGTCAA-3
mCherty Fwd | 5-GAATCCGGGCCCCATGGTGAGCAAGGGCGAGG-3’
Rev | 5-TTGTCGACCTACTACTTGTACAGCTCGTCCATGCCG-3’
Fwd | 5-GGAACCTTACGCGTAGCTAGGTGCAGTAACGCCATT-3’
Cassette Rev | 5-TTGATTGTCGACCTACTACTTGTACAG-3’
EELintron Fwd | 5-ACGTAAAGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGGTCCACGTTCTTTTTCGCAAC-3’
Rev | 5- ATCAGCGTGGATCCTCGAGAACTAATC-3’
TRESG Fwd | 5-TAATCTTATCGATCACGAGACTAGCCTCGAGGTCGAGTTTACTCCCTATC-3'
Rev | 5-CAGGAATTCGATATCAAG-3’
PGk Fwd | 5-ACGTTCGCTAGCACGCGTAGCTGGAAGCTCAGCTCGAATTCCCACGGGGTTG-3'
Rev | 5-TCGAACCTCGAGCTGGGGAGAGAGGTCGGTGATT-3'
UBC Fwd | 5-ATCGTAGCTAGCACGCGTCGAATCCTAGCGCAGAGATCCAGTTTGGTTAATTAACCCGTG-3’
Rev | 5-CAGTATCTCGAGGTCTAACAAAAAAGCCAAAAACGGCCAG-3'
Fwd | 5-ACTGTATGCTAGCACGCGTAAGCGGCCGCACTAGAGATATCGAATATCGATGCCTCCCCGTCA-3’
EFL Rev | 5-ATTGCTCTCGAGTTCACGACACCTGAAATGGAAG-3’
Fwd | 5-ACTGACATCGATGGCCGGCCATGCATGCTAGCACCGGTTCCGGTCTCGAGAATTC-3’
][\("f;_v Revl | 5-AACTATACGCGTGGTAAGCGGCCGCACTAGAGATACGAATACCGATTACTTGTACAGCTCGTCCATG-3'
Rev2 | 5-AACTATATCGATGGTAAGCGGCCGCACTAGAGATATCGAATATCGGATTGTCGACACGCGTTTATTAC-3’
GEP Fwd | 5-CTGAACGGATCCGGCCACCATGGTGAGCAAGG-3’
kozak Rev | 5-CGATGTTAACTCTAGAACGCGTTTATTAC-3'
Luciferase Fwd | 5-GCTACTGAGCTAGCGCCACCATGGAAGACGCCAAAAACATAAAG-3’
Rev | 5-TCTAAGCTGGATCCCAATTTGGACTTTCCGCCCTTC-3’
Fwd | 5-AGTCTTGGATCCACAGAATCGTTGCCTGCACATCTTGGAAACACTTGCTGGGATTACTTCGACTTCTTAACCCAAC-3’
mirE Rev | 5-AATGCCGCTAGCTTCAGCTTTGTAAAAATGTATCAAAGAGATAGCAAGGTATTCAGTTTTAGTAAACAAGATAATTGCTC
GAATTCTAGCCCCTTGAAGTCCGAGGCAG-3’
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Table 1.3 — Sequencing primers used to confirm DNA sequences

Seq fwd GFP

5-CCTCTAGAGTCGAGCTACC-3

Seq fwd1 cassette

5-GCCACCATGTCTAGACTG-3’

Seq revl cassette

5-CTTCACGTGCCAGTACAG-3’

Seq fwd2 cassette

5-AAGCTGAAGGTGACCAAG-3

Seq rev2 cassette

5-TTCACGTAGGCCTTGGAG-3

Seq fwd Teto

5-TCGATTAGTGAACGGATCTC-3

Seq fwd SyntP

5-CTACCCTCGTAAAGTCGAC-3’

Seq rev SHMIR30 EF1

5-TTACATCAAGTGCCAAGCTG-3

Seq fwd SHMIR30 pECFP 5-CCAAAATGTCGTAACAACTCC-3’

pHlup2Zseq 5-CAGGAAGATGGCTGTGAGG-3’
Seq GFPend Fwd 5-GACGAGCTGTACAAGTAAAC-3
Seq P2A Rev 5-TTCTCCTCCACGTCTCCAG-3’

Table Il.4 — Reagents and kits used for the standard cloning techniques.

Techniques

Reagent/Kit name Brand
PCR HotStarTaq Qiagen
High Fidelity PCR Master Roche

Gel extraction

PureLink™ Quick Gel Extraction Kit

Thermo Fisher Scientific

Enzymatic Restriction

Apal, BamHI, Bglll, BmgBI, BsmBI, Clal, EcoRlI, Ndel, Nhel, Mlul, Mlul-
HF®, Pstl, Sall-HF®, Xbal, Xhol

New England Biolabs

Dephosphorylation Shrimp Alkaline Phosphatase (rSAP) New England Biolabs
Ligation Quick Ligation™ Kit New England Biolabs
) NEB® Stable Competent E. coli New England Biolabs
Transformation ; , . P
One Shot™ TOP10 Chemically Competent E. coli Thermo Fisher Scientific
Miniprep PureLink™ HiPure Plasmid Miniprep Kit Thermo Fisher Scientific
Maxiprep PureLink™ HiPure Plasmid Maxiprep Kit Thermo Fisher Scientific
Gateway LR reaction Gateway™ LR Clonase™ Enzyme mix Thermo Fisher Scientific
TA cloning The Original TA Cloning® Kit pCR®2.1 vector Thermo Fisher Scientific
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Table 1.5 — Forward and reverse miR30shRNA oligos for cloning into the miR30 backbone. Sense and anti-sense sequences identified in red and blue,
respectively and loop sequence in green. Original shRNA sequence is underlined and mismatched nucleotides are bolded. shRNA targeting Luciferase (Luc)
was used as non-target control, three sequences were identified for efficient N1 knockdown (N1.1-N1.3) and two sequences were identified for N2 (N2.1 and
N2.2).

shRNA
Name Sequence
source
Fwd 5pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCTACGCTGAGTACTTCGAAATGTAGTGAAGCCACAGATG
L TACATTTCGAAGTACTCAGCGTAATGCCTACTGCCTCGG -3 In-house
uc .
Rev 5’pho- AATTCCGAGGCAGTAGGCATTACGCTGAGTACTTCGAAATGTACATCTGTGGCTTCACTACATTTCGAAGTA design
CTCAGCGTAGCGCTCACTGTCAACAGCAATATACCTTC -3
Fwd 5’pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGAGGGGCTAACAAAGATATGCAGTAGTGAAGCCACAGATG

N1 TACTGCATATCTTTGTTAGCCCCGTGCCTACTGCCTCGG -3 [10]
' 5’pho- AATTCCGAGGCAGTAGGCACGGGGCTAACAAAGATATGCAGTACATCTGTGGCTTCACTACTGCATATCTTT

ReV | GTTAGCCCCTCGCTCACTGTCAACAGCAATATACCTTC -3
Fwg | 5Pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGACAGGTGCAGCCACAAAACTTATAGTGAAGCCACAGATG
Lo TATAAGTTTTGTGGCTGCACCTGCTGCCTACTGCCTCGG -3’ Dharmacon™
' Rey | 5Pho- AATTCCGAGGCAGTAGGCAGCAGGTGCAGCCACAAAACTTATACATCTGTGGCTTCACTATAAGTTTTGTG pPGIPZ
GCTGCACCTGTCGCTCACTGTCAACAGCAATATACCTTC -3’
5’pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCCCGGGACATCACGGATCATATTAGTGAAGCCACAGATG
Fwd | TAATATGATCCGTGATGTCCCGGTTGCCTACTGCCTCGG -3’ MISSION®
N1.3 '
Rey | 5Pho- AATTCCGAGGCAGTAGGCAACCGGGACATCACGGATCATATTACATCTGTGGCTTCACTAATATGATCCGT shRNA Library
GATGTCCCGGGCGCTCACTGTCAACAGCAATATACCTTC -3’
5’pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCCCACATCCTCTCCAATGATTATAGTGAAGCCACAGATGT
Fwd | ATAATCATTGGAGAGGATGTGGTTGCCTACTGCCTCGG -3’ ™
N2.1 Dharmacon
' Rey | ZPho- AATTCCGAGGCAGTAGGCAACCACATCCTCTCCAATGATTATACATCTGTGGCTTCACTATAATCATTGGAG pPGIPZ
AGGATGTGGGCGCTCACTGTCAACAGCAATATACCTTC -3’
Fwd | 5Pho- TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCGCAGAGGACTCTTCTGCTAACTAGTGAAGCCACAGATG

N2.2 TAGTTAGCAGAAGAGTCCTCTGCATGCCTACTGCCTCGG -3’ 1]
. Rev 5pho- AATTCCGAGGCAGTAGGCATGCAGAGGACTCTTCTGCTAACTACATCTGTGGCTTCACTAGTTAGCAGAAG

AGTCCTCTGCGCGCTCACTGTCAACAGCAATATACCTTC -3
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Table 1.6 — Forward (fwd) and reverse (rev) shRNA oligos for cloning in the CS-H1-shRNA-EG vector. Sense and anti-sense sequences identified in red
and blue, respectively, and loop sequence in green.

Name Sequence shRNA source
Fwd | 5’pho- GATCCCCACGCTGAGTACTTCGAAATGTTTCAAGAGAACATTTCGAAGTACTCAGCGTTTTTTGGAAAT-3 .
Hue Rev 5pho- CTAGATTTCCAAAAAACGCTGAGTACTTCGAAATGTTCTCTTGAAACATTTCGAAGTACTCAGCGTGGG-3’ in-house design
N1.2 Fwd 5'pho- GATCCCCAGGTGCAGCCACAAAACTTACTTCAAGAGAGTAAGTTTTGTGGCTGCACCTTTTTTGGAAAT-3 Dharmacon™
Rev 5'pho- CTAGATTTCCAAAAAAGGTGCAGCCACAAAACTTACTCTCTTGAAGTAAGTTTTGTGGCTGCACCTGGG-3 PGIPZ
N1.4 Fwd 5'pho- GATCCCCAGCATGTGTAACATCAACATCTTCAAGAGAGATGTTGATGTTACACATGCTTTTTTGGAAAT-3’ [11]
Rev 5'pho- CTAGATTTCCAAAAAAGCATGTGTAACATCAACATCTCTCTTGAAGATGTTGATGTTACACATGCTGGG-3
Fwd | 5’pho- GATCCCCACCACATCCTCTCCAATGATTTTCAAGAGAAATCATTGGAGAGGATGTGGTTTTTTGGAAAT-3 Dharmacon™
Nzt Rev 5'pho- CTAGATTTCCAAAAAACCACATCCTCTCCAATGATTTCTCTTGAAAATCATTGGAGAGGATGTGGTGGG-3 pGIPZ
Fwd | 5’pho- GATCCCCGCAGAGGACTCTTCTGCTAACTTCAAGAGAGTTAGCAGAAGAGTCCTCTGCTTTTTGGAAAT-3
Nz Rev 5'pho- CTAGATTTCCAAAAAGCAGAGGACTCTTCTGCTAACTCTCTTGAAGTTAGCAGAAGAGTCCTCTGCGGG-3 -
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APPENDIX Il - ANTIBODIES

Table 1.7 — List of primary antibodies used for Western blotting.

Antibody Clone Reference/ Company Dilution
#3608S Cell Signaling Technology .
Notchl D1E11 (Leiden, The Netherlands) 1:1000
Cleaved Notchl D3B8 #4147S Cell Signaling Technology 1:500
Notch2 D76A6 #5732S Cell Signaling Technology 1:1000
Cleaved Notch2 . . )
(Ala1734) Polyclonal #PAb-37433 Thermo Fisher Scientific 1:300
Notch4 L5C5 #2423S Cell Signaling Technology 1:1000
#sc-5594 (discontinued) Santa Cruz )
Notch4 Polyclonal Biotechnology (Dallas, TX, USA) 1:1000
B-Actin AC-15 #A5441 (Merck) 1:10000
Table 1.8 — List of primary antibodies used for IHC and ICC.
Antibody Clone Reference/ Company Dilution
Dll4 Polyclonal #NB600-892 NovusUBKlt))Ioglcals (Abingdon, 1:100 (10 pg/mL)
i #sc-34473 (discontinued) Santa Cruz .
Jagl N-17 Biotechnology 1:100 (2 ug/mL)
DIl Polyclonal #ab84620 Abcam Plc (Cambridge, UK) 1:100 (5 pg/mL)
Dll1 Polyclonal #NBP2-27088 Novus Biologicals 1:50 (10 pg/mL)
CD31 JC70A #MO0823 Agilent Technologies 1:100 (10 pg/mL)
Vimentin V9 #sc-6260 Santa Cruz Biotechnology 1:100 (2 pg/mL)
CK8 Polyclonal #ab14053 Abcam 1:100 (10 pg/mL)
Cleaved Notch1 #2421 (discontinued) Cell Signaling .
(Val1744) Polyclonal Technology 1:200 (0.15 pg/mL)
Cleaved Notch2 . . ]
(Asp1733) Polyclonal #ab52302 (discontinued) Abcam 1:200 (5 pg/mL)
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Table 1.9 — List of secondary antibodies used in this work.

Antibody Conjugation Reference/ Company Dilution
WB IHC ICC

Goat anti-rabbit HRP Agilent Technologies 1:5000 | 1:100 -
Goat anti-mouse HRP Agilent Technologies 1:5000 - -
Donkey anti-goat HRP Bﬁ)?géﬁr%rlgzy - 1:100 -
Goat anti-chicken AlexE?4gluor Thermo#léi-slhleorélgcientific i 1:400 i
Goat anti-mouse Alex§4gluor Thermo#éi-slhleor?)gcientific i 1:400 i

Goat anti-rabbit Alex:18glu0r Thermo#éi-slhleorogcientific i 1:400 1:400
Donkey anti-goat AIex:lBEIuor Thermo#éi-slhleorsgcientific i 1:400 i
Donkey anti-mouse Alex5<’:14glu0r Thermo#éi-s2h1e2r083cientific ) . )
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Table 11.10 - List of antibodies used for flow cytometry.

Antibody Fluorochrome Clone Final dilution Company
CD10 APC CB-CALLA 1:10 Thermo Fisher Scientific
CD11c PE B-ly6 1:10 BD Biosciences
Miltenyi Biotec
CD11c APC MJ4-27G12 1:10 (Bergisch Gladbach,
Germany)
CD14 PE-Cy7 61D3 1:10 Thermo Fisher Scientific
CD19 APCe780 HIB19 1:10 Thermo Fisher Scientific
CD19 eFluor 450 SJ25C1 1:10 Thermo Fisher Scientific
CD33 APC P67.6 1:10 BD Biosciences
CD33 BV711 WM53 1:10 BD Biosciences
CD34 APC 581 1:10 BD Biosciences
CD34 PerCP 8G12 1:10 BD Biosciences
CD38 APC-eFluor 780 HIT2 1:10 Thermo Fisher Scientific
CD38 PE-Cy7 HB7 1:10 Thermo Fisher Scientific
CD45RA PE-Cy7 HI100 1:10 Thermo Fisher Scientific
. ) Biolegend
CD45RA APC Fire 750 HI100 1:10 (San Diego, CA, EUA)
CD56 BV605 5.1H11 1:10 Biolegend
CD90 BV605 5E10 1:10 BD Biosciences
CD90 PE 5E10 1:10 Thermo Fisher Scientific
CD135 BV711 4G8 1:10 BD Biosciences
CD271 AF647 C40-1457 1:10 BD Biosciences
Cell Signaling
Clea/:lci;\:&t)chl - Polyclonal 1:200 Technology
(#2421 discontinued)
Cleaved Notch2 i Polvclonal 1:200 Abcam Plc
(Asp1733) y ' (#ab52302 discontinued)
Ki67 FITC B56 1:5 BD Biosciences
RPA-2.10, OKT3,
. 61D3, CB16, ) . S
Lineage eFluor 450 HIB19, TULY56, 1:10 Thermo Fisher Scientific
HIR2
Mouse IgG1 k PE MOPC-21 1:10 BD Biosciences
isotype control
Mouse IgG1 k FITC MOPC-21 1:10 BD Biosciences
isotype control
Mouse IgG2a k PE G155-178 1:10 BD Biosciences
isotype control
Notchl PE MHN1-519 1:20 BD Biosciences
Notch2 PE MHN2-25 1:20 BD Biosciences
Notch4 PE MHN4-2 1:20 BD Biosciences
Notch4 1:625 Santa Cruz
(for intracellular - Polyclonal Biotechnology
staining) (#sc-5594 discontinued)
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APPENDIX III - QPCR PRIMERS

Table 11.11 - List of gPCR primers used in this work.

Cell Cycle Regulators Forward Reverse

CCNA2 5-CGCTGGCGGTACTGAAGTC-3 5-AAGGAGGAACGGTGACATGC-3’
CCNB2 5-ACACCAAAGTTCCAGTTCAACC-3 5-TCAATGTCCTCGATTTTGCAG-3'
CCND1 5-GAACAAACAGATCATCCGCAAAC-3 5-GCGGTAGTAGGACAGGAAGTTG-3’
CCND2 5-CTACCTTCCGCAGTGCTCCTA-3 5-CCAAGAAACGGTCCAGGTAA-3
CCND3 5'-TGATTGCACATGATTTCCTGG-3' 5'-CGGGTACATGGCAAAGGTATAAT-3'
CCNE1 5-ATCAGCACTTTCTTGAGCAACA-3 5-TTGTGCCAAGTAAAAGGTCTCC-3
CDK2 5-TGGTGTGGCCAGGAGTTACTT-3 5- CCGCTTGTTAGGGTCGTAGTG-3
CDK4 5-CAGATGGCACTTACACCCGT-% 5-CAGCCCAATCAGGTCAAAGA-3
CDK®6 5'-AGTTTCCAGATGGCTCTAACCT-3' 5'-TTCTACGAAACATTTCTGCAAAT-3'
CDKN1A 5-CCTGTCACTGTCTTGTACCCTTG-3 5-AGAAGATCAGCCGGCGTTT-3’
CDKN1B 5-TAATTGGGGCTCCGGCTAACT-3 5-TTGCAGGTCGCTTCCTTATTC-3’
CDKN1C 5-TCTGATCTCCGATTTCTTCGC-3 5-TGCTGCTACATGAACGGTCC-3
CDKN2C 5-GGGGGGACCTAGAGCAACTTACT-3 5-CAGCAAAGTCTGTAAAGTGTCCA-3
HSPC Differentiation

CEBPA 5-TTGTGCCTTGGAAATGCAAA -3’ 5-TTAGGTTCCAAGCCCCAAGTC -3
GATA1 5-AGGCCTACAGACACTCCCCA-3 5-TGCCTTTTCCATCCAGATCTT-3’
MPO 5-CTGCTGCCCTTTGACAACCT-3 5-CCGAAGTAAGAGGGTGTGCAT-3
SPI1 5-CACAGCGAGTTCGAGAGCTT-3 5-GATGGGTACTGGAGGCACAT-3
Housekeeping

GAPDH 5-GGGAAGGTGAAGGTCGGAGT-3 5-GGGTCATTGATGGCAACAATA-3’
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APPENDIX IV - SOLUTIONS

Annealing buffer

100 mM Potassium acetate
30 mM HEPES pH7.4

2 mM Magnesium acetate
Dissolved in milli-Q® water
Stored at -20°C

Blocking solution

5% (w/v) skimmed milk powder
0.05% (v/v) Tween®20
Dissolved in TBS

Stored at 4°C for 1 week

Laemmli buffer 6x

375 mM Tris-hydrochloride pH 6.8
12% SDS

60% Glycerol

0.06% Bromophenol blue

0.6 M Dithiothreitol (DTT)
Dissolved in milli-Q® water

Stored at -20°C

TAE 25x

1 M Tris-base

25 mM EDTA

0.5 M Glacial Acetic Acid
Dissolved in milli-Q® water
Adjusted to pH 8.6

Stored at RT
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TBS 20x%

1 M Tris-base

3 M NaCl

Dissolved in milli-Q® H20
Adjusted to pH 7.6
Stored at RT
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CHAPTERIII

NOTCH RECEPTOR-LIGAND INTERACTIONS
IN HUMAN HAEMATOPOIETIC STEM AND

PROGENITOR CELLS



III.1. INTRODUCTION

Many studies have now established that different Notch receptors and ligands have
differential effects in distinct haematopoietic microenvironments and differentiation
stages. For instance, although multiple Notch receptors such as N1, N2, and N3 as
well as ligands Jagl, Jag2, DII1, and Dll4 are expressed on thymocytes and/or thymic
epithelium, T cell commitment and maturation appears to be mediated exclusively via
N1-DIl4 interaction [1]. This is consistent with the finding that conditional inactivation of
N2 does not affect T cell development but is instead necessary for marginal zone B
cell specification [2]. Furthermore, DII1 was proved to be essential for the generation
of these cells, indicating that N2-DII1 interaction is essential to specify this subclass of

splenic B cells [3].

As previously described, a few studies have tried to understand the role of different
Notch receptor-ligand interactions in human HSPC regulation in vitro (sections 1.2.2.3
and 1.3.2). However, all these studies have focused not only on the effect of either one
or two Notch ligands but also the presentation of Notch ligands, culture media and the
input HSPC population have all been widely variable. For instance, presentation of
Notch ligands is either carried out through co-culture with BM endothelial cells that
naturally express Jagl and Jag2, but not DII1 and DIl4 [4-6], BM stromal cell lines (S17
and OP9) overexpressing DIl4, DII1 or Jagl [7-13] or through immobilised DII1 [14-17].

Therefore, there is still a lack of more comprehensive studies that compare the effects
of different ligands under the same in vitro conditions and explore the molecular
mechanisms triggered by these interactions. This chapter aims to distinguish the
effects of the different Notch ligands on CB HSPCs in vitro through a side-by-side
comparison. This allows to evaluate their effect in HSPCs ex vivo maintenance, the
respective activated mechanisms and the preferential Notch receptor activation to help
better understand the roles of different Notch receptor-ligand interactions and

preferential pairings.

Specific Notch receptor activation can be technically challenging to analyse since the

usual tools to assay Notch signalling activation focus on canonical Notch target genes,
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like the expression of HES1 [18]. Also, to verify if a specific Notch receptor is being
activated one must make sure that the ab is specific for the cleaved form of that
receptor. To this end, the ab specificity must be verified by WB. Furthermore, to
corroborate flow cytometry data, it is good practice to verify the receptors expression
by WB. Thus, given that there was no established protocol in the lab for Notch
receptors detection by WB, another aim of this chapter was to optimise these protocols

and validate the detection of activated Notch receptors (sections 111.2.1 and 111.2.2).
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[I1.2. RESULTS

[I1.2.1. OPTIMISATION OF WESTERN BLOT FOR DETECTION OF
NOTCH RECEPTORS IN LOW PROTEIN SAMPLES

The first aim of this study was to establish WB protocols that would allow to identify the
different protein forms of each Notch receptor (N1, N2 and N4) in total protein extract.
The expression of the N3 receptor was not assessed, as it was previously shown that
this receptor is absent on human HSPC [19]. Notch receptors expressing (positive) cell
lines were used and decreasing quantities of total protein extracts were tested to
assess the minimum amount that is required to detect Notch proteins by the respective
abs, as this will be crucial for detection in low protein extracts from HSPC lysates.

Notch abs against the Notch receptor C-terminus should be able to detect the main
forms of these receptors: the Notch immature full length (NFL), the Notch
transmembrane form (NTM) that corresponds to the mature receptor after S1 cleavage
and the Notch cleaved forms NEXT and NICD generated after S2 and S3 cleavage
respectively (Figure 1.2). Of note, due to the SDS-PAGE reducing conditions the
calcium noncovalent bond of the transmembrane receptor is disrupted and therefore
an antibody against the C-terminus of a Notch receptor will only detect the
transmembrane subunit of the receptor [20]. There are also commercially available abs
that can supposedly detect specifically the activated forms of N1 and N2. These abs
recognise and bind to the N-terminus domain of NICD that is only accessible for the

antibody binding when the receptor is cleaved and exposed.

Table IlIl.1 shows the predicted protein sizes for the different forms of each Notch
receptor based on the predicted cleavage sites of each individual Notch receptor [20-
26]. While for N1 receptor the precise cleavage sites have been identified for S1 [22],
S2 [23] and S3 [21], for N2 receptor only S1 and S2 sites have been confirmed [25,
26]. On the other hand, N2 S3 site and all N4 cleavage sites have only been predicted
based on consensus sequences amongst the receptors [24, 27], and therefore the
expected sizes for the resultant forms of these cleavages must be regarded as

prediction only.
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Table Ill.1 — Predicted protein sizes of the different forms of Notch receptors 1, 2 and 4 and
predicted cleavage sites.

Notch Pred. Protein Sizes (KDa) Pred. Cleavage
Receptor Sites
NFL NTM NEXT NICD
S1-R1665
Notchl
280 98 92 88 S2 -V1722
(2555 a.3) S3-V1754
S1 - R1608
Notch2
270 95 89 85 S2 - V1666
(2471 a.a) S3 - V1697
S1-R1330
Notch4
220 74 63 59 S2 -V1432
(2003 a.2) S3 - V1467

Cell lines and primary cells that are positive and negative for the expression of each
Notch receptor were previously screened in the lab for the extracellular Notch
expression by flow cytometry (data not shown). Based on these results, Notch receptor
expressing cell lines were used for Notch receptors detection by WB such as, the
haematopoietic cell lines Molt4, Raji and Jurkat for N1, N2 and N4, respectively.
Furthermore, a high concentration EDTA treatment (described in section 11.1.3.1) was
also applied to these cells before protein extraction, which has been shown to promote
Notch receptor S2 cleavage thus, increasing the NEXT and NICD forms [28].

As illustrated in Figure 1ll.1A, the ab against the C-terminus of N1 clearly detected all
forms of the N1 receptor in Molt4, a well-known T-ALL cell line with high N1 expression.
Thus, N1 was detected even when loading only 5 pg of Molt4 total protein extract,
whereas no expression was detected in the primary AML sample, which is in
accordance with previous studies demonstrating that Notch signalling is silenced in the
majority of primary AML samples [29, 30]. Furthermore, this immunoblot clearly shows
a reduction of the band correspondent to the N1TM form (~100 KDa) resultant from
EDTA-promoted S2 cleavage, whereas the cleaved N1 receptor increased in
expression upon EDTA treatment. Of note, when using an ab against the C-terminus
it is difficult to distinguish or surely affirm if the bands bellow the NTM correspond to
the NEXT or NICD forms. Also, the N1ICD can appear as a double band corresponding

to posttranslational modifications as previously reported [21].
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Figure 1ll.1 — Representative immunoblots probing for Notchl (N1) in lysates in different cells.
N1 expressing cells (Molt4) were either treated (+) or not (-) with EDTA for 15 min at 37°C followed by
45 min in fresh medium prior to protein extraction. Samples were probed with ab against the C-terminus
of N1 (A) and with ab against the N-terminus of cleaved/activated N1 (B). Protein bands of N1TM and
N1ICD were quantified and normalised to 3-actin. The values shown are the fold change relative to the
untreated samples (B-Actin normalised). A primary AML sample was used as negative control for Notch1
expression.
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Nevertheless, for the detection of N1ICD specifically, the immunoblot in Figure 111.1B
shows that using the anti-N-terminus of N1ICD ab only one band (<100 KDa) was
detected, which accordingly showed increased signal upon EDTA treatment. No
expression was detected in the primary AML sample which demonstrates the
specificity of this antibody

The anti-N2 ab against the C-terminus of N2 was able to detect the three receptor
forms in Raji cells, although only in the samples treated with EDTA the cleaved form
was visible (Figure 111.2A). While this ab was able to detect N2 with 10 ug of protein
extract, the ab against the cleaved N2ICD was only efficient in detecting the cleaved
form when at least 20 ug of protein were loaded (Figure I11.2B). As observed above,
EDTA treatment induced a reduction in the TM form of N2 with a concomitant increase
in the cleaved form which was detected with both abs, with the expected protein size
of <100 KDa. N2 expression was not detected in the primary AML sample thus,

demonstrating the specificity of these antibodies.

For N4 receptor, no reliable antibody to detect specifically the activated/cleaved form
of N4ICD was found. Using one ab against the C-terminus of N4 the expected N4ATM
band of ~70 KDa in size was detected (Figure 111.3A) in the N4 expressing Jurkat cell
line. As expected, low N4TM expression was detected in the N4 negative/low
expressing HelLa cells. However, this monoclonal antibody was not able to detect the
N4ICD even in samples treated with EDTA. In addition, it was also difficult to detect
the N4FL that was expected using this monoclonal antibody. Instead, a different anti-
N4 ab was able to efficiently detect the N4ICD form (Figure 111.3B), showing a band
above 40 KDa with increased signal in samples treated with EDTA, even with a
minimum of 3 ug of protein extract. For unknown reasons, this ab was not able to detect
the NFL and NTM forms of N4 in Jurkat cell lysates as was expected to do. Please
refer to Table 1.7 (chapter II) for detailed information on the antibodies and

concentrations used in this study.

167



A Raji
30ug 20 pug 10 ug 30 g
EDTA + - + - + .
Mw
(kDa)
=, o  — e — - < N2FL
225 w—
150 e

- € N2TM
02— P - -

€ N2EXT/N2ICD

76 emm—
52 e

Uy S GEp e W W (-Actin
38 cm—

066 10 065 10 065 1.0 N2TM
+ ND + ND 4+ ND N2EXT/N2ICD
B S
Raji $
30 ug 20 g 10pg  30ug
EDTA + - + - + -
Mw

(kDa)
150 w——
102 =—

= e € N2icD

cleav.

76  cm—
52 e

CPWy = a» = w» @ [Acin
38 —

1.3 1.0 14 1.0 14 1.0

Figure Ill.2 — Representative immunoblots probing for Notch2 (N2) in lysates from different cells.
N2 expressing cells (Raji) were either treated (+) or not (-) with EDTA for 15 min at 37°C followed by 45
min in fresh medium prior to protein extraction. Samples were probed with ab against the C-terminus of
N2 (A) and with ab against the N-terminus of cleaved/activated N2 (B). Protein bands of N2TM and
N2ICD were quantified and normalised to 3-actin. The values shown are the fold change relative to the
untreated (B-Actin normalised) samples. A primary AML sample was used as negative control for Notch2
expression.
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Figure Ill.3 — Representative immunoblots probing for Notch4 (N4) in lysates from different cell
lines. N4 expressing cells (Jurkat) were either treated (+) or not (-) with EDTA for 15 min at 37°C
followed by 45 min in fresh medium prior to protein extraction. Samples were probed with two different
antibodies against the C-terminus of N4. (A) The monoclonal ab (L5C5) detects the N4TM domain while
the polyclonal ab (H-225) detects the N4ICD (B). Protein bands of N4ICD were quantified and
normalised to B-actin to confirm N4 activation in EDTA-treated samples and low N4 activation in HeLa
cells. Ratio of N4ICD expression in HelLa cells is relative to sample of Jurkat with 6 pg without EDTA.
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Of note, some variability of Notch receptors protein level was observed between
different cell lines in the immunoblots (data not shown) therefore, higher amounts of
total protein may be necessary for HSPCs if these cells have a lower receptor
expression. Nevertheless, a minimum of 10 pg of total protein extract appears to be
sufficient for detection with all the abs tested with the exception of the anti-N2ICD ab

which may require at least 20 ug of protein extract.

I1I.2.2. DETECTION OF INTRACELLULAR/ACTIVATED NOTCH
RECEPTORS BY FLOW CYTOMETRY

It was also necessary to search for abs able to detect each activated Notch receptor
that would allow to quantify the activation of each receptor by FCM, which is a more
convenient and less time consuming method. Furthermore, these abs would be used
to detect receptor activation in different HSPCs populations all in one assay/analysis

by combining with cell surface antigens staining.

As above, the specificity of each anti-cleaved Notch receptor ab was previously
validated by WB which demonstrated that only the cleaved form of the respective
protein was detected. As such, different cell lines and primary cells for Notch activation
were used to validate the detection of expression of the different NICDs by FCM, ICC
and WB (Figure 111.4). The Notch negative/low expressing cells used were primary
AML, Saos2 and HelLa cells for N1ICD, N2ICD and N4 respectively. Also, the y-
secretase inhibitor Compound E (compE) was added to Saos2 and HelLa cells to

further decrease the Notch activation in these cell lines.

The anti-N1ICD ab previously validated by WB (Figure 111.1B) was then used to detect
the expression of N1ICD in Molt4 cells by FCM, which was successful. The data shows
that a near 2-fold higher MFI (mean fluorescence intensity) was obtained as compared
to the no primary ab control condition. As expected, in primary AML cells the staining
achieved with the anti-N1ICD ab showed no difference as compared to the no primary
ab control condition (Figure Il11.4Ai1). These results were also corroborated by the ICC
staining (Figure 111.4Aii) and further validated by WB (Figure 1ll.4Aiii). Altogether,

these results support that this anti-N1ICD ab can be used in FCM analysis.
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Figure I1l.4 — Detection of the cleaved forms of Notch receptors using FCM, ICC and WB
performed with the indicated Notch expressing cells. (A) Representative FCM histograms (i),
immunofluorescence pictures (ii) and immunoblot (iii) of Molt4 and AML cells/cell lysates probed with
ab against the N-terminus of cleaved N1. (B) Representative FCM histograms of Saos2 cells (treated
with compE) and Raji cells probed with the polyclonal ab PA5-37433 against the N-terminus of cleaved
N2. (C) Representative FCM histograms (i) and immunofluorescence pictures (ii) of Raji and Saos-2
(treated with compE) cells probed with the polyclonal ab ab52302 against the N-terminus of cleaved N2.
(Di) ImageStream histograms showing the colocalisation of DAPI and the ab against C-terminus of N4
stains in Jurkat cells with and without EDTA treatment. (Dii) Immunoblot from Jurkat (with and without
EDTA) and HelLa (with and without compE treatment) cell lysates probed with ab against C-terminus of
N4; Fold change relative to untreated Jurkat (3-Actin normalised). The values in FCM histograms
indicate the MFI ratio between the respective staining and no primary ab control. Scale bars: 5 um.

171



To detect the expression of the cleaved form of N2 by FCM, unfortunately the ab
previously validated by WB (Figure 111.2B) was not able to detect the difference in
N2ICD expression between the N2 expressing and non-expressing cells used (Figure
[11.4B). Therefore, a different ab (ab52302) was used instead. The data showed that
when detecting N2ICD in Raiji cells a 2.6-fold increase in MFI was achieved between
the anti-N2ICD and the no primary antibody staining condition, while in Saos2 cells
treated with compE no difference in MFI was observed between the two staining
conditions (Figure 111.4Ci). These results were further supported by the ICC stainings
(Figure 111.4Cii). Unfortunately, this ab has been discontinued and it was not possible
to validate it by WB. Of note, another commercially available ab for cleaved N2 (07-
1234) was tested by WB with different concentrations and with different ab production
lots, from which no specificity was found. This was because the observed bands were
smaller than expected (<80 kDa) and showed no differences between the different N2
expressing cell lines and EDTA treatment (data not shown). In summary, these results
support that the anti-N2ICD PA5-37433 ab can be used to detect specifically N2ICD in
WB, while the ab52302 is suitable for FCM studies.

Regarding N4ICD, because the ab previously validated (Figure I111.3B) could efficiently
detect the N4ICD form but it is not entirely specific to it, the activation of N4 must be
quantified by ImageStream flow cytometry which allows to analyse the amount of
N4ICD translocated into the nucleus upon N4 activation/cleavage by analysing its
colocalisation with DAPI. Using this method, an increase in N4ICD expression in the
nucleus was observed when the cells were treated with EDTA (Figure 111.4Di). In
agreement, immunoblotting experiments with this ab also showed an increase in the
detection of N4ICD when Jurkat cells were treated with EDTA, whereas the expression
of N4ICD detected in HelLa cells lysate was further decreased when these cells were
treated with compE (Figure 111.4Dii). In conclusion, due to the lack of a specific anti-
N4ICD ab available, N4 translocation studies either using this method or others such

as WB using nuclear extracts is required to properly detect the N4ICD form in cells.
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[1I1.2.3. NOTCH RECEPTORS EXPRESSION AND ACTIVATION IN
UCB HSPCs AND HSCs

The expression of the different Notch receptors and their respective levels of activation
in human HSPCs have not been properly investigated. Almost all reports refer to Notch
receptors expression based on mRNA quantification which may not correlate to the
protein level. Only recently, Anjos-Afonso et al. quantified the expression of

extracellular Notch receptors on different CB HSPCs populations by FCM [19].

In order to first assess the importance of each Notch receptor for HSPCs and HSCs,
the expression of extracellular Notch receptors and intracellular NICDs were quantified
by FCM in these populations. Figure Ill.5 shows the gating strategy used to identify
HSPCs (CD34*CD387) and phenotypically defined HSCs (CD34*CD38 CD45RA
CD90").

+\+ HPCs
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Figure 1.5 - Gating strategy of different UCB haematopoietic populations. In the CD34*
compartment HSPC population is distinguished from the more committed progenitors population (HPC)
by the lack of CD38 expression. Within the CD34*CD38- compartment, HSCs and less committed
progenitors populations (MPP and MLP/LMPP) can be identified based on CD90 and CD45RA
expression.
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The expression of extracellular Notch receptors was then quantified on HSPC and
HSC populations (Figure 111.6). Please refer to Table 11.10 for details on the human
Notch receptors antibodies and concentrations used in this study. All abs were
previously titrated and validated using different cell lines to detect the presence or lack
of expression of the different Notch receptors. In addition to this, the Chinese hamster
ovary cell line (CHO) was also used to further validate the specificity of the antibodies
employed (Figure IIl.6A). When comparing to the respective Notch receptor
expressing cell line, N1 and N2 were found to be highly expressed on HSCs. On the
other hand, extracellular N4 was not detected on HSPCs and HSCs although N4
expression was clearly detected on Jurkat cells. Importantly, the expression of
extracellular Notch receptors on HSCs did not differ from the overall HSPCs population
(Figure 111.6B).

Then, using the validated abs for detecting N1ICD and N2ICD by FCM (Figure I1.7A),
and N4 nuclear translocation by ImageStream (Figure 111.7B), the activation of the
respective Notch receptor was determined in the HSC and HSPC populations (Figure
[11.7C, work previously performed by Anténio Soure). In accordance with the pattern of
extracellular expression, activation of N1 and N2 was more significant than N4. Indeed,
only less than 9% of cells were found to have nuclear N4 expression. Furthermore, the
data shown suggest that HSCs have higher activation of N1 and N2 in particular as
compared to HSPCs. These data also infer that the levels of extracellular expression
may not correlate to the degree of receptor activation, since HSCs levels of N1 and N2
extracellular expression are similar to HSPCs, but HSCs have increased activation of
these receptors.
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Figure 111.6 — Expression of extracellular Notch receptors on UCB HSPC and HSC populations.
(A) Representative histograms of each Notch receptor (light grey) and respective isotype control (dark
grey) stainings on the indicated Notch receptor non-expressing cell lines (CHO cells for all; U266 for N1
and K562 for N2 and N4) and Notch receptor expressing cell lines (Jurkat for N1 and N4 and Raji for
N2) and HSC as the testing population. The values in the histograms indicate the MFI ratio between the
Notch staining and respective isotype control. (B) Quantification of Notch receptors expression (MFI
ratios) in the indicated haematopoietic populations (n=3). Error bars shown represent S.D.
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Figure 11l.7 — Notch receptors activation in HSPC and HSC populations. (A) Representative
histograms of N1ICD and N2ICD stainings (white) compared to no primary ab control staining (grey) in
HSC population. (B) Representative analysis of ImageStream data showing N4ICD nuclear
translocation through colocalisation with DAPI staining. (C) NL1ICD and N2ICD expression quantified by
MFI ratio (NICD/control) and N4ICD quantified by the % of nuclear translocation (n=4). Error bars shown
represent S.D.
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II11.2.4. NOTCH LIGANDS EXPRESSION IN HUMAN PLACENTA

To corroborate that CB HSPCs are likely to be exposed to Notch signals in their natural
environment, the expression of Notch ligands DII1, DIl4 and Jagl was evaluated by
IHC on tissue sections of human placental bed.

The human term placenta is comprised by highly vascularised foetal-derived chorionic
plate and villi, the latter being in direct contact with the maternal blood that circulate in
the intervillous space [31]. It was previously demonstrated that CD34*CD45"
haematopoietic cells can be found within placental villi stroma throughout gestation
and that high percentages of CD34*CD38 cells and SRCs can be isolated from
collagenase treated vessels, suggesting the idea of an haematopoietic niche in the
placenta villi [32].

Immunostaining of Notch ligands in sections of the chorionic villi revealed expression
of Jagl and in particular high levels of DIl4 (Figure 111.8), whereas DII1 expression was
poorly detected (Figure 111.9). While DIl4 expression was mainly detected on
endothelial cells (CD31* cells) and syncytiotrophoblasts (Figure I11.8A), Jagl
expression was found on endothelial, smooth muscle and stromal cells (Figure 111.8B).
On the other hand, DII1 expression was found to be very scattered in the placenta and
importantly at very low levels when compared to the expression observed on bladder
urothelial cells [33] used as positive staining control. In fact, two polyclonal antibodies
against DII1 were tested to validate this observation (ab84620 and NBP2-27088 shown
in Figure 111.9) and only the ab ab84620 was able to detect scattered DII1 expression
in the placenta villi. Furthermore, DII1 expression was only observed in a few areas of
the tissue and appears to be exclusive to endothelial cells (represented in the first two
images of both DAB and immunofluorescence stainings). However, in most of the
placenta tissue no signal was detected. Of note, DII1 expression was not detected in
the same areas of the placenta tissue when using the ab NBP2-27088, although this
antibody was able to clearly detect DII1 on the urothelial cells. These observations
suggest that DII1 has a very low expression in the placenta haematopoietic niche unlike
Dll4 and Jagl.
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Figure IIl.8 — Immunohistochemistry staining of DIl4 (A) and Jagl (B) on paraffin sections of
human placental bed. (i) Representative image of Red AP staining without primary ab as negative
control and DIl4 or Jagl staining on the respective serial sections. (ii) Double-fluorescent
immunostaining of DIl4 or Jag and CD31 counterstained with DAPI. Scale bars represent 100 pm.
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Figure 111.9 — Immunohistochemistry staining of DII1 on paraffin sections of human placental bed with two different anti-DIl1 abs. Human bladder tissue
was used as positive control for DII1 staining. For the ab ab84620 the first row of images shows representative DAB stainings with black arrows indicating DII1
expression in placenta sections. Second row of images shows double-fluorescent immunostaining of DII1 and CK8 or Vimentin (Vim) on bladder or placenta
tissue, respectively. Tissues were counterstained with DAPI. For the ab NBP2-27088 representative DAB staining images show that DII1 could not be detected

in placenta sections. Scale bars represent 100 um.
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[11.2.5. EFFECTS OF NOTCH LIGANDS INTERACTIONS WITH
HSPCs IN VITRO

The observed results suggest that Notch signalling activation in freshly isolated
HSPCs from CB could be mostly mediated by N1 and N2 interactions with DIl4 and/or
Jagl in vivo. To investigate the role of each Notch ligand on the regulation of CB
HSPCs, an in vitro model with a stromal feeder layer was used to expose HSPCs to
the Notch ligands. As depicted in Figure I11.10, HSPCs were cultured on the stromal
cell line S17, which is able to maintain HSPCs survival but promoting their
differentiation [34]. S17 cells do not have significant expression of Notch ligands and
therefore S17 overexpressing different ligands have been used before to assess their
effect on haematopoietic cells [10, 19]. Hence, in this study CD34*CD38 HSPCs were
cultured either on parental S17 cells or on S17 cells engineered to overexpress either
DII1 or Dll4 or Jagl.

Sorted CD34*CD38-CB HSPCs

N

® 09 o
@@@@G@@@@@ ©(Q| ) @ !Oz@!@@

or expressing
or DIl4 or Jag1

+ 1x pulse of low concentration cytokines: SCF/FLT3L/TPO (100/100/40 ng/mL)
+5% FBS

l 5-6 days
CcD45*
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) CD45*CD34*

In vivo Assays Differentiation Cell Cycle Gene Expression

Figure I11.10 — Schematic representation of the experimental work to identify the roles of Notch
ligands DIllI1, DIl4 and Jagl in human HSPCs regulation.
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Of note, as described in section 11.5.3, these cultures were maintained in medium with
low concentration of cytokines and presence of serum which is known to promote
differentiation of HSPCs [35]. All cells were collected after 5-6 days of co-culture and
the total haematopoietic cells (CD45%) or the HSPC population (CD45*CD34") were
analysed for cell cycle, phenotype, gene expression, engraftment ability and SRC

content.

Cell cycle analysis was performed by FCM in CD45*CD34* HSPCs using Ki67 and
DAPI staining as described in section 11.3.3. From all the Notch ligands Jag1 promoted
greater effect in blocking HSPCs cell cycle progression (Figure IIl.11A, B), which
resulted not only in a significantly lower proportion of dividing (G2-M) and S phase
cells (~46% and 37% less, respectively) but also ~7-fold more quiescent cells (GO)
when compared to cells from S17 co-cultures. DII4 stimulated a weaker effect which
induced a significantly fewer S phase cells (34% less) and an average 4.5-fold
increase in the proportion of quiescent cells albeit not statistically significant. Co-
culturing with S17-DII1 cells, on the other hand, did not promote any differences in

HSPCs’ cell cycle status compared to HSPCs cocultured with S17 cells.

Accordingly, many cell cycle regulators expression was significantly altered in HSPCs
derived from S17-Jagl cocultures compared to HSPCs from S17 co-cultures (Figure
[11.11C). In particular, cell cycle inhibitor cyclin-dependent kinase inhibitor 1c
(CDKNL1C, also known as P57), a regulator of GO/G1 transition, showed significantly
greater expression (~3.6-fold), as well as CDKN1A (also known as P21), a regulator
of G1 progression (~1.8-fold). Furthermore, several cyclins (CCND1, CCND3,
CCNEL1) and cyclin dependent kinase 6 (CDK®6) required for G1 progression and G1/S
transition were significantly less expressed, as well as cyclins CCNA2 and CCNB2
that are required for G2/M transition. Interactions with DIl4 also promoted lower levels
of CCND1 expression (~4-fold) but in contrast, a significant 2-fold lower expression in
CDKN1A was observed, which might justify the non-significant increase in the
proportion of GO cells when compared to HSPCs that were co-cultured with S17-Jagl
cells. As expected, HSPCs derived from S17-DII1 cocultures did not show any
differences in cell cycle regulators expression compared to HSPCs from S17 co-

cultures.
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Figure 1ll.11 — Cell cycle analysis of CD34* HSPCs isolated after 5-6 days in coculture with S17
alone or S17 overexpressing the indicated Notch ligand. (A) Representative flow cytometry analysis
of cell cycle status in HSPCs derived from S17 alone and S17-Jagl cocultures. (B) Cell cycle status of
HSPCs from the different S17 cocultures (n=3). (C) Relative gene expression of different cell cycle
regulators in HSPCs derived from the different S17 cocultures determined by gRT-PCR. Gene
expression values from HSPCs derived from S17 cocultures were used as reference (n=3). Error bars
shown represent S.D.; *p<0.03, **p<0.003, ***p<0.0003.
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Regarding the effect of the different Notch ligands on HSPCs differentiation,
immunophenotypic analysis performed on the output haematopoietic populations
revealed a significant 10% higher proportion of CD34* HSPCs in S17-Dll4 cocultures
compared to S17 cocultures (Figure 111.12A, B). Moreover, this population had around
70% less committed progenitors (CD45RAY), suggesting a blocking in differentiation
in the presence of DIll4. In S17-Jagl cocultures it was observed around 7% more
CD34* HSPCs than with S17 cells, although not statistically significant, and also there
was no significant differences in the percentage of CD45RA™ progenitors. Similarly, no
immunophenotypic differences were observed between HSPCs derived from S17-Dll1
and S17 co-cultures (Figure 111.12B).

The expression of various differentiation markers/regulators (Figure 111.12C) was then
determined and it was observed that in the presence of DIl4, cultured HSPCs showed
a significantly lower expression of myeloid marker MPO (myeloperoxidase) and
transcription factor CEBPA (positive regulator of MPO transcription) compared to
HSPCs isolated from S17 co-cultures (4-fold and 10-fold, respectively). Comparable
lower levels of MPO expression was observed in cells isolated from S17-Jagl co-
cultures, although not associated to low CEBPA expression. In fact, there was a
contrasting increased expression in myeloid transcription factor GATA1 (~2.7-fold),
known to be upregulated in megakaryocytic—erythroid cells. Nevertheless, the
expression of another myeloid regulator SPI1 (also known as PU.1) was also found at
significant lower levels (~20% less) in cells exposed to DIl4 or Jagl as compared to
cells from S17 co-cultures. HSPCs derived from S17-DIl1 co-cultures showed similar
expression levels of SPI1 and CEBPA compared to HSPCs isolated from S17
cocultures, though a significantly higher expression of MPO (~1.7-fold) and lower
expression of GATAL (~1.4-fold) was observed.

Collectively, these data suggest that Jagl and DII4 have distinct roles in HSPCs
regulation in vitro. While interactions with Jagl appear to act mainly by blocking cell
cycle progression, binding with DIl4 appears to block differentiation more effectively.
This was reflected on alterations in gene expression patterns of different cell cycle and
differentiation regulators, more outstandingly in the upregulation of cell cycle inhibitors
CDKN1C and CDKN1A when exposed to Jagl and downregulation of the myeloid
regulator CEBPA by DII4 interactions.
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Figure I11.12 — Analysis of HSPC differentiation after 5-6 days of coculture with S17 cells or with
S17 cells overexpressing the indicated ligand. (A) Representative flow cytometry analysis of CD34
and CD45RA expression on cells derived from S17 and S17-Dll4 cocultures. (B) Proportion of CD34+*
and CD34*CD45RA* populations in the total haematopoietic cells derived from the different S17
cocultures (n=5). (C) Relative gene expression of differentiation markers/regulators in HSPCs derived
from the different S17 cocultures. Gene expression values from HSPCs derived from S17 cocultures
were used as reference (n=3). Error bars shown represent S.D.; *p<0.03, **p=<0.003, ***p=<0.0003.
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Since no measurable effects were observed on the regulation of cell cycle or
differentiation in HSPCs co-cultured with DII1 on these experimental conditions and
no significant expression of this ligand was detected on the placenta tissue (cord blood
HSPCs natural environment) , the potential effects of DII1 on HSPCs were not further

investigated.

To assess the effect of DIl4 and Jagl in the ex vivo maintenance of repopulating HSCs,
the total haematopoietic cells derived from S17, S17-Jagl and S17-Dll4 cocultures
were transplanted into NOD/SCID/B2m~ mice, as well as the initial number of non-
cultured CB HSPCs, and human engraftment was quantified 12 weeks post-
transplantation (Figure Il1l.13A; due to the restricted accessibility rules of the animal
facility, both animal adoptive transfer and schedule-1 sacrifice procedures were
performed by Dr. Fernando dos Anjos Afonso). As expected, the output population
isolated from S17 cocultures showed lower engraftment capacity than noncultured
CD34*CD38 HSPC population, given that these stromal cells do not support the stem
cell pool. In comparison, when HSPCs were cultured in the presence of DIl4 or Jagl,
the engraftment capacity of these output populations was significantly higher,
producing similar levels of engraftment as the initial HSPC population.

To quantify the content of HSCs in each coculture condition, limiting dilution analysis
of human engraftment 12-weeks post-transplantation was performed as described in
section 11.5.6. As indicated in Figure 111.13B, the SRC content was much greater in the
populations derived from S17-Dll4 and S17-Jagl cocultures (1 in 2124 and 1 in 2005
cells respectively) when compared to the population derived from S17 cocultures (1 in
23330 cells). Even so, these SRC frequencies were much lower than the SRC content
found in the non-cultured HSPC population, which is around 1 in 710 cells (previously
determined in the lab). However, considering the total cell fold expansion that was
achieved in these cocultures (Figure 111.13C), the actual SRC frequency from cultured
cells that were isolated from S17-Jagl cocultures was just maintained (~0.95-fold)
whereas there was an actual ~1.8-fold increase in SRC frequency in cells isolated

from S17-Dll4 cocultures.

These data suggest that both Notch ligands Jagl and DIl4 have a considerable role in
maintaining the stem cell pool ex vivo. Indeed, interactions with Jagl appear to be

able to counteract the medium proliferative effects by reducing cycling of HSPCs. On
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the other hand, interactions with DIl4 are not only able to maintain but also expand the

SRC pool.
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Figure 111.13 — In vivo repopulation capacity of total haematopoietic cells derived from 5-6 days
of culture on S17 cells or S17 cells overexpressing the indicated ligand. (A) Total human
engraftment in NOD/SCID/B2m- recipients 12-week post-transplantation either with 5000 CD34+CD38-
cells (Day0) or the total haematopoietic cells (CD45*) generated from 5000 CD34+*CD38- cells in the
different S17 cocultures. (B) Limiting dilution analysis determined at 12-weeks post-transplantation to
determine SRC frequencies in cells derived from the different cocultures. (C) Fold expansion of the total
haematopoietic cells in the different S17 cocultures. Median bars are shown; *p<0.03, **p<0.003.
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[11.3. DISCUSSION

Arising from the discovery of a fly with a tiny notch on the tip of its wings, Notch
signalling has sparked the interest of numerous scientists and clinicians in diverse
fields over the last century. In the past 30 years, molecular cloning of the Notch
signalling components associated to cell biology, biochemical, bioinformatics and
structural studies have uncovered much of the molecular mechanism of this pathway
and its involvement in diverse biological processes and numerous human diseases.
Notch signalling regulatory networks are context-dependent and are still being
unravelled by expanding the list of regulatory factors and downstream target gene
networks thus, allowing to further our understanding of Notch signalling molecular

mechanisms in vivo.

To properly assess these regulatory networks and distinguish the roles of the different
Notch receptors in each context, it is imperative to identify consensus tools that will
allow to specifically and efficiently target each Notch receptor at the protein level.

Currently, the literature is still lacking studies that distinguish the role of the different
receptors activation. In fact, although the ab for detection of N1ICD is well defined and
has been widely used in many studies, abs for exclusive detection of N2ICD or N4ICD
are still not being extensively used in the literature due to their uncertain specificity. In
particular for N2, before finding a trustworthy specific ab for N2ICD detection, several
commercial abs for cleaved N2 were tested in this study that did not show specificity.
As for N4, the detection of N4ICD was possible through a C-terminus ab that appears
to be more specific for the cleaved form and that can be used in ImageStream studies

through colocalisation with the nucleus.

Characterisation of the extracellular Notch receptors expression on HSPCs is scarce
in the literature, with most studies demonstrating expression of Notch receptors in cells
based on gene expression data [36, 11, 5]. Effects on Notch receptors upon exposure
to a given ligand have also been evaluated based on upregulation of Notch receptors
gene expression [11] or extracellular protein expression [13], which does not always

correlate to the activation of the receptor and therefore can not entirely be used to
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interpret Notch-ligand preferential interaction. In fact, the quantification of Notch
receptors activation in HSPCs has yet to be published and studies analysing different
Notch receptor-ligand interactions have resorted to engineered cell lines to measure
Notch activation [37, 38].

In this study, the effect of the different Notch ligands on CD34*CD38 HSPCs was
assessed based on a short-term interaction (5-6 days) with culture medium intended
to promote differentiation. This short-term exposure was probably not ideal to assess
the effect of DII1 ligand, given that no discernible differences were observed on the
output of HSPC population in the presence of this ligand, as verified in previous
reports. In fact, HSPCs expansion protocol using immobilised DII1 requires 17-21 days
of culture [16] and looking carefully into a more detailed report [17] it can be seen that
differences on primitive cells expansion is only visible upon 12 days of culture.
Mechanistically, this effect was due to decrease in membrane-bound IL-6 receptor
expression which reduces the responsiveness of the cells to IL-6 signalling. This in
turn, reduces myeloid differentiation and thus, promotes a more supportive
environment for HSPCs expansion. Therefore, the increased numbers of HSPCs
observed later in these cultures resulted from an effect in myeloid progenitors to
cytokine response and not from a direct effect in the HSC population. Moreover, as
demonstrated, DIlI1 seems to be very low expressed in the placenta niche, having been
mostly identified in splenic and thymic haematopoietic niches [3], which could also
justify why there is no immediate effect on CB HSPCs. Based on these observations
and since no effects were obtained with DII1 under our experimental conditions in vitro,

it was decided to discontinue the studies with this ligand.

Regarding Jagl, some studies have analysed the role of this ligand on human HSPCs
in vitro [13, 39], while others showed evidences of its importance for mice HSCs in
vivo [5, 12]. When cocultured with OP9 stromal cell line, which naturally expresses
Jagl, CD34*CD38 HSPCs showed decreased total proliferation when compared with
a feeder layer not expressing Jagl. In addition, co-culture with CD146™" perivascular
cells that highly express Jag1l, supported the long-term maintenance of myelolymphoid
HSPCs able to engraft primary and secondary mice without addition of exogeneous
cytokines [39]. These observations are in accordance with results from this study
showing that Jagl supported maintenance of SRCs while inhibiting total proliferation.

Further studies have shown that expression of Jagl in vivo is essential for the
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maintenance of the HSC pool [5, 12], demonstrating in particular that when co-cultured
with OP9-Jagl, LT-HSCs showed reduced cell cycling with a significant increase in
the proportion of GO cells and reduction of total cell proliferation compared to OP9
control cells [12]. Although performed with mice HSCs, these observations seem to be
in line with the results from the present study, suggesting an important role for Jagl in
regulating quiescence of human HSPCs in vitro.

Work on the role of DIl4 in HSPCs regulation has suggested as well its importance in
maintaining HSCs while inhibiting its proliferation in vitro, resulting in similar levels of
engraftment as non-expanded HSPCs [8]. Indeed, more noteworthy, a study by
Benveniste et al. showed that when purified human HSCs (CD135*CD45RA"
CD133*Rho®“CD90*) where co-cultured with OP9-DIl4, the frequencies of CD34*
cells attained were much higher than in co-culture with OP9 cells alone after 16 days
[40]. Furthermore, after 7 days only, a 2-fold increase in phenotypically defined HSCs
was observed in the presence of Dll4, associated to a significant lower proportion of
CD45RA" cells. These observations clearly support the presented results indicating a
major role for DIl4 in delaying differentiation of HSCs, allowing some expansion.
However, there is still no detailed study on the molecular mechanism behind these
effects on human HSPCs. Downregulation of D-cyclins (D1, D2 and D3) in the
presence of DIl4 has also been observed in a study with mice HSPCs (LSK) [9],
suggesting also the ability of DII4 in maintaining cells out of cycle, as was observed in
this study, although at lower levels than in the presence of Jagl.
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CHAPTERIV

ROLES OF NOTCH RECEPTORS IN HUMAN
HAEMATOPOIETIC STEM AND PROGENITOR
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[V.1. INTRODUCTION

Based on the current literature introduced before, it is consensual that the role of Notch
signalling and particularly the specific functions of each Notch receptor in human
HSPC regulation in vitro and in vivo are still unclear [1]. As demonstrated in the
previous chapter, HSPCs express high levels of extracellular N1 and N2, whereas N4
could not be detected. Thus, in order to comprehensively investigate which are the
functions of N1 and N2 in HSPCs, tools were developed and optimised for the efficient

silencing of these receptors in HSPCs and subsequent functional analysis.

RNA interference (RNAI) is a natural process through which expression of a gene can
be knocked down with high specificity and selectivity, making it one of the most
powerful tools to explore gene function in mammalian cells. Silencing of a gene of
interest can be achieved by RNAi-based tools which act through a posttranscriptional
gene silencing process, using a double-stranded RNA that targets the homologous
messenger RNA (MRNA) for degradation thereby, reducing the expression of the gene
product. In this work, knockdown of Notch receptors was achieved by using synthetic
short hairpin RNA (shRNA) systems. These are stem-loop RNA structures consisting
of two complementary 19-22 bp RNA sequences connected by a short loop of 4-11
nt similar to the hairpin found in naturally occurring mircroRNAs (miRNAS) [2]. ShRNAs
can be delivered to the cell by plasmid vectors encoding shRNAs transcribed by RNA
polymerase Il (Pol Ill) or modified Pol Il promoters and are able of stable DNA
integration for long-term expression. Following transcription, the shRNA sequence is
exported to the cytosol where it is recognised by an endogenous enzyme Dicer, which
processes the shRNA into short interfering RNA (siRNA) duplexes that bind to the
target mMRNA followed by incorporation into the RISC (RNA-induced silencing
complex) for degradation [2]. In a more recent approach vectors have been designed
to allow the expression of ShRNA embedded in the context of an endogenous miRNA.
This strategy is used to overcome saturation of endogenous miRNA pathways and to
increase accuracy of Dicer processing by using natural substrates in miRNA

biogenesis pathways. These structures can trigger potent knockdown that have been
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demonstrated for a number of miRNA backbones, including miRNA30 (miR30shRNA),
with less off-target effects [3, 4].

In order to deliver the genetic material into cells, lentiviral vectors are efficient vehicles
that are able to integrate shRNAs into the genome of both dividing and non-dividing

cells, which makes them highly attractive for HSPCs transduction [5, 6].

Temporally and spatially controlled shRNA expression can be achieved by using
inducible systems like the tetracycline-dependent transcriptional regulatory system [7],
which has been extensively used with proven efficacy in vitro and in vivo [8, 9]. The
tetracycline-inducible systems can be tTA (tetracycline responsive transactivator)-
dependent (Tet-Off) or rtTA (reverse tetracycline responsive transactivator)-
dependent (Tet-On). The latter version allows transcription activation in the presence
of physiologically relevant doses of tetracycline, or its analogue doxycycline (dox), and
is often preferred to the Tet-Off system for in vivo applications because maintenance
of the off state does not require chronic drug administration. In the Tet-On system,
baseline transcription can be kept to background levels when using an optimised rtTA
[10]. In the presence of dox the transactivator changes its conformation allowing it to
bind to the tetracycline operator sequence (TetO), which regulates binding of

polymerase to the promoter hence, activating transcription of the transgene.

Thus, one of the aims of this chapter was to develop a constitutive and an inducible
vector for the efficient expression of miR30shRNA in human HSPCs and to identify

shRNA sequences that promote efficient silencing of each individual Notch receptor.

Upon efficient knockdown of N1 and N2 receptors in HSPCs, the respective effects in
self-renewal and differentiation potential were evaluated in vitro and in vivo through
LTC-IC and long-term xenotransplantation assays, which allow to assess the HSC

population.
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IV.2. RESULTS

[V.2.1. CONSTRUCTION OF MIR30SHRNA LENTIVIRAL
VECTORS

In order to study the potential functions of each Notch receptor in HSPCs, a
constitutive and an inducible lentiviral vector were developed with the aim to achieve

an efficient expression of miR30shRNA in these cells.

A GFP sequence was cloned in-frame to the primiR30-shRNA sequence (generally
designated miR30shRNA) to allow quantification of the shRNA expression levels in
terms of efficiency (expressing cells) and intensity. The GFP reporter is also
particularly useful in the inducible vector to monitor expression upon induction.
Furthermore, the miR30shRNA sequence was cloned inside an EF1a intron, that
allows to be spliced out from the transcript and follow processing, stabilising the
reporter gene to be translated.

The rationale for constructing these new vectors was because most commercially
available tetracycline inducible vectors that drive shRNAs either use a Pol Ill promoter
(H1 or U6) or cytomegalovirus (CMV) promoter (Pol Il), with the latter being known to
be silenced in human haematopoietic cells overtime [11]. Although the former option
is known to work efficiently in human haematopoietic cells, Pol Il promoters are unable
to drive the expression of long-transcripts and therefore their usage is limited if
envisaged to have a reporter in-frame that allows monitoring the shRNA expression.
In addition, most available inducible systems require the use of two plasmids that

highly reduces the transduction efficiencies in human HSPCs.

[V.2.1.1. CONSTITUTIVE MIR30SHRNA LENTIVIRAL VECTOR

A constitutive vector (pLV.EF1a-miR30shRNA-GFP) was developed for expression of
mMiR30shRNA and an in-frame GFP reporter under the EF1a promoter, as depicted in
Figure IV.1.
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Figure IV.1 — Schematic representation of the developed lentivector for constitutive expression
of shRNA designated pLV.EF1a-miR30shRNA-GFP. This vector contains a GFP reporter that allows
monitoring the level of the shRNA expression in the transduced cells.

This vector allowed very good transduction efficiencies in several cell lines transduced
at MOI 10 (over 95% in HEK293T, Jurkat and K562), showing strong GFP MFI (see

following section).

Due to the strong nature of the EF1a promoter, this vector was used to assess the
knockdown efficiencies of different miR30shRNA sequences against Notch receptors

in order to select the more efficient ones (section 1V.2.2).

[V.2.1.2. INDUCIBLE TET-ON MIR30SHRNA LENTIVIRAL VECTOR

An inducible vector was developed to allow efficient ShRNA expression in HSPCs at
specific time points in vitro and in vivo which could help elucidate the roles of the

different Notch receptors on HSPC fate.

Upon transduction and integration this vector should allow to induce the knockdown
of a chosen Notch receptor through the RNAI pathway in the presence of doxycycline.
Therefore, the aim was to construct a vector as depicted in Figure 1V.2 in which the
shRNA expression can be monitored by a gene reporter (GFP) under the same
promoter and with the control of tetracycline response elements (TRE). Thus, a state-
of-the-art synthetic Pol Il promoter (SyntP) was used to meet these requirements [12].

The other component required for a Tet-On system is the regulatory protein rtTA3
(reverse tetracycline-controlled transactivator; 3" generation [13]) that binds the TetO
sequence and activates transcription in the presence of Dox. Thus, this vector was
designed to comprise the gene for rtTA3 under a constitutive promoter (SFFV; spleen

focus-forming virus) and it is linked to the gene reporter mCherry by a T2A peptide
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that allows translation of the two separate proteins (rtTA3 and mCherry) from the
single bicistronic mRNA. The mCherry expression will allow identifying and eventually

sorting the transduced cells.

miR30shRNA

, Pri-mir30 ,

Figure IV.2 — Schematic representation of the developed Tet-On system lentivector for inducible
expression of shRNA designated pLV.TetSyntP-miR30shRNA-GFP. TRE, Tetracycline responsive
sequence; tTA3, 3" generation tetracycline-dependent transactivator; T2A, self-cleaving peptide; GFP,
Green fluorescent protein; mCherry, monomeric red fluorescent protein.

In the first line of testing, the shRNA against the non-mammalian target luciferase
(shLuc) was cloned into the inducible and the constitutive vectors, which were tested
in parallel to compare GFP expression and intensity. Upon transduction and induction
with Dox cells were analysed for mCherry and GFP expressions by FCM. As can be
seen in Figure IV.3A, HEK293T cells transduced at MOI 10 with the inducible
pLV.TetSyntP-miR30shRNA-GFP showed good transduction efficiency (around 80%
mCherry* cells) and a very efficient induction with close to 90% of the mCherry* cells
expressing GFP upon addition of Dox (1 pg/mL) and virtually no GFP leakiness in the
absence of Dox (Figure IV.3A and B). Cells transduced with the constitutive
pLV.EF1a-miR30shRNA-GFP had near 100% GFP expression (Figure 1V.3B) and a
mean fluorescence intensity (MFI) of 8200, whereas the inducible vector had a mean
GFP intensity of 4200 upon induction (Figure 1V.3C). This difference was expected
given the stronger nature of the EF1a promoter, but nevertheless, the inducible vector
showed a GFP intensity in the same order of magnitude, which might result in similar
knockdown efficiencies as the constitutive vector. Of note, higher concentrations of
Dox where tested for induction but all produced very similar levels of GFP expression

and intensity (data not shown).
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Figure IV.3 — HEK293T cells transduced with the constitutive pLV.EF1a-miR30shRNA-GFP and
the inducible pLV.TetSyntP-miR30shRNA-GFP lentivectors. (A) FCM dotplots of cells transduced
with the inducible vector in the absence and presence of doxycycline. (B) GFP and mCherry expression
of cells transduced with constitutive and inducible vector. (C) GFP histograms of cells transduced with
constitutive (full line) and inducible (dashed line) vectors. Representative experiment is shown.

Thus, at this stage it was demonstrated that the developed inducible lentivector was
capable of good transduction and induction efficiencies without leakiness, that could
be used to efficiently drive miR30shRNA expression and most importantly to monitor
the level of induction through GFP expression. However, to fully achieve a highly
functional system there was a need for further development and validation studies

which are presented and thoroughly discussed in the next chapter.
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IV.2.2. NOTCH RECEPTORS KNOCKDOWN THROUGH A
CONSTITUTIVE MIR30SHRNA LENTIVIRAL VECTOR

Following construction of the constitutive vector, selection of specific shRNA
sequences targeting each Notch receptor was performed in cell lines, given previous
knowledge that usually strong knockdowns in cell lines that highly express the target

protein correlate to good knockdowns in HSPCs.

[V.2.2.1. VALIDATION IN CELL LINES

In order to determine the shRNAs with the most efficient knockdown level several
shRNA sequences for each Notch receptor were tested in the respective Notch
receptor expressing human cell lines using the constitutive vector. Some shRNA
sequences were selected from commercially available source such as GE Dharmacon
(pGIPZ lentiviral vectors), that were designed taking in consideration for efficient
processing from a miR30 backbone, or Sigma (MISSION® shRNA Library). The
sequence selection was based on less complementarity to other potential targets and
with higher mean knockdown levels (when validated by the respective company).
Other sequences were selected from previously published work, where the shRNAs

were demonstrated to induce good knockdown of the receptor [14, 15].

As described in section 11.2.1.3, to clone the shRNA sequences, custom made forward
and reverse oligos were annealed and ligated into an intermediate vector (pECFP)
where the miR30 sequence was first sub-cloned. The final miR30shRNA sequence

was then cut and cloned into the developed constitutive vector.

Silencing of Notch receptors was evaluated six to nine days after transduction at the
protein level by FCM of the extracellular receptor and/or by WB of whole cell lysates.
In cases where transduction efficiencies where below 95%, GFP positive cells were

sorted and cultured for an additional three days before protein extraction.

For N1 receptor, K562 cell line was used to validate the knockdown of ten shRNA
sequences. Three sequences yielded good and consistent knockdowns being the
shN1.1 the most efficient sequence with an 82+5.8% knockdown of N1 receptor
gquantified by FCM (Figure IV.4A and B) and 88+7.9% knockdown of the N1TM protein
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quantified by WB (Figure IV.4C and D). Sequences shN1.2 and shN1.3 had milder
effects, with respective knockdowns of 61+1.5% and 55£7.4% quantified by FCM and
7512.2% and 78+14% quantified by WB. As explained above, WB also allows to detect
the immature NFL protein, which also showed good silencing levels (Figure IV.4C and
D) however, the knockdown of the NTM form is the most crucial parameter as it
dictates the quantity of functional receptor available on the cell surface for its binding

to ligands.

For N2 receptor, HEK293T cell line was used to test the knockdown efficiency of six
shRNAs. From these sequences, two produced very efficient knockdowns, although
sequence shN2.1 was consistently better, with an average knockdown of 88+3.4% of
the extracellular receptor quantified by FCM and 96+4.3% of the TM form quantified
by WB (Figure IV.5). With a higher variation, the sequence shN2.2 produced
knockdowns of 81+16% and 60+13%, quantified by FCM and WB respectively.

These results show that very efficient knockdowns of the large size N1 and N2 proteins
are achievable in cell lines through constitutive miR30shRNA expression. Thus, at
least two shRNA sequences were identified for the efficient knockdown of N1 and N2,

which were subsequently tested in HSPCs.
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Figure IV.4 — Knockdown of NOTCH1 (N1) receptor in K562 cell line transduced with the
constitutive pLV.EF1a-miR30shRNA-GFP lentivector. (A) Representative FCM histogram showing
extracellular N1 receptor expression six days after transduction with non-target control shLuc and
shRNA targeting N1 (isotype control shown in light grey). (B) Relative N1 receptor levels quantified by
FCM on cells transduced with N1 shRNAs relative to shLuc (n=3). (C) Representative immunoblot
against N1 receptor in K562 whole cell lysates harvested 9 days after transduction with N1 shRNAs
and shLuc. (D) Relative N1 receptor levels quantified by WB of N1 shRNA transduced cells relative to
shLuc transduced cells (n=3). Error bars shown represent S.D.; **p<0.003, ***p<0.0003.
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Figure IV.5 — Knockdown of NOTCH2 (N2) receptor in HEK293T cell line transduced with
constitutive pLV.EF1a-miR30shRNA-GFP lentivector. (A) Representative FCM histogram showing
extracellular N2 receptor expression six days after transduction with non-target control shLuc and
shRNA targeting N2 (isotype control shown in light grey). (B) Relative N2 receptor levels quantified by
FCM on cells transduced with N2 shRNAs relative to shLuc (n=3). (C) Representative immunoblot
against N2 receptor on HEK293T whole cell lysates harvested 9 days after transduction with N2
shRNAs and shLuc. (D) Relative N2 levels quantified by WB of N2 shRNA transduced cells relative to
shLuc transduced cells (n=3). Error bars shown represent S.D.; **p<0.003, ***p<0.0003.
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[V.2.2.2. VALIDATION IN HSPCs

The control vector shLuc and knockdown vectors shN1.1, shN1.2, shN2.1 and shN2.2
were then evaluated in CD34*CD38 HSPCs. Briefly, CB CD34*CD38 HSPCs were
sorted and transduced with MOI 50 as described in section 11.5.4. Four days post-
transduction, HSPCs transduced with each vector were analysed for GFP expression

compared to untransduced HSPCs and GFP-positive cells were collected by FACS.

Surprisingly, transduced HSPCs expressed different intensity levels of GFP, with a
smaller frequency of cells expressing high GFP intensity (GFP"9"), and a larger
proportion expressing low GFP intensity (GFP'®%) without a clear distinction from the
negative cells and this was observed for all five vectors. A representative dotplot

compared to untransduced HSPCs is presented in Figure IV.6A.
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Figure IV.6 — Representative dotplot of GFP expression of CB HSPCs (CD34*CD38") transduced
with a constitutive pLV.EF1a-miR30shRNA-GFP lentivector. (A) GFP levels were analysed four
days after transduction compared to untransduced HSPCs and populations GFP'*" and GFP"igh were
collected separately by FACS. (B) GFP levels of GFPhigh and GFP'°¥ populations were analysed after 7
days in culture.
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Both GFP'®" and GFP"9" cells were sorted separately, as depicted by the gates in
Figure IV.6A, and cultured in vitro for seven days, as described in section 11.5.4, after
which GFP expression was analysed again. As can be seen in Figure IV.6B, after
culture, virtually all (>98%) GFP"d" HSPCs maintained the GFP expression, whereas
most of (>90%) the GFP'°¥ cells lost the GFP expression. This indicated that, unlike
the GFP"9" cells, the sorted GFP'®" population was only transiently transfected and
could not be considered. GFP"9" HSPCs were cultured for 10 days to obtain sufficient
numbers for N1 and N2 detection by WB as shown in Figure IV.7A and B,
respectively. According to these results, the selected shRNAs produced knockdown
levels near 80% or higher for both N1TM and N2TM compared to control (Figure

IV.7C).
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Figure IV.7 — Knockdown of NOTCH1 and NOTCH2 receptors in HSPCs transduced with
constitutive pLV.EF1a-miR30shRNA-GFP lentivector. Immunoblots against N1 (A) and N2 (B)
receptor protein in HSPCs whole cell lysates harvested 14 days after transduction with N1 or N2
shRNAs and shLuc. (C) Relative transmembrane N1 and N2 levels quantified from WB of N1 and N2
shRNA transduced cells relative to shLuc transduced cells and normalised to the respective -actin
levels (n=1).
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However, this experiment was repeated two additional times with different lentivirus
batches and the observed transduction efficiencies (percentage of GFP"dh cells) were
still drastically low, varying between 4% to 15%. From previous knowledge, HSPCs
transduced with a commercial sShRNA lentivector at MOI 40-50 should result in at least

30-40% transduction efficiency.

Unfortunately, these low transduction efficiencies invalidate the feasibility of the
developed miR30shRNA vector in HSPCs studies. Besides the inconvenient low cell
number after sorting, this unusual low efficiency may result in the transduction of a
specific HSPC subpopulation, which can influence the outcome of the studies. It is
possible that this impairment is related to the viral vector elements present in the
backbone of the developed vector or to the miR30 backbone that for some reason is
incompatible with these cells.

Due to time constrains and the complexity of this subject that was out of scope of this
study, it was decided to move forward with the silencing studies using a commercially
available lentiviral vector, described in the following section, which was known to

transduce well HSPCs.

IV.2.3. NOTCH RECEPTORS KNOCKDOWN THROUGH A
CONSTITUTIVE H1-SHRNA LENTIVECTOR

As previously mentioned, most commercially available vectors that drive ShRNAs use
a Pol Il promoter (H1 or U6), that are known to work efficiently in human
haematopoietic cells. However, Pol lll promoters are unable to drive the expression of
long-transcripts and therefore do not allow the expression of an in-frame reporter for
monitoring the shRNA expression, as in the developed vector. Thus, an additional
constitutive promoter (Pol Il) must be present in these vectors to drive the expression
of the reporter, which means that in these cases the reporter signal represents only

the transduced cells and not the strength of the shRNA expression.
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[V.2.3.1. CONSTITUTIVE H1-SHRNA LENTIVIRAL VECTOR

The commercial lentivector used henceforward for the HSPCs silencing studies was
the CS-H1-shRNA-EG from Riken which contains an H1 promoter to drive the
expression of the shRNA and an EF1a promoter to drive the expression of the GFP

reporter, as illustrated in Figure IV.8.

Cloning of the shRNA sequences in this vector was performed through Gateway®

recombination cloning, as described in section 11.2.1.4.

5 LTR 3'LTR
shRNA

Figure IV.8 — Schematic representation of the commercial lentivector for constitutive expression
of shRNA designated CS-H1-shRNA-EG. In this vector the shRNA is expressed through a H1
promoter, while an EF1a promoter drives the GFP reporter that allows monitoring of transduced cells.

[V.2.3.2. VALIDATION IN CELL LINES

Initially, the shRNA sequences previously validated with the miR30shRNA vector were
tested with the CS-H1-shRNA-EG vector (termed H1-shRNA henceforward), with
some sequences being slightly modified so that it contains an A or G in the beginning

of the sequence (as required by Pol Il promoters).

shRNA sequences against N1 and N2 receptors, shN1.1-1.2 and shN2.1-2.2, were
tested in K562 and HEK293T cell lines respectively, as previously described.
However, sequence shN1.1 failed to produce efficient knockdowns (data not shown)
as observed in the miR30shRNA context, and therefore two more shRNA sequences
were tested for N1 (shN1.3 and shN1.4).

For N1 receptor knockdown in K562 cells (Figure 1V.9), shN1.2 and shN1.4 proved to
be the more efficient with consistent knockdowns of around 99% determined by FCM
(Figure IV.9A and B) and accordingly, knockdowns of 99%+0.4% and 93%%z+1.2%
of N1TM fragment was determined by WB for shN1.2 and shN1.4 respectively (Figure
IV.9C and D).
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Figure IV.9 — Knockdown of NOTCH1 (N1) receptor in K562 cell line transduced with H1-shRNA
lentivector. (A) Representative FCM histogram showing extracellular N1 receptor expression six days
after transduction with non-target control shLuc and shRNA targeting N1 (isotype control shown in light
grey). (B) Relative N1 receptor levels quantified by FCM on cells transduced with N1 shRNAs relative
to shLuc (n=3). (C) Representative immunoblot against N1 receptor in K562 whole cell lysates
harvested 9 days after transduction with N1 shRNAs and shLuc. (D) Relative N1 receptor levels
qguantified from WB of N1 shRNA transduced cells relative to shLuc transduced cells (n=3). Error bars
shown represent S.D.; ***p<0.0003.
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Figure 1V.10 — Knockdown of NOTCH2 (N2) receptor in HEK293T cell line transduced with H1-
shRNA lentivector. (A) Representative FCM histogram showing extracellular N2 receptor expression
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whole cell lysates harvested 9 days after transduction with N2 shRNAs and shLuc. (D) Relative N2
levels quantified from WB of N2 shRNA transduced cells relative to shLuc transduced cells (n=4). Error
bars shown represent S.D.; **p<0.0003.
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For the N2 knockdown in HEK293T cells, shN2.1 and shN2.2 showed similar
knockdown efficiencies quantified by FCM around 97%+3.0% (Figure V.10 A and B).
WB analysis revealed slightly higher knockdown efficiencies for shN2.1 (Figure
IV.10C and D), with TM protein knockdowns of 96%+2.1% and 89%z+5.1% for shN2.1
and shN2.2, respectively. Thus, in comparison to the developed miR30 vector, the H1-
shRNA system allowed even higher knockdown efficiencies of Notch receptors in cell

lines.

IV.2.4. NOTCH RECEPTORS KNOCKDOWN IN CD34+CD38-
HSPCs

As mentioned above, lentiviral mediated gene silencing in HSPCs was achieved by
transducing CD34*CD38- HSPCs with MOI 40-50, after which GFP* cells were
collected by FACS four days post-transduction. lllustrated in Figure V.11 is the
experimental work that was performed to assess the effects of Notch receptors
knockdown in the output of the haematopoietic populations in vitro (LTC-IC) and in

vivo (NSG xenotransplant).

Sorted CD34*CD38- CB HSPCs

‘ W * g
Q @© O ®- @ ©© \ Q @ @ — GFP sorting
oo o ®0 0 © Wh©u ware
% 5 s i High cytokines cocktail
Low cytok ktail Add lent
SCFIFLT3LIL6/L3IG-CSF ahLilc, ShNA2, SCEFLISLITEO
(100/100/10/10/25) MOI 40-50 (300/300/20)

®® @. ® o CheckNIN2 expression !

/ KD validation @ “@ ’i“O 6-7 days at protein level oy “:

Cobblestone-area forming cells (CAFCs)

0 &
)

)
2 ® ©® g

\ In vitro 5 wks — LTC-IC LDA e ) .\.) > Immunophenotype
GFP* HSPCs

S dary LTC-IC
Feeder layer — MS5 (irradiated) ocondary

Myelocult H5100

In vivo 12 wks — NSG transplant -
Injection

5000 GFP*HSPCs
Sub-lethal

irradiation @ § \ —» Immunophenotype
4 \

Secondary transplant

NSG recipient

Figure IV.11 — Schematic representation of the experimental work to identify the roles of N1 and
N2 receptors in human HSPCs in vitro and in vivo.
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As can be seen in Figure IV.12A, transduction effieciencies using the H1-shRNA
vector were aroud 30-40% for the different sShRNA sequences. These effencies were
as expected for HSPCs and GFP* cells were then plated in suspension cultures for 7

days, as described in section 11.5.4 to assess levels of knockdown by FCM.
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Figure IV.12 — Transduction, knockdown efficiencies and cell growth of CB CD34*CD38 HSPCs
transduced with H1-shRNA lentivectors for knockdown of NOTCH1 (N1) and NOTCH2 (N2)
receptors. (A) GFP levels in HSPCs analysed four days after transduction. (B, C) - (i) Representative
FCM histograms showing extracellular N1 or N2 receptor expression 6-7 days after transduction with
shLuc (black) and shRNA targeting N1 or N2 (grey dashed line, isotype control shown in empty black
line). (ii) Relative N1 or N2 levels quantified by FCM on cells transduced with N1 or N2 shRNAs relative
to shLuc (n=4). (iii) Population doublings of HSPCs transduced with the different shRNAs were
guantified after 7 days of culture from the day when GFP* HSPCs were sorted (day4). Error bars shown
represent S.D.; ***p<0.0003.

211



In general, knockdown effiecies in HSPCs were good for all shRNAs: for N1 receptor,
shN1.2 resulted in very good knockdowns (83+3.6%), whereas shN1.4 induced
reasonable knockdowns of 47+5.9% (Figure IV.12Bi, ii); similarly, for N2 receptor,
shN2.1 produced very high knockdowns of 91+7.7%, while shN2.2 showed more
modest knockdowns of 55+8.9% (Figure IV.12Ci, ii). Cell numbers of HSPCs
transduced with these shRNAs were determined after 7 days of culture to assess any
shRNA toxic effect. As shown in Figure 1V.12Biii and Figure 1V.12Ciii, at this early

stage no effect in cell growth was detected for all N1 and N2 shRNAs tested.

Therefore, using the H1-shRNA lentiviral system it was demonstrated a robust and
efficient shRNA-mediated silencing of N1 and N2 receptors in CB HSPCs without
apparent toxic effects.

IV.2.5. EFFECTS OF NOTCH RECEPTORS SILENCING IN HSPCS -
IN VITRO

The long-term culture assay (LTC-IC) was used as first line of study to assess any
effects of Notch receptors silencing in HSPCs. As previously mentioned, these long-
term cultures allow to measure the frequency of HSCs or immature progenitors content

in a population maintained in vitro (section 1.1.2.1).

For this assay, GFP* HSPCs were plated onto MS5 feeder layers at different cell doses
as described in section 11.5.5. After 4 weeks, the number of CAFCs was determined
and at week 5 all cells were collected from the wells for immunophenotypic

characterisation by FCM described in sections 11.5.5.1.

Notch receptors silencing on GFP*CD34* LTC cells was also determined by FCM as
shown in Figure IV.13A and B for N1 and N2, respectively. Similar to the suspension
cultures, for N1 receptor, knockdowns were 74%z=x7.0% and 52%5.0% with shN1.2
and shN1.4, respectively, while N2 knockdowns were 88%+2.8% and 46%+10% with
shN2.1 and shN2.2, respectively. This shows that knockdown levels of Notch
receptors were maintained after long-term assays which is essential when studying

the self-renewal potential of HSCs.
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Figure IV.13 — Knockdown efficiencies of NOTCH1 (N1) and NOTCH2 (N2) receptors and colony
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When looking at the number of CAFCs resulting from HSPCs transduced with the
different shRNASs, no significant differences were observed for N1 (Figure IV.13Ci) or
N2 (Figure 1V.13Cii) silencing, with the exception of cells transduced with shN2.2,
which showed much lower CAFC numbers. Given that no significant reduction of the
number of CAFCs was observed with the shN2.1 sequence which should have a
stronger effect due to the higher knockdown efficiency, it was considered that this

reduction in the shN2.2 condition could be due to toxic effects of this shRNA.

Indeed, the frequency of GFP* cells, which represents the total haematopoietic
population present in the total collected cells (Figure IV.14A), showed no major
differences for N1 and N2 receptors knockdowns as compared to control shLuc, again
with the exception of shN2.2. The latter is in accordance with the CAFC quantification
and therefore this shRNA was not considered for further analysis.

As the LTC-IC assay measures the presence of primitive haematopoietic cells and the
functional output of this assay (CAFC) correlates with the presence of CD34*CD38"
HSPCs, FCM analysis of the LTC output cells was performed with the aim to shed

some light on the affected subpopulations.

Upon N2 knockdown, a significant 3-fold decrease in the frequency of HSCs (CD45RA"
CD90%) associated to an increase in the MLP/LMPP subpopulation (CD45RA*CD90")
was observed (Figure IV.14Bi, ii). On the other hand, silencing of N1 receptor did not

show significant differences in HSPCs subpopulations.

Additionally, differentiated cell populations were analysed within the CD34" population
(Figure 1V.14C) however, no differences in the frequencies of myeloid or lymphoid

cells were observed for any Notch receptor knockdown in this assay.

Nevertheless, the effects observed in long-term in vitro studies have to be
corroborated by in vivo xenotransplantation studies to be able to assess the effects in

“true” HSCs that are maintained in vivo for a longer period of time.
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Figure 1V.14 — Frequencies of haematopoietic populations generated in the LTC-IC assay with
CD34"CD38 HSPCs transduced with shLuc and shRNA targeting NOTCH1 (N1) or NOTCH2 (N2).
(A) Frequency of haematopietic cells (GFP*) in the total cells collected from the LTC assay. (B) — (i)
Example of FCM dotplot showing gating of the different HSPC subpopulations and their respective
quantification (ii). (C) Frequency distribution of myeloid and lymphoid (B-cells) differentiated cells. Error
bars shown represent S.D.; number of samples as shown in (A); *p<0.03.
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IV.2.6. EFFECTS OF NOTCH RECEPTORS SILENCING IN HSPCS -
INVIVO

The xenotransplant assay is currently the gold standard assay to evaluate the effects
on long-term self-renewal and multipotential of HSPCs. For the in vivo study, only the
most potent shRNAs for each Notch receptor (shN1.2 and shN2.1) were considered.
NSG mice were transplanted as described in section 11.5.6.1 with GFP* HSPCs and
after 12 weeks BM cells were collected, as described in section 11.5.6.2, and analysed
by FCM to assess the frequencies of the different human haematopoietic

subpopulations.

In accordance with the observations from the LTC-IC assay, where no differences in
total human GFP* cells were observed compared to shLuc control thus, the total
human engraftment in NSG mice, quantified by the frequencies of human myeloid cells
and B cells in all live cells, (Figure IV.15A), was not affected by either N1 or N2
receptor knockdown (Figure 1V.15B).
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Figure IV.15 — Total human cells engraftment in the BM of NSG mice 12 weeks after
transplantation of CD34*CD38 HSPCs transduced with shLuc and shRNA targeting NOTCH1 or
NOTCH2. (A) Gating strategy to quantify total human cells engraftment. (B) Quantification of myeloid
and B cells frequency in total BM cells. Each dot represents a mouse and median bars are shown.
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Moreover, when analysing HSPC and HPC subpopulations (Figure IV.16A), it was
equally verified that N2 receptor knockdown promoted a significant 9.5-fold decrease
in the frequency of the HSC subpopulation (Figure 1V.16B). Although no significant
differences were observed in primitive progenitors or committed progenitors
subpopulations (Figure IV.16B, C), a decreasing tendency was also noted in the MPP

and CMP subpopulations.

For N1 receptor knockdown, no significant differences were verified for any HSPC or
HPC subpopulation (Figure IV.16B and C), although a 4.3-fold increase was noticed
in the frequency of LMPPs.

When looking into differentiated cells (Figure 1V.17A), unlike previously observed in
the LTC-IC assay, a significant increase in myeloid differentiation was observed in N1
knockdown, associated to a 1.7-fold reduction in B cells production, whereas no effect

was promoted by N2 knockdown (Figure IV.17B).

Collectively, these data show that, although not enough to affect total engraftment at
12 weeks post-transplant, the results obtained support that N2 receptor has an
important role in maintaining HSC self-renewal potential. On the other hand, N1 seems
to have a role in the regulation of more committed progenitors, which is verified by an
increase in total LMPPs, albeit not significant, that might had translated to an increase

in myeloid differentiation and decrease in B cells output.
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Figure IV.16 — Human haematopoietic stem and progenitor populations in the BM cells of NSG
mice 12 weeks after transplantation of CD34*CD38 HSPCs transduced with shLuc and shRNA
targeting NOTCH1 or NOTCH2. (A) Gating strategy to quantify haematopoietic stem and progenitor
populations. Quantification of stem and primitive progenitors (B) and commited progenitors (C)
frequencies in total human GFP* haematopoietic cells. Each dot represents a mouse and median bars
are shown. *p<0.03, **p=<0.003.
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IV.3. DISCUSSION

The current literature suggests that Notch signalling might have a more prominent role
in human HSCs than what has been described in the mouse system. However, there
is a need for more studies on human HSCs with more stringent and well-described
methods to disrupt Notch signalling. Also, to the best of the author knowledge, no

studies have been described on the role of individual Notch receptors in human HSCs.

To properly assess regulatory networks and distinguish the roles of the different Notch
receptors, it is imperative to identify consensus tools that will allow to specifically and
efficiently target each Notch receptor without off-target or toxic effects. Indeed, efficient
knockdowns of Notch receptors through RNAi are not well characterised in the
literature, with many studies using expensive not defined commercially available
siRNAs pools to achieve potent knockdowns. In this work it was identified at least two
shRNA and miR30shRNA sequences that produced strong silencing of N1 and N2
receptors and that can hopefully be used by the Notch community in other biological

systems.

The initial development of a state-of-the-art inducible system for shRNA-mediated
gene silencing was also presented in this chapter. However, although the main goal
of developing a new all-in-one inducible vector was to achieve a strong and efficient
knockdown in human HSPCs in an inducible manner, this was not attainable given
that when testing the constitutive version of this vector it failed to allow efficient
transduction efficiencies in HSPCs. Unfortunately, this is a dismissible factor when
studying HSPCs since not only represents a higher cost in reagents but also a much
higher requirement of initial cord blood mononuclear cells making it pragmatically
unfeasible. Also, when dealing with low transduction efficiency in a mixed population
like the CD34*CD38 HSPCs there is the concern of selecting a specific subpopulation
more prone to transduction which can skew the results of the knockdown effects.
Therefore, due to time constrains, it was decided to pursue the silencing studies using

a commercially available less sophisticated constitutive vector for ShRNA expression
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that nonetheless, allowed high and robust knockdowns of N1 and N2 with at least two
shRNA sequences.

In fact, despite being commonly advertised that mir30shRNAs promote more potent
knockdowns than conventional shRNA, this was not observed in this work, where it
was clear that for most sequences the latter produced stronger knockdowns. However,
this was not true for all sequences, in particular for shN1.1 that showed a poorer
knockdown in K562 cells (around 50%, data not shown) compared to the miR30
version. These conflicting results seem to be sequence-specific, although it has been
shown that shRNAs are generally more potent than artificial miR-based shRNAs in
mediating gene silencing independent of target sequence and experimental setting,
since shRNAs are expressed at considerably higher levels [16]. Nevertheless, miR-
based shRNA systems offer several technical advantages that will be discussed in the
next chapter. Furthermore, miR30 backbone has recently been optimised in order to

promote more potent knockdowns [17], which will be explored in the next chapter.

Once it was achieved a robust system for the efficient silencing of N1 and N2 receptors
in CB HSPCs, LTC-IC assays were performed as first line of study on HSPCs self-
renewal and differentiation. Identification of primitive cells in this assay can be made
through direct quantification of CAFCs in the feeder layer. In this work, silencing of N1
or N2 receptor did not promote any measurable alteration in the number of primary
CAFCs. However, looking into the phenotypic characterisation of the output population
from shN2.1 expressing-HSPCs, it was observed that within the HSPC compartment
there is a significant decrease in the HSC subpopulation associated to an increase in
LMPPs.

In fact, in the only study in the literature assessing the role of Notch signalling in
purified human HSCs [18], the authors verified that in the presence of DIl4 ligand,
canonical Notch inhibition (through overexpression of dnMAML) promoted accelerated
progression of HSCs to CD45RAM and CD45RAM stages (LMPPs). As seen in the
previous chapter, exposure of HSPCs to Dll4 in vitro, leads to expansion with reduced
CD45RA" progenitors (Figure I11.12B). Moreover, the authors also showed that Notch
inhibition completely blocked cellular expansion of CD45RA" subpopulations promoted
by DIl4 ligand resulting in a decrease of HSC subpopulation, which is in line with the

results from this study.

221



The in vivo xenotransplantation assay gave definitive proof that N2 has an important
role in the regulation of human HSCs since its frequency was significantly reduced in
mice transplanted with shN2.1 expressing-HSPCs. This result is the first indication that
Notch signalling through N2 receptor is important for maintenance of human HSCs
self-renewal capacity. However, this effect was not strong enough to decrease HSCs
repopulation capacity at the 12-week time-point, since lymphomyeloid reconstitution
was not significantly affected. This is in line with the in vitro results, where no decrease
in total GFP™* cells was observed in LTC-IC output population. Therefore, evaluation
of secondary transplants is essential to verify the effect on long-term reconstituting
HSCs. Additionally, secondary LTC-ICs should also be performed to verify the extent

of HSCs self-renewal reduction in vitro.

Somewhat in accordance with these results, in vivo studies with mouse HSPCs
demonstrated a prominent role of N2 receptor and not N1 in self-renewal and
repopulation capacity under regenerative conditions [19]. Moreover, activation of N2
receptor was associated to regulation of HSPC cell cycle during regeneration,

suggesting that N2 receptor is involved in maintaining HSPC quiescence [20, 21].

Regarding N1 receptor, in line with what was reported for the mouse system, it seems
that N1 receptor is not essential for the regulation of HSCs self-renewal and
differentiation, at least for the experimental settings used. It seems however, that this
receptor is important for the regulation of differentiation in vivo, since decrease in N1
expression promoted myeloid over lymphoid differentiation. However, it is difficult to
understand at what progenitor stage N1 receptor might have a regulatory effect in cell
fate decision, since no significant changes were observed in the more committed
progenitor subpopulations analysed. Only the primitive LMPPs appeared to show
increased frequency, although not significant, which can suggest a block in lymphoid

differentiation at this stage.

Similar to this observation, mice with pan-haematopoietic deletion of Pofut, which
disables the receptors capacity to bind to Delta-like ligands, showed increased
numbers of myeloid cells and reduced lymphocytes, which were rescued by
overexpression of N1ICD in Pofut-deficient cells [22]. Moreover, a subsequent work
demonstrated that mice transplanted with Nicastrin (y-secretase component)-deficient

HSCs developed myeloproliferative disease with an expanded HSPC compartment
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associated to a de-repressed myeloid program, which is thought to be carried out by
Hesl-mediated inhibition of Cepba and Spil expression [23].
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CHAPTERYV

DEVELOPMENT OF STATE-OF-THE-ART
LENTIVECTORS FOR INDUCIBLE GENE

SILENCING AND OVEREXPRESSION



V.1. INTRODUCTION

As introduced in the previous chapter, the advent of gene silencing through the RNAI
pathway has significantly impacted the field of biological research as a powerful tool
for functional genomics, allowing to easily explore gene function in mammalian cells

with great specificity.

RNAi-mediated knockdown or post-transcriptional gene silencing of the gene of
interest can be achieved either by transient expression of synthetic short interfering
RNAs (siRNAs) or stable expression of shRNAs [1, 2]. Viral delivery of synthetic
shRNASs in gene expression cassettes has allowed stable and heritable gene silencing.
In particular, lentiviral vectors are capable of infecting a wide variety of dividing and
non-dividing cells, integrating stably into the host genome allowing long term

expression of the transgene (reviewed in [3]).

As briefly mentioned, the initial and still widely used shRNA expression systems rely
on RNA Pol Ill promoters such as the H1 or U6 promoter which direct high levels of
shRNA expression mediating highly potent gene silencing. However, these promoters
cannot be used for cell specific expression since they are constitutively expressed in
all cell types. In addition, exceedingly high levels of shRNA can elicit off-target
silencing and non-specific effects such as interferon response and cellular toxicity [4-
6]. Thus, a second generation of RNAIi-systems implemented the expression of ShRNA
embedded into endogenous miRNA backbones (miRshRNA) which, as previously
explained, are processed through the complete RNAI biogenesis pathway, limiting its
build-up but still eliciting potent knockdowns [7, 8]. In particular, human miRNA30 has
been extensively used in these systems [9-12] since processing of the larger pre-
miRNA transcript to its functional miRNA has been well characterised in vitro and in
vivo (reviewed in [13]). Furthermore, expression of miRshRNAs is driven by Pol Il
promoters which, besides enabling tissue-specific expression, allow transcription of a
reporter gene linked to the miRshRNA in a polycistronic sequence to monitor cells with

effective ShRNA expression [8, 12]. This further enables to isolate clonal populations
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with stronger reporter expression which correlates to higher shRNA copies and

consequently more potent gene silencing.

Inducible miRshRNA systems have also been developed and optimised in the last
decade [12, 11] which offer many advantages over the constitutive systems,
particularly for the study of essential genes. Since constitutively expressed shRNAs
targeting essential genes promote a toxic effect in the transduced cells, controlling the
timing and levels of sShRNA expression is valuable for many experimental settings.
Moreover, the ability to regulate ShRNA expression makes it possible to investigate
time- and dose-dependent effects which can be completely reversed. Also, inducible
systems allow for strict isogenic controls within an experiment, since the ability to
control expression of the gene of interest in a population of cells can minimise

experimental variations due to clonal heterogeneity.

As previously introduced, rtTA-dependent inducible systems (Tet-on) allow
transcription activation in the presence of doxycycline. Several efforts have been made
towards optimisation of the rtTA protein in order to improve dynamic range, by
reducing residual DNA binding in the non-induced state and enhancing dox sensitivity
and transcriptional activity in the induced state [14-16]. The rtTA3 protein used in the
present inducible vectors has been developed to meet these criteria [15] and has been
used as well in recent inducible systems [12, 11]. Other approaches have focused on
the manipulation of the tetracycline responsive elements (TRE) and downstream
promoter (usually a minimal CMV promoter) to minimise background expression while
maintaining high levels of induced expression [17, 18]. In this regard, a synthetic
inducible promoter (commercialised by Takara Bio Inc. as PTRE3G) was modified for
optimal performance, lacking binding sites for endogenous mammalian transcription

factors thus, being virtually silent in the absence of induction [17].

However, many inducible shRNA systems still require delivery of two vectors to
introduce the transactivator protein and the inducible promoter controlling the
transgene expression. These two-vector systems are unfeasible for difficult to
transduce cells and usually involve a time-consuming multi-step clone selection

process precluding studies in cell types with limited lifespan in culture.
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Moreover, another key problem associated to inducible vectors is the heterogeneity in
transgene expression levels among cells due to different integration sites [19] or the

variable inducibility due to different rtTA expression levels.

To circumvent these issues all-in-one dual colour inducible systems like the
pINDUCER lentiviral system [11] and the retroviral TRMPVIR [12] have been
developed, which coupled fluorescent reporters to both the inducible shRNA
expression and the constitutive rtTA expression. These systems broaden the
applicability of inducible shRNA vectors and allow the identification not only of
transduced cells but more specifically, cells that express the functional shRNA
construct upon induction thus, enabling isolation of cells with higher rtTA expression
and shRNA inducibility. However, these systems still present some limitations like
intrinsic leakiness and unstable reporter expression that will be discussed below.

In this chapter, long-term in vitro validation was performed to assure the stability and
functionality of the developed state-of-the art inducible lentivectors which initial design
was introduced in the previous chapter. Modifications to this initial Tet-on
mMiR30shRNA lentivector were required as will be described in this chapter.
Furthermore, the development and validation of analogous inducible systems for

overexpression of a protein of interest is also described.
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V.2. RESULTS

V.2.1. INDUCIBLE TET-ON MIR30SHRNA LENTIVECTORS -
LONG-TERM VALIDATION IN VITRO

When developing new lentiviral vectors, it is important to assess the stability and
toxicity of the new constructs during cell culture that are essential to validate long-term
transgene expression. This is particularly important to confirm the usefulness of the

lentivector for stem cell assays that can take up to several weeks in culture.

After developing the inducible Tet-On miR30shRNA vector described in the previous
chapter (section 1V.2.1.2) long-term cultures were performed to assess the stability of
integrated vector in cell lines (monitored by mCherry expression) as well as levels of

inducibility (GFP expression) and gene knockdown throughout time.

V.2.1.1. TET-ON MIR30SHRNA LENTIVECTOR WITH SFFV
PROMOTER

The originally developed lentivector pLV.TetSyntP-miR30shRNA-GFP, now renamed
as pLV.TetSyntP-miR30shRNA-GFP-SFFV-rtTA3-mCherry (SyntPshmiR-SFFV; refer
to Figure IV.2), was transduced in HEK293T cells with an MOI of 10, followed by
sorting of mCherry* cells which were monitored throughout culture. Surprisingly, it was
observed that mCherry expression decreased steadily at high rate throughout time in
culture and only 30% of the population was still positive after 3 weeks, as

demonstrated in Figure V.1.

To verify if this effect was not exclusive to HEK293T cells, the K562 cell line was also
transduced with this lentivector and monitored in long-term cultures. As can be seen
in Figure V.2, although the loss of mCherry expression was not as steep as observed
in HEK293T, after 3 weeks only around half of the population was still positive for
mCherry expression. In addition, during cell culture it was observed that cell growth
was slower when a higher proportion of mCherry* cells was present, which returned

to normal as mCherry expression decreased (data not shown).
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After some investigation where different lentivectors were tested it was realised that
the underlying problem was associated to the strong expression of the rtTA3
transactivator driven by the SFFV promoter. The high levels of transactivator obtained
driven by the SFFV promoter in cell lines appeared to interfere with the expression
cassette that led to the shutdown of the promoter over time. Note that this inducible
lentivector was initially conceived to be used in human HSPCs in which stable long-
term expression of transgenes driven by the SFFV promoter has been observed in
vivo [20, 21]. However, more recent studies have demonstrated that unlike human
promoters, virally derived promoters like SFFV and CMV promoters are highly prone
to epigenetic silencing by extensive CpG methylation [22-24].

In light of this drawback, two alternative Tet-on lentivectors were developed where the
ubiquitous human PGK (phosphoglycerate kinase) and human UBC (ubiquitin C)
promoters drive the constitutive expression of rtTA3 given the weaker nature of these

promoters.

V.2.1.2. TET-ONMIR30SHRNA LENTIVECTORS WITH HUMAN PGK
AND UBC PROMOTERS

The new inducible lentivectors using the PGK or UBC constitutive promoter in the Tet-
on mMirR30shRNA system, termed pLV.TetSyntP-miR30shRNA-GFP-PGK-rtTA3-
mCherry (SyntPshmiR-PGK) and pLV.TetSyntP-miR30shRNA-GFP-UBC-rtTA3-
mCherry (SyntPshmiR-UBC), respectively, are depicted in Figure V.3. Details on the

construction of these vectors can be found in section 11.2.1.5.

Stability, inducibility and functional validations of these vectors were all performed in
K562 cells using shRNA for non-target control shLuc and shRNA targeting Notchl
(shN1.1 previously validated with the constitutive vector [section IV.3.2.1] now referred
as shN1) to assess N1 receptor knockdown in all conditions in the presence or
absence of dox. K562 cells were transduced with an MOI of 5 and subsequently sorted
for mCherry* cells. As shown above, the stability and efficacy of these vectors were
monitored in long-term cultures. Dox at a concentration of 0.5 pg/mL was added in
parallel cultures every 48 hours. In contrast to what was observed with the
SyntPshmiR-SFFV vector, cells transduced with SyntPshmiR-PGK (Figure V.4Ai) or
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SyntPshmiR-UBC (Figure V.4Aii) did not show a significant decrease in mCherry
expression throughout time in culture, attaining levels above 95% after 18 days in
culture (Figure V.4B). Furthermore, as can be seen in the representative dotplots in
Figure V.4A, the inducibility of mCherry* cells upon dox induction was close to 100%
and steady throughout time (Figure V.4C), whilst in the absence of dox no GFP
leakiness was observed. These features were observed for both inducible vectors
independently of the shRNA expressed (shLuc or shN1). Thus, it was demonstrated
that the new Tet-On lentivectors allowed stable vector integration showing great

inducibility associated to a tight control of the miR30shRNA expression.

miR30shRNA

, Pri-mir30 '

SLIR = EF1 intron FLIR
miR30shRNA

5'LTR — Pri-mir30 3LTR

EF1 intron

Figure V.3 — Schematic representation of the new Tet-On miR30shRNA lentivectors designated
pLV.TetSyntP-miR30shRNA-GFP-PGK-rtTA3-mCherry (top) and pLV.TetSyntP-miR30shRNA-
GFP-UBC-rtTA3-mCherry (bottom).

The functionality of these Tet-On miR30shRNA lentivectors was assessed based on
the levels of N1 receptor quantified by FCM on shLuc and shN1 transduced cells in
the presence of doxycycline relatively to N1 receptor levels in the absence of dox
(Figure V.5). As demonstrated in the representative FCM dotplots in Figure V.5A, in
the absence of dox, there was no significant differences in N1 receptor expression
between cells transduced with shLuc and shN1 in SyntPshmiR-PGK (Figure V.5Ai)
or SyntPshmiR-UBC (Figure V.5Aii). Upon dox induction, it can be seen that with both
inducible vectors there was a significant decrease in N1 receptor expression in cells
transduced with shN1, whereas N1 receptor expression in cells transduced with shLuc

remained mostly unaltered as expected (Figure V.5B).
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Figure V.4 — Stability and inducibility validation of SyntPshmiR-PGK and SyntPshmiR-UBC
lentivectors in K562 transduced with non-target control shLuc and shRNA targeting NOTCH1
(shN1). (A) Representative FCM dotplots of K562 cells transduced with SyntPshmiR-PGK (i) and
SyntPshmiR-UBC (ii) showing the percentage of mCherry*and GFP* cells in the absence and presence
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in culture (n=3). (C) Percentage of GFP* cells throughout time in culture in the presence of dox (n=3).
Error bars shown represent S.D.
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Furthermore, in cells transduced with shN1 it was noticed that cells with stronger GFP
expression (higher MFI) presented lower N1 receptor expression, demonstrating that
the levels of GFP reporter in these inducible systems are associated with the degree
of miRshRNA expression. As shown in Figure V.5B, N1 receptor knockdown
efficiencies achieved upon dox induction were consistently around 90% with both
lentivectors and remained constant overtime in culture. Thus, it was confirmed that the
new Tet-On miR30shRNA lentivectors allowed stable and robust gene silecing in long-

term cultures.

To verify the versatility of the developed Tet-On lentivectors, these were also validated
in an acute myeloid leukemia cell line OCI-AML3 (Figure V.6). Compared to K562
cells, OCI-AML3 cells were less permissive to lentiviral infection thus, providing a
stronger proof of the lentivectors efficacy. As described above, cells were transduced
with an MOI of 5 and subsequently sorted for mCherry* cells that were maintained in
culture for 18 days, adding dox at a concentration of 0.5 ug/mL to the induced cultures

every 48 hours.

As previously observed in K562 cells, transduction with either one of the inducible
vectors was stable in OCI-AML3 cells, with more than 95% of the cell population
showing mCherry expression after 18 days of culture (Figure V.6A, B). In terms of
inducibility, the SyntPshmiR-UBC lentivector was more efficient in this cell line,
considering that GFP* cells in the presence of dox were consistently around 95%,
whereas cells transduced with the SyntPshmiR-PGK showed more variable inducibility
ranging from 75 to 95% of GFP* cells (Figure V.6C). Nevertheless, as can be seen it
the representative dotplots (Figure V.6A), in the absence of dox no GFP leakiness
was observed in cells transduced with any of the lentivectors.

Regarding functionality, although cells transduced with SyntPshmiR-PGK showed
more varible inducibility, average N1 receptor knockdown efficiencies were quite
consistent and similar to the ones obtained in cells transduced with SyntPshmiR-UBC
(Figure V.6D). N1 receptor knockdown efficiencies were still highly significant,

showing around 75% knockdown with both lentivectors and stable overtime in culture.

In summuary, it was validated the stability of the new developed Tet-on miR30shRNA
lentivectors in a less permissive cell line, also demonstrating robust and stable long-

term gene silencing.
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Figure V.6 — Validation of SyntPshmiR-PGK and SyntPshmiR-UBC lentivectors in OCI-AML3
transduced cells. (A) Representative FCM dotplots of OCI-AML3 cells transduced with SyntPshmiR-
PGK (i) and and SyntPshmiR-UBC (ii) showing the percentage of mCherry* and GFP* cells in the
absence and presence of dox after 18 days of culture. (B) Percentage of mCherry* cells throughout
time in culture (n=3). (C) Percentage of GFP* cells throughout time in culture in the presence of dox
(n=3). (D) Relative N1 receptor levels quantified by FCM on transduced cells in the presence of dox
relative to N1 receptor levels in the absence of dox (n=3). Error bars shown represent S.D.; ***p<0.0003.
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V.2.2. VALIDATION OF OPTIMISED MIR30 BACKBONE FOR
IMPROVED KNOCKDOWN EFFICIENCY

As verified in the previous chapter, despite allowing several technical advantages,
mir30shRNAs often produces less potent knockdowns than conventional shRNAs.
Therefore, using a systematic approach, the miR30 backbone has been recently
modified to allow optimal miRshRNA processing, increasing mature shRNA levels and
knockdown efficiency [25]. This new optimised backbone has been termed “miR-E” by
the authors and can be easily attained from existing miR30 sequences. In this work it
was demonstrated that even established potent miR30shRNAs can be enhanced by

conversion to the miRE design without causing any toxicity.

Thus, in order to further improve the efficacy of the inducible Tet-On miR30shRNA
vector, the miRE backbone was also validated in this work. Please refer to section
[1.2.1.6 for details on the cloning process used to convert existing miR30shRNA

sequences to mIREShRNA.

V.2.2.1. COMPARISON OF MIR30 AND MIRE SHRNAS KNOCKDOWN
EFFICIENCIES — CONSTITUTIVE LENTIVECTOR

The potency of miRE shRNAs was initially assessed using the constitutive lentivector
previously developed for miR30shRNA expression (pLV.EF1a-miR30shRNA-GFP,
section 1V.2.1.1). OCI-AML3 cell line was used to compare knockdown efficiencies of
previously validated miR30shRNAs (shN1.1 and shN1.2, section 1V.2.2) since, as
seen before, this cell line is less permissive to infection and knockdown than K562
cells. OCI-AML3 were transduced at MOI 10 with either miR30 or miRE shRNA-
expressing vectors and knockdown efficiencies were compared side-by-side (Figure
V.7). Transduction efficiencies for these cells were around 75-90% which allowed to
have an internal negative control, as can be observed in the FCM dotplots in Figure
V.7A. As expected, FCM analysis revealed that expression of miREShRNAs
consistently produced significantly higher knockdown levels compared to
mMiR30shRNAs (Figure V.7B), particularly for the less potent shN1.2, showing an
increase from 65+2.6% to 87+2.1%, while shN1.1 resulted in an increase from
71+7.4% to 83+2.7%.
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Looking to the FACS dotplots, it can be appreciated that the levels of GFP expression
were not affected by the mirE backbone (Figure V.7C), meaning that the resulting
improved knockdown potency does not reduce the GFP mRNA processing (unlike
previously reported [25]) and that reporter expression can accurately correlate to

ShRNA expression and efficacy.

V.2.2.2. TET-ON MIRESHRNA LENTIVECTOR

Following the confirmation of mirEshRNA enhanced knockdown potency, its inducible

expression was evaluated in the SyntPshmiR-UBC lentivector (Figure V.8).

Inducibility and knockdown efficiencies in OCI-AML3 cells were verified after 6 days in
the presence of dox and the same two N1 shRNAs were tested, where shN1.1

corresponds to the shN1 previously evaluated in the miR30 Tet-On lentivectors.

As can be seen in the dotplots in Figure V.8A, miRE lentivectors showed great
inducibility, with GFP expression varying from 85 to 95%, similarly to the mirE vectors
(Figure V.6C). Also, likewise, in the absence of dox, GFP expression was virtually

silent.

Regarding knockdown efficiencies, as verified with the constitutive vector, shN1.2E
showed greater potency with a 94+0.6% knockdown efficiency (Figure V.8B).
shN1.1E produced knockdown levels of 86+3%, which represents a significant

increase of around 10% from shN1.1 in the same conditions shown before.

Moreover, as observed in the constitutive vector, the doplots in Figure V.8Bi clearly
show that the intensity of GFP expression seen upon induction correlated well with the

strength of the silencing level.

In summary, mirEshRNAs proved to be highly efficient, allowing improvements up to
20% in knockdown levels generated by miR30shRNAs. Importantly, the miRE
backbone was successfully integrated in the developed Tet-on lentivectors maintaing

the strong knockdown potencies seen in the consitutive lentivector.
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Figure V.8 — Inducible expression of miR30shRNAs using SyntPshmiR-UBC lentivectors in OCI-
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absence of dox (n=3). Error bars shown represent S.D.; ***p<0.0003.
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V.2.3. INDUCIBLE TET-ON OVEREXPRESSION LENTIVECTORS -
LONG-TERM VALIDATION IN VITRO

Given the promising results obtained with this state-of-the-art inducible system, new
lentivectors were designed to allow inducible expression of a transgene of interest. As
illustrated in Figure V.9, the inducible portion of these vectors still contains the state-
of-the-art TRE and synthetic promoter, only now followed by a multiple cloning site
(MCS) linked to the GFP reporter by the self-cleaving peptide P2A, which much like
T2A, allows separation of both proteins after translation of the single bicistronic mMRNA.
For the constitutive rtTA3 expression, a lentivector with the stronger human EF1a
promoter (referred as SyntP[gene]-EF1) was also tested in parallel with lentivectors
with the human PGK (SyntP[gene]-PGK) and UBC (SyntP[gene]-UBC) promoters
previously validated in the miR30shRNA system. Please refer to section 11.2.1.7 for

details on the construction of theses vectors.

In this study, all lentivectors were cloned to overexpress either GFP alone (without the
MCS and P2A) or the firefly luciferase (LUC). Like previously described, these
lentivectors were firstly validated in the K562 cell line by transducing cells with an MOI
of 5 and subsequently sorting for mCherry* cells which were maintained in culture for
18 days. Dox at a concentration of 0.5 ug/mL was added in parallel to cultures every
48 hours.

5'LTR — SyntP 3 MCS & GFP EFfa 4 MTA3 w— 3 LTR
5'LTR — Synte S MCs (& GFP PGK § rTA3 M— 3 LTR
5 LTR — SyntP 3 MCS &  GFP UBC 4 rTA3 m- 3 LTR

Figure V.9 — Schematic representation of the developed Tet-On overexpression lentivectors
designated pLV.TetSyntP-MCS-GFP-EF1 (top), pLV.TetSyntP-MCS-GFP-PGK (middle) and
pLV.TetSyntP-MCS-GFP-UBC (bottom).
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Although the EF1a promoter is known to be a strong human promoter it was observed
that cells transduced with this lentivector were able to maintain mCherry expression in
long-term cultures (top panel of Figure V.10), unlike what was observed with the
strong viral SFFV promoter. However, for unknown reasons, in cultures with dox a
considerable reduction in GFP* cells and in total mCherry* cells were observed
throughout time in culture (bottom panel of Figure V.10). Indeed, after a few days in
the presence of dox, cell cultures showed a substantial decrease in cell growth and
viability that was not restored to normal as observed in cultures with the SyntPshmiR-
SFFV lentivector. Therefore, based on these observations, the SyntP[gene]-EF1

overexpression lentivector was not further considered.
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Figure V.10 — Lost of inducibility of the Tet-On overexpression lentivector pLV.TetSyntP-GFP-
EF1 in K562 cells in the presence of doxycycline. Representative FCM dotplots of K562 cells
transduced with pLV.TetSyntP-GFP-EF1 showing the percentage of mCherry* and GFP* cells in the
absence and presence of dox throughout time in culture (n=2).
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On the other hand, for lentivectors with PGK and UBC constitutive promoters (Figure
V.11Ai and ii, respectively), K562 cells transduced with either GFP or LUC
overexpression lentivectors demonstrated great stability and inducibility throughout all
time in culture (Figure V.11B and C, respectively). As can be observed, the proportion
of mCherry* cells remained close to 100% after 18 days of culture and no significant
GFP leakiness was observed in absence of dox, whilst great inducibility was observed
with virtually 100% of GFP* cells in the presence of dox. Additionally, luciferase
guantification was performed through a luminescence assay as a functional analysis
to evaluate overexpression of the transgene upon induction (Figure V.11D). This
assay was performed using lysates from cells transduced with LUC overexpression
lentivectors (SyntPLUC-PGK or SyntPLUC-UBC) that were cultured in the absence or
presence of dox. As expected, the quantified luciferase activity was very high in
samples from induced cells, whereas samples from non-induced cells showed low
basal levels of luciferase activity. Hence, significantly high fold inductions were
obtained with both lentivectors upon dox induction, with averages around 8800-fold in
cells transduced with SyntPLUC-PGK and 4300-fold in cells transduced with
SyntPLUC-UBC.

As detailed before, validation of the Tet-on overexpression lentivectors was performed
with the OCI-AML3 cell line (Figure V.12). As can be observed in the representative
FCM dotplots, either cells transduced with SyntPGFP/LUC-PGK (Figure V.12Ai) or
with  SyntPGFP/LUC-UBC (Figure V.12Aii) were able to maintain mCherry
expression, with near 100% mCherry* cells after 18 days of culture (Figure V.12B).
Regarding inducibility, as previously observed with the Tet-on shmiR vectors, cells
transduced with the PGK lentivector showed lower inducibility, although only for
overexpression of LUC (Figure V.12C), obtaining around 80% of GFP* cells compared
to cells transduced with the UBC lentivector which showed around 90% of GFP* cells.
In fact, is denoted in the FCM dotplots that the GFP intensity is higher in cells
overexpressing GFP alone (also observed in K562 cells) attaining virtually 100% of
GFP* cells with both lentivectors. Importantly, no significant GFP leakiness was
observed in the absence of dox in all conditions. Consistent with the lower GFP levels
observed for these cells when compared to K562 cells, the luminescence assay with

lysates from OCI-AML3 cells overexpressing LUC showed lower fold inductions but
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still significant of around 880-fold and 960-fold in cells transduced with SyntPLUC-
PGK and SyntPLUC-UBC, respectively.
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Figure V.11 - Validation of pLV.TetSyntP-GFP/LUC-PGK and pLV.TetSyntP-GFP/LUC-UBC
lentivectors in K562 transduced cells. (A) Representative FCM dotplots of K562 cells transduced
with pLV.TetSyntP-GFP/LUC-PGK (i) and pLV.TetSyntP-GFP/LUC-UBC (ii) showing the percentage
of mCherry* and GFP* cells in the absence and presence of dox after 18 days of culture. (B) Average
percentage of mCherry* cells throughout time in culture (n=3). (C) Average percentage of GFP* cells
throughout time in culture in the presence of dox (n=3). (D) Relative luciferase units (RLU) normalised
to total protein of cells transduced with LUC overexpression vectors and cultured in the absence (black
bars) or presence (grey bars) of dox; luminometer background is also shown (white bar) (n=3). Error
bars shown represent S.D.; ***p<0.0003, **p<0.003.
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Figure V.12 - Validation of pLV.TetSyntP-GFP/LUC-PGK and pLV.TetSyntP-GFP/LUC-UBC

lentivectors in OCI-AML3 transduced cells. (A) Representative FCM dotplots of OCI-AML3 cells
transduced with pLV.TetSyntP-GFP/LUC-PGK (i) and pLV.TetSyntP-GFP/LUC-UBC (ii) showing the
percentage of mCherry* and GFP* cells in the absence and presence of dox after 18 days of culture.
(B) Percentage of mCherry* cells throughout time in culture (n=3). (C) Percentage of GFP* cells
throughout time in culture in the presence of dox (n=3). (D) Relative luciferase units (RLU) normalised
to total protein of cells transduced with LUC overexpression vectors and cultured in the absence (black
bars) or presence (grey bars) of dox; luminometer background is also shown (white bar) (n=3). Error
bars shown represent S.D.; ***p<0.0003.
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Altogether these results evidence that two efficient state-of-the-art inducible
lentivectors for transgene overexpression have been developed in this work. Both
versions demonstrate stable genomic integration, strong inducibility and negligible
leakiness which allow potent fold inductions of the protein of interest. Of note, selection
of the constitutive promoter that drive the transactivator expression might offer some
advantage depending on the target cells.
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V.3. DISCUSSION

Gene function studies and genetic screens in mammalian systems have been
revolutionised by the potential of RNAi-based systems for gene knockdown. However,
unlike conventional gene deletion, these RNAIi-based loss of function studies require
strong and stable shRNA expression throughout time. Thus, as previously introduced,
many efforts have been made to overcome initial technical challenges of this
technology and further optimisations continue to improve their efficiency and

applicability.

Based on the limitations from existing systems, this chapter focused on the
development and long-term validation of inducible miR30shRNA expression systems
in all-in-one dual colour lentiviral vectors comprising state-of-the-art elements for

inducible expression.

As demonstrated, long-term validation of the initial construct with constitutive rtTA3
expression under the SFFV promoter showed a poor performance, with abrupt loss of
the constitutive reporter starting after 1 week in culture. This instability was associated
to the high levels of rtTA protein derived from the strong SFFV promoter. In fact, the
use of a transactivator technology (tTA for Tet-Off or rtTA for Tet-On systems) can be
frowned upon due to the presence of the activating domain of the herpes virus simplex
viral protein 16 (VP-16) linked to the TetR repressor. The presence of this
transactivating domain can make these proteins toxic due to the sequestration of
transcription factors required for cell growth (squelching) [26]. Therefore, it seems that
when selecting a promoter for the rtTA expression, the strength of this promoter in the

target cells should be taken in consideration.

In line with this hypothesis, new Tet-on miR30shRNA constructs where rtTA3 is
constitutively expressed by weaker promoters (PGK and UBC promoter) showed great
long-term stability in vitro. Moreover, these optimised all-in-one dual colour inducible
vectors demonstrated almost undetectable leakiness and great inducibility associated

to robust gene silencing consistent overtime.
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The developed vectors stand out in several aspects from previously published dual
colour, all-in-one systems like pINDUCER [11] or TRMPVIR [12] or more recent
optimisations [27]. Firstly, by featuring an upgraded inducible promoter containing an
optimised TRE and modified minimal CMV promoter (SyntP) shown to be virtually
silent in the absence of induction [17]. This new Tet-regulated promoter contains
mutations that reduce background expression by 5-20 fold compared to the previous
version (TREZ2 or Ptight) used in the pinducer and TRMPVIR systems.

Additionally, unlike the other dual colour systems, in which the reporter is expressed
in frame with the miR30shRNA and the transcripts are then separated during miR
processing, in the developed system the miR30shRNA is integrated in the EF1a intron
upstream the GFP reporter. This is known to lead to a more stable expression of both
genes given that the splicing event allows separation of the transcripts to undergo
each processing pathway required for the generation of miR versus mRNA and,
therefore avoiding competition and maximising the efficiency of both processes [28].
Thus, the developed inducible system allows a more stable miR30shRNA expression
associated to a thigh and efficient inducibility that can be reliably monitored through
stable GFP expression.

Moreover, it was confirmed that the newly optimised miRE backbone [25] was able to
significantly improve the potency of miR30shRNAs. According to the authors, miRE
contains a conserved sequence from endogenous human miR30, found by systematic
testing that resulted in increased knockdown levels due to enhanced pri-miRNA
processing. However, this resulted in significantly lower reporter levels compared to
mMiR30shRNAs expression, since a larger fraction of the transcripts were recognised
and processed as pri-miRNAs reducing availability for reporter protein expression. As
highlighted before, by integrating miRshRNA in the EF1a intron, this issue is no longer
observed, and therefore, when expressed in the developed vectors, miREShRNA
increased knockdown potency was not associated to lower reporter expression.
Additionally, the authors report that for the same reasons, packaging of miRE
containing retroviruses Yyielded significantly lower virus titers, which was also

circumvented using the EF1a intron expression system.

In light of the exceptional performance of the Tet-on miRshRNA lentivectors, these

were adapted for inducible protein overexpression, which can be valuable for gain-of-
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function studies. Once again, a construct containing a strong constitutive promoter
(human EF1a) did not perform well, although in this case only upon induction.
Nevertheless, inducible lentivectors with the constitutive PGK and UBC promoters
demonstrated genome integration perfectly stable overtime with great and constant

levels of inducibility.

Two cell lines were used to validate the developed inducible systems. Comparing to
K562 cells, the OCI-AML3 cell line demonstrated lower knockdown efficiency and
protein fold-induction. As previously mentioned, one of the major advantages of a dual
colour inducible system, is the ability to select clones (when possible) with optimal
levels of fold-induction, i.e., highest signal-to-noise ratio upon dox induction. In viral
vector systems, an unfavourable proviral integration site can actually prevent shRNA
expression through promoter interference, epigenetic silencing or other inhibitory
effects [29, 30]. As could be observed by FCM, higher levels of the GFP reporter were
associated to more potent knockdowns and the same should be true for protein
overexpression. Therefore, in cells that were more difficult to transduce, a variable
inducibility was observed, whereas in a cell population where transduction was more

efficient, inducibility was stronger and more stable.

Nonetheless, N1 receptor knockdown efficiencies over 90% and close to 1x10%-fold
induction in luciferase activity were obtained in K562 cells transduced with the
mMiR30shRNA and overexpression systems, respectively. Moreover, knockdown
efficiencies over 90% were obtained in OCI-AML3 cells with the miIREShRNA system.
In fact, the knockdown efficiency obtained with the miR30 and miRE inducible vectors
were identical to the ones obtained with analogous constitutive vectors with the same
shRNA sequences, further confirming the functionality of this inducible all-in-one
lentivector. Regarding transgene overexpression, according to the information
provided in the Takara Bio website, previously published all-in-one vector designs
typically showed only 50- to 100-fold induced luciferase activity, even in selected
clones, whereas in their all-in-one vector design (with the same inducible promoter
used in the present systems) HelLa clones with up to 1x10%fold induction can be

found, similar to what was observed in this work.
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CHAPTER VI

CONCLUSIONS AND FUTURE DIRECTIONS



VI.1. GENERAL CONCLUSIONS

VI.1.1. OPTIMISED PROTOCOLS AND TOOLS TO ASSAY NOTCH
SIGNALLING IN HUMAN HSPCs

The functional roles of specific Notch receptors in human primary cells are still
technically challenging to identify, mostly because the usual tools to assay Notch
signalling activation focus on canonical Notch target genes which are not entirely
specific to this pathway and do not allow to distinguish the activated receptor.
Therefore, to definitely assess the roles of Notch receptors it was essential to identify

tools that allow to specifically and efficiently target each Notch receptor.

In this work it was established WB protocols that allow to efficiently detect N1, N2 and
N4 receptors, in particular the activated forms of these receptors, that have not been
clearly described in the literature for N2 and N4 receptors. While for N1 and N2
receptors, specific antibodies for the cleaved forms were found, detection of N4ICD

was achieved by a C-terminus ab with higher specificity for the cleaved form.

Unfortunately, the antibodies that allowed the characterisation of N1 and N2 activation
by FCM in HSPCs have been discontinued and the ones validated for WB were
ineffective for intracellular staining, excluding their application for multicolour FCM

analysis.

Regarding extracellular Notch receptors expression on HSPCs, although it has been
previously described in the literature [1], new FCM antibodies have been validated
demonstrating high N1 and N2 receptors expression on HSPCs and HSCs and
negligible N4 receptor expression.

Furthermore, efficient and specific silencing of N1 and N2 receptors through RNAI was
achieved in this work. It is currently difficult to find in the literature information on
shRNA target sequences that undoubtedly allow efficient silencing of Notch receptors,
specially at the protein level. Here, at least two ShRNA and miR30shRNA sequences
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that allow potent knockdowns of N1 and N2 receptors in cell lines were identified based
on a thorough validation at the protein level.

In HSPCs, knockdowns over 80% were successfully attained for N1 and N2 receptors
with one of the validated shRNAs for each receptor using a H1-shRNA lentiviral

system.

VI.1.2. EFFECTS OF NOTCH LIGANDS IN HUMAN HSPCs
REGULATION IN VITRO

It is still largely unknown which Notch ligand/receptor pairing is preferentially used by
HSPCs or if the different receptor-ligand interactions trigger different responses. Given
the lack of comprehensive studies on the effects of different Notch ligands in human
HSPCs, a side-by-side comparison was performed in an attempt to understand the
roles of DII1, DIl4 and Jagl ligands in HSPCs regulation in vitro. This study was based
on a short-term exposure under differentiation promoting conditions to assess the

effect in HSPCs maintenance ex vivo.

No discernible effects were observed in the presence of DII1 ligand, probably due to
the short-term nature of the study, since expansion promoting effects described in the
literature [2] were only visible upon 12 days of culture due to a block in myeloid
progenitors differentiation [3]. This, together with the observations that, unlike DII4 and
Jagl, DII1 ligand appears to have low expression in the human placenta niche,

suggests that DII1 ligand does not have a relevant role in the regulation of CB HSPCs.

On the other hand, the effects of Jagl and DIl4 ligands revealed distinct roles in
HSPCs regulation in vitro. Jagl ligand promoted greater effect in blocking HSPCs cell
cycle progression, resulting in significantly fewer dividing cells and ~7-fold more
quiescent cells, associated to a significant decrease in total cell expansion. This effect
was correlated to a significant upregulation of cell cycle inhibitors CDKN1C and
CDKNI1A. DIl4 ligand promoted a blocking in HSPCs differentiation, resulting in a
population with around 70% less committed progenitors (CD45RAY), without
significantly affecting total cell expansion. This effect was associated to a significant

downregulation of myeloid regulator CEBPA.
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Moreover, the HSC content, estimated based on limiting dilution analysis of human
engraftment in immunodeficient mice, was maintained in the presence of Jagl ligand
and almost doubled in the presence of DII4, in contrast with a 5-fold decrease observed

in the control without the presence of any ligand.

Therefore, Notch ligands Jagl and DIl4 seem to have a considerable role in HSPCs
regulation, promoting the maintenance of the stem cell pool ex vivo, by limiting entry

in cell cycle and differentiation.

Importantly, it should be highlighted that DIl4 alone was able to promote expansion of
HSCs with repopulation capacity under differentiation promoting conditions and
therefore, DIl4 could be a promising candidate to explore in CB HSPCs expansion
protocols.

VI.1.3. ROLE OF NOTCH RECEPTORS IN HUMAN HSPCs
REGULATION

To this day, the understanding of the functional role of Notch signalling in HSPCs
remains unclear and controversial. While several loss of function studies in mice
models have led to the proposal that Notch signalling is not required for HSPCs
regulation in steady-state haematopoiesis [4-8], many others have shown that
appropriate Notch signalling is required in the BM microenvironment, mostly for
environmental cues but also some cell-autonomous mechanisms [9-14]. Moreover,
few studies have properly assessed the effect of Notch signalling disruption in human
HSPCs. The only report using purified human HSCs claims that, similar to the mice
system, no effect was observed in the repopulation capacity [15], although this
conclusion can be open to interpretation as previously discussed.

This uncertainty underlies the need for having more stringent and well-described
methods to disrupt Notch signalling in human HSPCs, in particular, to explore the roles
of N1 and N2 receptors, which are expressed and activated in HSPCs and HSCs.
Therefore, in this work it was achieved a robust system for efficient silencing of N1
and N2 receptors in human HSPCs to definitively identify the importance of these

receptors for HSPCs regulation in vitro and in vivo.
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In vitro assays demonstrated that, although silencing of N1 or N2 receptor did affect
the total number of primitive cells (CAFCs) after long-term culture, phenotypic
characterisation of this population showed a significant reduction in HSCs with an
increase in LMPPs when N2 was silenced, whereas N1 knockdown did not show
significant differences. More importantly, in vivo repopulation with N2-knockdown
HSPCs confirmed this result, showing a significantly lower HSCs frequency. On the
other hand, repopulation with N1-knockdown HSPCs had increased myeloid
differentiation and less lymphoid. It was also observed a non-significant increase in

LMPPs, which can suggest a block in lymphoid differentiation at this stage.

These results prove for the first time that Notch signalling, specifically through N2
receptor, has an important role in the regulation of human HSCs self-renewal capacity.
Although the effect was not strong enough to decrease repopulation capacity at the
12-week time-point, evaluation of secondary transplants will allow to verify the effect
on long-term reconstituting HSCs. N1 receptor appears to have an important role at
the multipotent progenitor stage, where the fine-tuning of the pathway regulates the

lymphoid versus myeloid cell fate decisions.

VI.1.4. STATE-OF-THE-ART LENTIVECTORS FOR INDUCIBLE GENE
SILENCING AND OVEREXPRESSION

In an attempt to develop a sophisticated system to efficiently knockdown genes in an
inducible manner, state-of-the-art lentiviral vectors were developed to allow robust

gene silencing upon induction.

In this work, optimised all-in-one Tet-on dual colour vectors were developed by
integrating the best features available in the literature: an improved TRE and promoter
shown to be virtually silent in the absence of induction [16], a miIR30shRNA integrated
in the EF1a intron upstream the GFP reporter which leads to more stable expression
of both genes [17] and finally the newly optimised miRE backbone [18] which
significantly improves the potency of miR30shRNAs to the same level as standard
ShRNAs.

In summary, the developed lentiviral vectors allowed a tight inducibility that led to

potent knockdowns which were stable overtime in vitro and virtually silent in the
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absence of induction. Moreover, the intensity of the GFP expression seen upon
induction was correlated with the knockdown level which allows to select cells based

on the desired level of gene silencing.

Given the exceptional performance of the Tet-on miRshRNA lentivectors, these were
also adapted for inducible protein overexpression, demonstrating as well a tight
regulation and great fold induction stable overtime in vitro, allowing high levels of the

protein of interest.

Additionally, different constitutive promoters that drive the transactivator expression

were evaluated in these vectors and might be worth to select based on the target cells.
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VI.2. FUTURE WORK

Once established platforms that allow to distinguish individual Notch receptors
activation and efficiently knockdown Notch receptors, future work can focus on
identifying preferential ligand-receptor pairings and the roles of different Notch

receptor-ligand interactions.

Although, ideally, to work with human HSPCs, detection of Notch receptors activation
should be quantifiable by FCM, to allow analysis in different subpopulations and
detection in limited numbers of cells. As mentioned, previously established antibodies
for N1ICD and N2ICD detection by FCM were discontinued and several commercially
available antibodies have been tested without success. Thus, it would be of great

value to the field to identify new NICD abs that allow FCM application.

Nevertheless, further assessment on the effects of Notch ligands in HSPCs regulation
can focus on identifying the Notch receptor preferentially activated by each ligand in
vitro and confirm if this receptor is responsible for the observed effects by knocking

down the receptor in HSPCs before exposure to the ligand.

Furthermore, given that exposure to DIl4, even under differentiation conditions, was
able to promote expansion of repopulating HSCs, it would be interesting to explore its
effect as an immobilised ligand in combination with cytokines cocktails and other

molecules that promote stemness and expansion.

On the role of Notch receptors, evaluation of secondary LTC-ICs and secondary
xenotransplants is currently undergoing to further verify the effect on HSCs self-
renewal in vitro and on long-term reconstituting HSCs, respectively.

Moreover, it is also currently undergoing, work for the assessment of molecular
mechanisms triggered by the activation of N1 and N2 receptors in HSPCs. To activate
each Notch receptor, specific agonistic antibodies were validated, allowing great levels
of activation of each receptor specifically. RNA-seq will be performed to HSPCs
samples with activation of each Notch receptor or both, to evaluate alterations in gene

expression of cell cycle and differentiation regulators, as well as HSC “fingerprint”
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genes [1], which will hopefully allow to correlate with the observations from HSPCs
exposed do Jagl and DIll4 and define the molecular mechanisms triggered by these

interactions.

Finally, to complete the work on the development of optimised lentivectors for inducible
gene silencing or overexpression, the functionality of these vectors will be evaluated
in vivo by transplanting transduced OCI-AML3 cells, which are able to engraft NSG
mice. N1 receptor knockdown or Luciferase overexpression will be monitored while
mice are on doxycycline diet. Furthermore, in collaboration with a pancreatic cancer
group, overexpression vectors are currently being tested in epithelial cell lines and
mouse pancreas organoids, that will allow to further validate the applicability of the

developed vectors in different settings.
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