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Abstract

Hemogenic endothelial (HE) cells are a unique subset of vascular endothelial cells
endowed with the capacity to generate hematopoietic stem and progenitor cells (HSPCs)
through a process called endothelial-to-hematopoietic transition (EHT). This process
results in the formation of sizeable HSPC clusters attached to the endothelial wall. While
the existence of HE cells is well known, the multi-step process of HSPC cluster formation
and maturation following EHT have not been characterized. The dorsal aorta is a well-
established hemogenic vascular bed that harbors HSPCs termed intra-aortic
hematopoietic clusters (IAHCs). In order to characterize HSPC cluster formation and
maturation, | sought to visualize the formation of IAHCs in the dorsal aorta through live-
imaging, and to evaluate their cell cycle and proliferation, and their molecular signatures
from their initial appearance (E10.5) to the point when cluster cells are capable of adult
engraftment (E11.5). | uncovered the dynamic behavior of IAHCs and the appearance of
transient filopodial structures, their polyclonal origin of formation, and their distinct
temporal molecular signature with differing cell cycle, migration, and cell signaling
attributes. In addition, | found that genes of the complement cascade are highly enriched
in later IAHCs (E11.5), possibly delineating a new role for this pathway in their maturation

and function.
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Background

The success of embryonic development is dependent upon the proper formation of the
vascular system and the development of hematopoietic stem and progenitor cells
(HSPCs) ". The hematopoietic system, which develop simultaneously with the initial
vasculature, is comprised of hematopoietic stem cells (HSCs), hematopoietic progenitors,
and specialized blood and immune cell types 2. This system of diverse hematopoietic cell
types develops from a highly regulated process termed hematopoiesis 2. This process of
producing long-lived blood and immune cell types sustain the embryo during development
and throughout adulthood. During ontogeny, the development of a fully functional
hematopoietic system occurs in successive waves: the primitive and definitive succession

of hematopoiesis.

The primitive wave of hematopoiesis in the mouse initiates in the yolk sac, a bilayer organ
composed of extra-embryonic and visceral mesoderm, during embryonic day 7 (E7.0) °.
This process begins with the production of primitive red blood cells called erythroblasts
that are nucleated and that express embryonic globins *° — features that differentiate
primitive erythroblasts from their adult definitive counterparts. A typical structure called
the “yolk sac blood island” is formed by E8.0. The blood islands comprise of an outer
layer of cellular aggregate that assume a spindle shape as the cells differentiate into
endothelial cells and an inner layer of cells which become the erythroblasts ®. Present
only for a brief time during development, the hemangioblast was initially thought to be a
bi-potential mesodermal progenitor that gives rise to these early blood and endothelial
cells °. Primitive hematopoiesis also produces primitive macrophage progenitors ’ and
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megakaryocyte progenitors ®° between E8.5 — E9.0. Together, these early hematopoietic

cell types sustain the embryo until a definitive hematopoietic system is established.

The second wave of blood production, termed “definitive hematopoiesis”, is the life-
long production of hematopoietic stem and progenitor cells (HSPCs). This process
coincides with the onset of circulation beginning at E8.5 °. During this time, definitive
erythroid ' and myeloid '? progenitors (EMPs) are also produced in the yolk sac while
primitive hematopoietic cells decrease in number ®. Between E9.0 — E9.5, definitive
hematopoiesis occurs in the extra-embryonic placenta *'° and between E10 — E10.5,
definitive hematopoiesis initiates intra-embryonically in the aorta-gonad mesonephros

16-18 and these

(AGM) region. Definitive HSPCs emerge from hemogenic endothelium
cells subsequently migrate and colonize the fetal liver by E11 —E12 '°. Finally, by E16.5,
HSPCs leave the fetal liver to colonize the bone marrow where they will reside throughout

their lifetime %°.

The cellular origin of HSPCs (including embryonic HSCs) was traced from an
endothelial source termed “hemogenic endothelium” 2?2, The concept first began with
observations that initially supported the hypothesis of the hemangioblast. In 1917,
anatomist Florence Sabin, noted the close association between the red blood cells and
the endothelium of the blood vessels in the chick ?°. After a century of research, it is now
established that the hemangioblast gives rise to HSPCs through a hemogenic endothelial

cell intermediate .



HE cells are especially endowed with the capacity to generate the first definitive
HSPCs of the body, and this ability exists transiently during a narrow window (E9.5 to

E11.5) in development #' 2% % 8 Hemogenic vascular beds include the AGM 712728,

placenta '*?°, and umbilical and vitelline arteries '®*%3'. Recent studies have also
detected hemogenic endothelium in the developing endocardium >3 and cranial vessels
of the head **%°.

HE cells give rise to hematopoietic cells through a process called endothelial-to-
hematopoietic transition (EHT) . This transformation of endothelial cells to blood cells is
characterized by their loss of cell-cell adhesion and the subsequent rounding-up of their

morphology *°.

Recent studies have shown that, Runx1, a critical regulator for
hematopoiesis, is critical to hemogenic endothelium *" and EHT *. Furthermore, Gpr56,
a G-protein coupled receptor, was also demonstrated to be important for EHT 3.
Following the process of EHT, a cluster of hematopoietic cells is observed to bud off of

the endothelial wall. These hematopoietic clusters are the unique identifying feature of

hemogenic vasculature.

As the most extensively studied hemogenic vascular bed, the AGM contains
hematopoietic clusters termed intra-aortic hematopoietic clusters (IAHCs). While the
AGM region has long been shown to engraft irradiated adult host '®'"*°, transplantation
of isolated IAHCs has only been recently carried out with sorted SSEA-1/CD317/CD117*
cells (IAHC populations) from E11.5 AGMs that were shown to engraft irradiated adults

% Thus, the IAHC population contains bona fide definitive HSCs in addition to progenitor



cells. Transplantation of the same cell population from E10.5 AGMs (one day earlier),
however, shows undetectable repopulation activity in adult irradiated mice '®*%*', but
does demonstrate engraftment of neonates *?***. The neonatal engraftment at E10.5
suggests that the IAHCs also contain hematopoietic stem and progenitor cells, but that
the HSC population is immature or a pre-HSC population “**?, These studies demonstrate
that IAHC populations only possess adult engraftment potential later in the HE time
window, and suggest a maturation process from E10 to E11 that allows for adult
engraftment. Since the production of HSPCs during development occurs during a narrow
period, concerted spatial and temporal control may govern the process of pre-HSC
maturation. Therefore, the characterization of the subsequent steps after EHT that lead
to hematopoietic cluster formation and its impact on HSPC maturation are of importance

to the field, and will enable our understanding of embryonic HSC development and

maturation from HE.

The goal of this dissertation is to investigate the formation of hematopoietic clusters
in the AGM and to further define the relationship of this group of hematopoietic cells with
the emergence of the first HSCs in the embryo. In Chapter 1, | used live-imaging to
observe the morphology and behavior of IAHCs in their near-native environment. | also
show the proliferation and polyclonality of IAHCs as contributors to IAHC formation and
expansion during the pre-HSC (E10.5) and HSC (E11.5) periods of the hemogenic
window. In Chapter 2, | found that IAHCs are positioned at different phases of the cell
cycle during these two time-points of the hemogenic window and that IAHCs from the

later hemogenic time-point (E11.5) contain transplantable HSCs that may be enriched in



the G1 phase of the cell cycle. Finally, in Chapter 3, | examined the transcriptional
landscape of IAHCs across their developmental age and cell cycle phase, and uncovered
the potential role of complement in the development and maturation of embryonic HSCs
from IAHCs. These findings contribute to the field’s understanding of embryonic HSC
development and reconcile the emergence of HSCs in the AGM with a maturation process

of HSPCs contained in the IAHCs.



CHAPTER 1

Intra-aortic hematopoietic clusters form and expand through rapid cell divisions
of distinct hemogenic clones



Introduction

Hematopoietic clusters uniquely identify the presence of hemogenic endothelium 2'22.
IAHCs appear at E10.5 and embryonic HSCs are detectable by E11.5. Transplantation
experiments of sorted E10.5 IAHC (SSEA-1'CD31+CD117+) population showed only
neonatal engraftment and no detectable engraftment of adult recipients 40,
Transplantation of E11.5 IAHC populations, however, demonstrated reconstitution of
adult irradiated animals “° suggesting the presence of a bona fide HSC population.
Moreover, mice deficient for transcription factor, Runx1, are devoid of IAHCs during
development and consequently, HSCs #'“**°  These observations suggested a
maturation process from IAHCs to HSCs that begin from E10.5 to E11.5 of the hemogenic
window. The subsequent processes of IAHC cluster formation following EHT and details
of their maturation towards an HSC identity remain unclear. Recent findings added that
the maturation step towards an HSC fate involved low cell proliferation *?. The data that
supported this observation was based on the examination of the mitotic index of IAHCs
using phospho-histone3 (pH3) as a marker of proliferation. However, one drawback of
using the mitotic index as a measure of proliferation is that the M-phase is generally the
shortest phase of the cell cycle and cells traverse this phase at a faster rate than any
other phase of the cell cycle. Therefore, while mitotic cells appear to be rare, cells that
are actively proliferating may not be. In order to characterize the formation and maturation
of IAHCs to HSPCs, | first examined the formation of IAHCs following EHT in the AGM.

In this chapter, | developed a live-imaging technique to visualize the formation of IAHCs.



Furthermore, | investigated the cell proliferation of IAHCs and the extent their clonality

contributed to the expansion of their cell size (number).



Materials and Methods

Mice

Mice were housed under a barrier facility following IACUC procedures and animal
protocols were conducted under the University of California San Francisco Laboratory
Guidelines. C57/BI6 (Wildtype) females were crossed with Wildtype males to obtain E10.5
embryos. Similarly, Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)LuolJ 46 (R26r-mTmG),
Gt(ROSA)26Sortm1(CAG Brainbow2.1)Cle/J(R26r-confetti) 47 were crossed with
Cdh5(PAC)-CreERT2 (Tg(Cdh5-cre/ERT2)1Rha) (iCdh5-Cre) *® and Tg(Cdh5-Cre)1Spe
(VE-cadherinCre) *” and Gt(ROSA)26Sortm9(CAG-tdTomato)Hze (R26r-tdTomato) *° to
obtain E10.5 labeled embryos. Pregnancies were timed in accordance with the vaginal
plug (gestation day 0.5 on the day of the plug). Genomic DNA from adult tail tips or
conceptus yolk sacs was genotyped using MyTaq Extract PCR Kit (Bioline, BIO21127)
according to manufacturer’s instructions.

Genotyping

Cre PCR Program

95°C x 3 min, 95°C x 15s, 55°C x 15s, 72°C x 30s repeat for 34 cycles, 72°C x 5 min, and
hold at 4°C infinitely.

mTmG PCR Program

95°C x 3 min, 95°C x 15s, 59°C x 15s, 72°C x 30s repeat for 34 cycles, 72°C x 5 min, and
hold at 4°C infinitely.

Brainbow PCR Program

94°C x 3 min, 94°C x 30s, 58°C x 30s, 72°C x 30s repeat for 35 cycles, 72°C x 2 min, and

hold at 4°C infinitely.



Primers
Primer stock concentrations were prepared at 100 uM. A 10x dilution is performed to

prepare working concentrations of 10 uM. Primers were stored in -20°C.

Name Additional
Forward Primer Reverse Primer
Primer

Cre 5-CCA-AAA-TTT-GCC- 5-ATC-CAG-GTT-ACG-

TGC-ATT-ACC-GGT- GAT-ATA-GT-3’
CGA-TGC-3’
mTmG | 5-CTC-TGC-TGC-CTC- | 5-CGA-GGC-GGA-TCA- 5'-TCA-ATG-
CTG- GCT-TCT-3’ CAA-GCA-ATA-3 GGC-GGG-
GGT-CGT-T-3
Brainbow | 5-GAA-TTA-ATT-CCG- 5-AAA-GTC-GCT-CTG- 5'-CCA-GAT-
GTA-TAA-CTT-CG-3' AGT-TGT-TAT-3 GAC-TAC-CTA-
TCC-TC-3

Vibratome Sectioning

100 ml of 4% low melting agarose (LMA) was prepared by mixing 4 g of LMA with 100 ml
of 1x PBS and 1% LMA was prepared by mixing 1 g of LMA with 1 ml of 1x PBS. The
solution was heated in the microwave for 3 minutes until the LMA was dissolved. The
solution was then cooled and poured into metal molds and the embryos embedded in the
center of the mold. This was followed by cooling the gel on ice for 5 minutes. When
solidified, edges of the mold were trimmed into a small square using a clean blade. The
gel was mounted on the vibratome stage, attached with a Krazy glue, and left to dry at
room temperature for one minute. The vibratome chamber was then filled with ice cold 1x
PBS and slices were sectioned in 300 ym using a sapphire blade. Loose vibratome
sections were collected in a 10 mm glass bottom dish with 1x PBS and were remounted
in 1% LMA. Samples were covered with 1 ml complete MCDB-121 media for 2 hours.

Live Imaging

10



Prior to imaging, the media was replaced with Hank’s Balanced Salt Solution
supplemented with 2% serum, 1% P/S and 20 pM of HEPES. Live-imaging was taken
using a 40x objective on an inverted Nikon Microscope or 20x objective using an inverted
Zeiss Microscope equipped with a controlled tissue culture environment (See Figure 1).
Low density clonal labeling

Pregnant female mice were with intraperitoneally injected with single 0.05 mg, 0.1 mg or
0.15 mg doses of tamoxifen at E8.5 prior to cluster formation to determine the optimal
dose for clonal labeling. Embryos were evaluated at E10.5 and/or E11.5.

Tamoxifen Preparation

Tamoxifen was purchased from MP Biologicals LLP. A 10mg/ml stock was prepared by
dissolving 10 mg of tamoxifen in 100pl of 100% ethanol mixed with 900ul sunflower oil
(1:9). For low dose clonal labeling experiments, a stock solution of 2.5mg/ml of tamoxifen
was prepared in similar fashion but dissolving 2.5 mg of tamoxifen.

Cell Cycle Length Determination

Cell cycle length was determined by sequential administration of EAU and BrdU. First, 1.5
mg of EdU (10 mg/ml) was administered intraperitoneally. After 1.5 hours, 2 mg of BrdU
(10mg/ml) was injected which was allowed to circulate for 30 minutes. Embryos were then
collected, cryopreserved, and analyzed. BrdU was detected by treating tissue sections
with pre-warmed 2N HCI for 30 minutes at 37°C and was subsequently neutralized in
0.1M of boric acid for 15 minutes at room temperature. Samples were then incubated with
1:100 anti-BrdU (MOBU-1, Life Technologies #B35128). Samples were washed 3x with
1x PBS + 0.05% Tween (PBST) and a secondary antibody was applied at 1:200

(Invitrogen, #A21203). EAU was detected using a Click-iT EdU Detection System (Life
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Technologies, #C10337) following manufacturer’s instructions.

Flow Cytometry

Whole embryos or AGMs were first mechanically dissociated using a P200 by pipetting
up and down 15x, followed by dissociation using P1000 15x. Dissociated samples were
then incubated in 20 pg/ml of DNAse | (1 mg/ml stock) and 20 ug/ml of Collagenase | (1
mg/ml stock) for 15 minutes at 37°C. Samples were then spun down at 2000 RPM and
resuspended in 400ul of Hank’s Balanced Salt Solution with 2% FCS and 2% HEPES
(FACS buffer). Samples were stained with FACS antibodies for 30 min at 4°C with
agitation and were washed in 1x FACs buffer. Single cell suspensions were sorted in a
BD FACS Aria lll. Flow cytometric analyses were performed on a FACS Verse or FACS
Aria Il with FACSDiva 8.0 software (BD Biosciences) and the data was analyzed using
FlowJo v10.0.7 (Tree Star).

FACS Antibodies

Antibodies were purchased from BD Biosciences: CD117-APC (#553356), CD31-Percp
Cy5.5 (#562861), V450-SSEA-1 (#561561), APC-CD45.2 (#558702), FITC-CD45.1
(#553775), PeCy7-CD11b (#552850), FITC-CD3 (#55274), PE-Ter119 (#553673).
Isotype controls used were: 1gG2b-APC (#55391), IgM-V450 (#560861), IgG1-
PercpCy5.5 (#562861), 1gG2b-PeCy7 (#552849), IgG2b-FITC (#553988), 1gG2b-PE
(#553989). Antibodies were purchased from Biolegend: PE-CD45R/B220 (#103208) and
lgG2a-PE (#400507).

Immunofluorescence and confocal microscopy

E10.5 - E11.5 embryos were fixed in 4% paraformaldehyde (PFA) solution at room

temperature for 20 minutes or in 2% PFA overnight. Samples were frozen in Tissue-Tek
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OCT Compound (Sakura Finetek, 4583). 20-30 uym cryosections were obtained (Thermo
Scientific Micron, HM550). Slides were incubated in blocking buffer (PBS, 0.5% Triton-
X100) with 5% serum for 1 hour. Primary antibodies were incubated at 4°C overnight or
room temperature for 2 hours in blocking buffer. Slides were washed (PBS 0.05%
Tween), incubated with the secondary antibodies for 1 hour, stained with 2ug/ul DAPI and
mounted in Vectamount (Vector Laboratories, H-5000). Images were captured on a Leica
SPE Confocal Microscope.

Immunofluorescence Antibodies

For immunofluorescence experiments 1:100 of Rabbit Runx1 (ab35962), Goat Sox17
(R&D Systems #AF1924) Rat CD117 Clone (2B8) BD Pharmingen (#553352) Rat CD31
Clone (Mec13.3) BD Pharmingen (#553370) Rabbit PU.1 Clone (9G7) Cell Signaling
(#2258) were utilized. Secondary antibodies according to host species were used at 1:200
dilutions (Invitrogen: donkey anti-goat 488 #A11055, donkey anti-rat 594 #A21209,
donkey anti-rabbit 647 #A31573).

Image Analysis and Cluster Quantification

Immunofluorescence of R26R-mTmG, R26R-confetti, and wild type sections were taken
on a Leica SPE/SP5 confocal microscope with a 40x oil objective. Immunofluorescence
of FUCCI sections were taken on Leica SP5 confocal microscope with a 40x oil objective.
All reconstructions were generated from z-stacks using the Imaris software [Imaris 8.6]
(Bitplane; Belfast, UK). Images are a maximum projection of 30-40 ym cryoslices. A
Gaussian filter is applied to all images. IAHC cluster cell number counts were done based

on nuclear PU.1, with endothelial labelling of SOX17 with the addition of CD31.
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Results
Live imaging of mouse dorsal aorta reveals dynamic behavior of intra-aortic

clusters

To visualize the formation of IAHCs in the dorsal aorta in real-time, | adapted and
optimized a live-imaging protocol from Boisset et al. (Figure 1) °°. | performed live imaging
experiments in 300 ym dorsal aortic sections of wild type mice during the active
hemogenic window at E10.5 (Figure 2A). The data showed the initial emergence of a
rounded cell from the ventral floor of the aorta (Figure 2A). This observation validated my
technical set up and demonstrated that IAHCs arise from hemogenic endothelial cells in
the ventral floor of the aorta. To obtain better contrast, live imaging experiments were
performed using labeled mouse lines. First, | used a constitutive VE-cadherinCre-
Tdtomato to label all endothelial cells (Figure 2B). In this live-imaging experiment, the
data showed a single rounded cell at the beginning of the time-lapse. In the subsequent
frame (Frame 11), this labelled rounded cell appeared to extended a thick filopodia-like
protrusion (Figure 2B). Subsequently, another filopodial protrusion appeared in the
foreground though the cell body appeared invisible. This structure appeared narrower
compared to the first protrusion in frame 11 of the time-lapse. Interestingly, frames 35-44
(Figure 2B) showed that several cells in the aortic floor contained these thin, filopodial
protrusions resembling that of a cytoplasmic bridge. Overall, this data demonstrates, for
the first time, the appearance of transient filopodial structures (Figure 2C) from labeled
cells in the dorsal aorta. Separately, using an inducible Cdh5Cre-mTmG reporter, the

data showed the behavior of two adjacent clusters beginning from time 0 up to 20 hours

14



(Figure 3A). The videos depicted that IAHCs from the left cluster had given rise to a small
cluster of 2-3 cells (Figure 3A). This small group of cells interacted with the cells in the
IAHC on the right. Interestingly, in the frame timed 13:00:00, a green cell extended a
filopodia-like structure towards the newly formed group of 2-3 cells. This extension
fragmented as it enveloped these newly formed the cells (Figure 3A). Overall, these data

suggest that IAHCs display dynamic morphology and behavior during development.
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. . - Re-embedding 1% agarose Timelapse imaging in
Embryo embedding Vibratome sectioning and culturing in media 5% Carbon Dioxide
37C Incubation

Figure 1. Experimental setup for the live imaging of aortic slices.

Embryos were embedded in 4% low melting agarose in a metal mold. Sections were
created by mounting the mold in the stage and were transversally cut in 300 ym thickness
using a sapphire vibratome blade. Subsequently, samples were collected in a 10 mm
glass bottom dish and were re-embedded in 1% low melting agarose. Complete MCDB-
121 media was then used to culture the samples for 2 hours in tissue culture conditions
(37°, 5% COz) and was then replaced by a clear Hank’s Balanced Salt Solution
supplemented with 2% FBS. An inverted spinning disk microscope was used for live-
imaging and samples were imaged in tissue culture conditions.
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Figure 2. Morphological characteristics of cells in the dorsal aorta.

(A) Live imaging of wild-type E10.5 dorsal aorta. Video snapshots from 8 to 28 minutes
show the emergence of a rounded cell from the ventral floor. Yellow broken line denotes
endothelium. Red arrow denotes emerging cell. (B) Live-imaging of the dorsal aorta from
VE-CadherinCre-tdTomato animal shows a rounded cell and the appearance of different
filopodia-like structures. Frame 1 shows a rounded cell (red arrow). Frame 11 shows a
filopodia-like extension (green arrow). Frame 21-30 shows a cell body (red) with delicate
cellular extensions. Frame 35-44 shows the appearance of several, long filpodia-like
extensions from labeled cells in the dorsal aorta. Note that each frame is taken at 15
minute intervals over 10 hours. (C) Graphic depiction of different filopodia-like structures
observed. Scale bars, 10 ym.
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Figure 3. Live imaging reveals dynamic behavior of pre-formed intra-aortic clusters
in the dorsal aorta.

(A) Live-imaging of Cdh5Cre-mTmG dorsal aorta. Visualization of pre-formed intra-aortic
clusters using the inducible Cdh5Cre-mTmG reveals cell division in the IAHC and
filopodia-like extension from a labeled cell. Time frames 1:15:00 to 3:45:00 follows a
dividing cell which will form a new group of 2-3 cells (white arrows). Time frames 4:15:00
to 12:30:00 follows the interaction of the newly divided cells (white arrows) with the
adjacent IAHCs on the right. Time frames 13:00:00 to 15:00:00 depicts the appearance
of a labeled cell (yellow arrow) extending a filopodia-like structure to envelop the newly
divided cells. Each frame was taken every 15 minutes over 20 hours. Scale bars, 30 ym.
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PU.1 is a reliable marker of IAHCs

While live imaging of IAHCs provided insight into their different cellular morphologies and
behavior, technical limitations such as inconsistent observations among different sections
and photo-bleaching have made it challenging to accurately interpret these results.
Because of these hurdles, | decided to use a combination of various experimental
methods to study IAHC formation. First, a reliable nuclear marker was needed to label
IAHCs exclusively from hemogenic endothelial cells. From initial observations of wild type
E10.5 embryos using immunofluorescence, | visualized the expression RUNX1 and
SOX17, a critical transcription factor for hemogenic endothelium and an arterial marker,
respectively. Figure 4A shows the localization of RUNX1 to cells in the IAHCs (Figure 4A,
white arrow) and in some endothelial cells (Figure 4A, yellow arrow heads). SOX17
localized to only endothelial cells (Figure 4A, white arrow heads) and was absent in IAHCs
(Figure 4A, white arrow). The presence of RUNX1 in IAHCs suggested that perhaps other
downstream targets of RUNX1 may mark IAHCs exclusively. Wilkinson et al., through
single cell analysis, identified PU.1 as being necessary for hematopoietic specification *'.
PU.1-lacZ animals generated in the study showed localized expression in IAHCs of the
dorsal aorta. Moreover, PU.1 is a well-known target of RUNX1 2. To investigate if PU.1
marked IAHCs exclusively, | performed immunofluorescence to visualize PU.1 in E10.5
the dorsal aorta. Figure 4B showed that PU.1 localized to IAHCs exclusively and in some
single SOX17" cells on the endothelial floor. Quantification of clusters with PU.1 revealed

that >95% of IAHCs are PU.1" (Figure 4C, D). Moreover, examination of PU.1 in E11.5
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IAHCs also revealed similar percentages of PU.1" IAHCs (Figure 4C, D). Collectively,

these data suggest that PU.1 is a reliable marker of IAHCs.

To characterize the formation of IAHCs, | first established a definition of an IAHC
as group of 3 or more cells. | utilized PU.1 as a marker for IAHCs and examined their
distribution according to their cell number (cluster size) during the different periods of the
hemogenic window (E10.5 and E11.5). Quantification of IAHCs at E10.5 revealed a wide
distribution of IAHC size that ranged from IAHCs with 3 cells to 47 cells (Figure 4E).
Interestingly, at E11.5 the distribution range of IAHCs decreased from 3 cells to 11 cells
(Figure 4F). The data also show that most frequently, IAHCs are composed of 3 cells and
that larger IAHCs (>10 cells) are a rarity. Collectively, these data suggest that a majority
of IAHCs is produced at E10.5, the time point thought to be the peak of IAHC formation

40 and that IAHC formation decreases with time.
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points of the hemogenic window

(A) Immunofluorescence of the dorsal aorta. SOX17 (gray) and RUNX1 (red) marks
endothelial cells and IAHCs. RUNX1 marks both endothelial cells and IAHCs. While
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SOX17 is an exclusive arterial endothelial cell marker. Immunofluorescence of the dorsal
aorta. (B) Immunofluorescence of the dorsal aorta. SOX17 (green) and CD31 (red) marks
endothelial cells. PU.1 (grey) strongly marks the hematopoietic cluster (white arrow) and
weakly marks some SOX17" single cells in the endothelial layer (yellow arrow). Scale
bars,10 um. (C) Close up view of IAHCs. PU.1 marks cells in the hematopoietic cluster
and some SOX17" single cells in the endothelial layer (yellow arrow). Scale bars,10 ym.
(D) Quantification of IAHCs containing cells marked with PU.1 shows >90% of IAHCs
examined were PU.1" at E10.5 (n=3, 71 IAHCs) and E11.5 (n=3, 51 IAHCs). (E)
Distribution of cluster size at E10.5 shows that IAHC size have wide distribution range
from 3-47 cells. n=5, 190 IAHCs (F) Distribution of cluster size at E11.5 shows a decrease
in the range of IAHC size to 3-11 cells. n=5, 99 IAHCs.
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Cell Cycle Kinetics of IAHCs Reveal Rapid Proliferation and Expansion of IAHCs

Since | observed that IAHCs could be = 20 cells, | next determined the extent cell
proliferation contributed to the formation of IAHCs. First, to determine if IAHCs are
proliferative, | injected the nucleoside analog, 5-ethynyl-2’-deoxyuridine (EdU), to
pregnant females at E10.5 and separately at E11.5, and evaluated embryos 2 hours after
(Figure 5A). Immunofluorescence for EdU distinguishes cells in the S-phase from cells in

other phases of the cell cycle >***

, and Ki67 labels cells in all active phases of the cell
cycle (except Go)*°. The analysis revealed highly proliferative cells in the IAHCs (Figure
5B, C). Moreover, quantification of IAHCs that express these markers showed that ~90%
of cells in IAHCs were Ki67", and ~42% of these cycling IAHC cells were EdU™ (Figure
5D, E). These percentages were similar upon examination of E11.5 IAHCs (Figure 8D,

E). Together, these data show that these two points in the hemogenic window contain

IAHC cells that are highly proliferative.

Since IAHCs contain highly proliferative cells, | then estimated their average
generation time (total cell cycle length). | labelled IAHCs with a sequential pulse of
nucleoside analogs, 5-ethynyl-2'-deoxyuridine (EdU) followed by 5-bromo-2'-
deoxyuridine (BrdU) °®*7 (Figure 5F). The sequential administration of these compounds
allows for the determination of the cell cycle kinetics of proliferating IAHCs by separating
cells into the earliest (EdUBrdU"), mid (EdUBrdU") and late (EdUBrdU’) S phase. To
validate the system, | evaluated EAU and BrdU in the neural tube at E10.5 (Figure S5)

and noted comparable numbers to a previous report ° (Figure S5). To adapt the system
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for IAHC evaluation, | utilized PU.1 as a nuclear marker of IAHCs (Figure 4) *' which |
had previously determined to contain about ~90% Ki67" cells, as an estimate of the total
number of proliferating cells (Figure 5A-E). Analysis of the dual pulse labeling revealed
that majority of the cells in IAHCs at E10.5 were positioned in the S-phase, while a
majority of IAHC cells at E11.5 were positioned elsewhere in the cell cycle (E10.5 vs.
E11.5, p<0.001) (Figure 5G, H). Furthermore, | estimated the total length of the cell cycle
(Tc) of IAHCs at E10.5 to be 5.38 hours and the S-phase length (Ts) at 0.78 hours (Figure
51). To further gain insight into the cell cycle kinetics of IAHCs, | extended this analysis to
E11.5, and found that the Tc lengthened to 8.16 hours (Tc E10.5 vs E11.5, p<0.003) while
the Ts remained the same (Ts E10.5 0.78 h vs. E11.5 0.74 h) (Figure 5l). Overall, these
data suggest that IAHCs are capable of dividing 4.5 times within a 24-hour period of time
leading to the peak of the hemogenic window (E10.5), such that a single clone cycling at
the peak rate could engender up to 22.6 cells or 23 cells (Table 1). Furthermore, these
observations also suggest that cell division alone from a single hemogenic clone could

not account for IAHCs with greater than 23 cells.
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Wild-Type E10.5
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EdU BrdU Analysis
1 ! 1 1 | Time
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DAPI/EdU/BrdU EdU/BrdU Region of Interest

E10.5 Telencephalon

Parameters for estimating the cell cycle length
DAPI (P) 183 cells
EdU+BrdU+ (S) 49 cells
EdU+ BrdU- (L) 38 cells
Ti 1.5 hours
Ts 2 hours
Tc 7.2 hours

Figure 5 — Supplement. Detection of EdAU and BrdU on E10.5 mouse telencephalon.

(A) EdU and BrdU sequential labeling experimental schema. Pregnant wildtype animals
at E10.5 and E11.5 were sequentially pulsed with EdU followed by BrdU 1.5 hours apart.
(B) Immunofluorescence of EdU (green) and BrdU (red), with DAPI (blue) in the mouse
telencephalon at E10.5. Scale bar, 20 um. (C) Quantification of the total cell cycle length
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and S phase length. Cells in the telencephalon are labeled with DAPI (blue). Cells in the
S phase are EAU'BrdU", and cells leaving the S phase are EQU'BrdU". Total S phase
length in the telencephalon is estimated to be around 2 hours (vs. 4 hours)®’ and the total
cell cycle length is estimated to be around 7.2 hours (vs. 7 hours)®’.
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Table 1. Estimation of Cell Number from Single Clonal Divisions at E10.5 and E11.5

Age Tc (h) Window Cell Divisions # of cells from
single clone

E10.5 5.38 24 4.46 22.02

E11.5 8.16 24 2.94 7.68
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Hematopoietic clusters arise from distinct hemogenic endothelial clones

| next determined whether distinct hemogenic endothelial clones that existed in the

endothelial layer *°°

could account for IAHC formation and could be partially responsible
for the expansion of their cell number. | initially crossed a constitutive VE-cadherin-Cre to
the R26r-mTmG reporter line (VECAD/mTmG) (Figure 6A-E). | found that recombination
in this line resulted in the excision of mTomato (mTom) and expression of mGFP in
endothelial cells (CD31°CD117") and their hematopoietic (CD31°CD117") derivatives,
including IAHCs within the embryo (Figure S6A). Upon quantification, | found mGFP*
labeling in ~ 75% of endothelial cells (CD31°CD117°) and ~50% of IAHCs
(CD31°CD117") (Fig. S6, A-B). Immunofluorescence also revealed mosaic expression of
mGFP and Tomato in the endothelial cells and IAHCs in the DA (Fig. S6C-D).
Interestingly, 39% of IAHCs contained both mGFP* and mTom" cells (Fig. S6E). About
53% of the total IAHCs examined (n=57) were mGFP" only, while 9% of IAHCs were not
Cre recombined and hence, mTom® only (Fig. S6E). Together, these data indicate that
distinct HE clones may contribute to the formation of IAHCs. To test this hypothesis, |
performed low dose clonal labeling using Cdh5(PAC)-CreERT crossed to R26r-mTmG
reporter line (iCdh5/mTmG) (Fig. S6F-H). | administered a range of low dose tamoxifen
(50 -150 pg) to pregnant females at E8.5, prior to any IAHC formation, to label only
endothelial clones and IAHCs. | then determined the percent recombination in endothelial
cells and IAHCs (Fig. S6F-H). The analysis revealed that a dose of 100 ug allowed for
~10% labeling of the dorsal aorta (ECs and IAHCSs). | then administered the optimal clonal
labelling dose of 100 ug (0.1mg) at E8.5 and analyzed the clonal labelling of IAHCs at

E10.5 (Figure 6A). Outcomes of the experiment were identified as IAHCs from a single
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origin  (MGFP’only), polyclonal origin (MGFP*/mTom®) or unlabeled (no Cre
recombination (mTom®only) (Figure 6B). Following induction, | observed mosaic mGFP*
and mTom" labeling in the endothelium and IAHCs of the DA (Figure 6C). For the analysis
of clonality, | excluded mTom" only IAHCs because | cannot conclude whether these
IAHCs arose from a single clone since no Cre recombination/fate tracing took place. |
evaluated 190 IAHCs (n=5 embryos) and noted 44 IAHCs at E10.5 were either
monoclonal (mGFP*) or polyclonal (MGFP*/mTom"). Quantification of single color
(mGFP" only) and mosaic IAHCs (mGFP* Tom") at E10.5 revealed that the majority of
IAHCs (39 out of 44) were mosaic (Figure 6E), while only 6 out of 44 IAHCs were from a
mGFP" only clone. | further extended this analysis to IAHCs at E11.5. | evaluated 54
IAHCs and found 11 IAHCs to be either monoclonal (mGFP") or polyclonal
(mMGFP*/mTom"), Table 2. At this time point, | observed a similar trend as at E10.5 where
a majority of IAHCs were mosaic (8 out of 11) and minority derived from a single mGFP*
clone (3 out of 11) (Figure 6F). To further support these observations, | also utilized the
confetti reporter system by crossing inducible Cre animals with the confetti reporter
animals (Figure 7A). Outcomes of this cross yield random recombination and labeling of
endothelial cells and their hematopoietic derivatives that can be identified with four distinct
fluorescent labels: mCFP, RFP, YFP and GFP (Figure 7B). In terms of inferring clonality,
single color IAHCs denote monoclonal origin and multi-color IAHCs denote polyclonal
origin (Figure 7C). One caveat of this line is that high amounts (1.5 — 2 mg) of tamoxifen
needed to be administered prior to IAHC formation (E7.5 and/or E8.5) as recombination
levels are low (not shown). Administration of these levels of tamoxifen do not appear to

be detrimental to embryonic development (Figure 7D, E). Upon immunofluorescence,
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IAHCs are indeed labeled with the confetti reporter system (Figure 7F). However, the
frequency of GFP labeled cells (not shown) were low relative to the frequency of CFP,
RFP and YFP labelled cells (Figure 7F). The low percentage of recombination observed
within this line may be due the inefficiency of the Cdh5-Cre or perhaps that the cell cycle
length of these IAHCs is too short for the accumulation of the fluorescent protein after
recombination. Nonetheless, quantification of labeled IAHCs (n=4) at E10.5 showed that
IAHCs contained cells that were labeled with two distinct fluorescent colors (Figure 7F,
G). Collectively, these data further support that IAHCs largely derive from a polyclonal

origin.

33



SL €l

SOHVISII®D

€

I

Jeuojoouoly N
|euooAjod

IL 6 L S

S'Li3

Kouanbaig

SOHVISII®D
o (17 9 1€ 9 e 9l L 9 1
-.- 1 - 1 . °
¢
-
|Q m
-
-9 ©
=]
2
[euojoouoy N - 8
|[euodAjod
-0l
G013
3
(reuojoAjod) (reuojoouow) (paji@gejun)
m +d4Dw/uoju +dd4ou +wojuw
o
: q mv
>
I
O
1s3W02N0
g
G'1L13/5°0L3 G'g8d (skep)
! g
sisAleuy NV.L
BwoL0

Dwlw-i19gd 21HI3ID-(OVvd)SupPd

v

34



"sloy)l| £-Z=U ‘pazAjeue
aJem SOHYV| /LS JO [e]0} ¥ "sieq Aaub Aq psjousp sOHY| (,wo]w, d49w) [euojokjod pue ‘sieq yoelq Aq psjousp sQHY| (Ajluo
,d49W) [BUOJDOUOIN "G"| LT 18 Alijeuojo DHY| JO sisAleuy () "sieni| g-z=u "pezAjeue atem SQHY| 061 10 |10} "sieq an|q Aq
pajousp sOHY| (,wo|w, d49w) [euojoAjod pue ‘sieq 3oe|q Aq pajousp sOHVI (Aluo ,449Dw) |euojoouoly "G 0L 3 e Ajeuoo
DHYVI Jo sisAjeuy (3) ‘wn Q| ‘Jeq 9jeas "s||@o dnalodojeway ajbuls awos pue HHY| a8yl ul s|190 sjage| (Aaib) L1'Nd sle2
(paJ) ,wojw pue (usalb) ,44OW Yioq Ulejuod 0} pajou s yoiym (9) ul pajoidep JHY| 8y} Jo uoieoyiubew JaybiH (@) “wr
0z ‘Ieq 8|eds "DHVI ue sjaqe| (Aaib) |"Nd "s|1eo (paJ) ,wo w jo punolbyoeq e ui uoissaldxs (usaib) ,d{OW dlesow SMoys
uononpul 8Sop Mo Jajje (saull usx04q) G'01 3 e (VYQ) eMoe |esiop ayj Jo aousdsalon|4 (9) (,wow, d49w) [euojohjod pue
(Aluo ,d49w) [euojoouow ‘Ajuo WO | W ‘UoBUIqUIOda) 81D OU) Pajade|un :uoioNpuUl 8SOp 8S0| BUIMO||0) SSWOJINO [eljus)od
(g9) 'g'L 13 pue G013 Je pajenjeas soAuiquig "uoiewso} QHY| 03 Joud g3 1e (Bw | Q) usjixowe) Jo 8SOP MO| B Y)im paonpul
alom sojews) Jueubald "Saull HW | W-I9ZY YIM PasS0I0 alom sjewiue zZ1y39190-(DOvd)syp) :ewayos |eyuswiiadxy (y)

S9HHVI Jo uiblLio jeuojaAjod eanaas sHHY]| 0 Buljage] [euo|d asop mo "9 ainbi4

35



SOHVI swolw.d4ow
uoiodo.id

we] oN BrigG | 6rQoL 610G

OH O3 OH O3 OH O3 OH OF
—ad I‘. 1 1 ) 1 . f 0

[ ]

° Lo

) >

[}

m.ﬂ ® Lol
oo L g1
Z1A0+1€aD = OH | 0z
LHEA0+ked0 =03 © | o

—
Ajuo ,woyw [
Auo.d1ow [l

OHVI G013

/d4DW/wo] w

E |

» P
/d4Dw/wo) w

SOV §'0L3 Ul
(+d49%) uoneuIquIoosY

)

V-0SS

0z

sz

+L1EAD+1E€QD Uo paley

OdVv-£1+Ad0

ar Ot o o1 o

-L113dO+1€AD Uo paen

m.m>o%am.5n_o

E sos

F so0t

F sost

F se0z

F sosz

F s

F »aor

F vost

v-0SS

F a0z

F ose

O
& &
¥ N
(8} x
& &
i N
S
[ T T O
s
oz &
[e]
g
- O.v w.
2
* too S
=15
*e ros §
0
L oot

1dvQ@ uo pajen

Ow Lw-i9gd

v-0SS

S9JWOS+N\DY

\.

Dwul-i9gy
/2LHIRIDGUPO

sN20| 192y

alguudyped-JA

v

36



(9) ul

USJIXOWe) YIM paonpul Jou a1am Ing ssjdwes a1 ay) 81am saxoq pay -susbsuel) 819 Joj sohiqus G 013 Jo sadAjouss) (H)
"uolleuIqUIODal %0 SMOYS |0J3uU0d udjixowe)] ON “uoneindod (sajoJ10 an|q 1ybi))

DHVI pue (S8jo410 an|q yJep) |eljdyiopua ay} Ul UOIJBUIqUIODaI JO %] > UO paseq asop [ewijdo ayj Se pajos|os Sem UajIXowe)
Jo Bw "0 "usuxowe) Jo Bw |'Q 0} GO'0 wody pabuel yoiym juswiiadxa Buisop Jaye SOV G013 Ul uoneuiquodsy (9)
'S|199 /1 1AD,1£AD.1VISS/.Idva se uo pajeb sem uoneindod 93 pue

S|199,/1100,1£AD.1V3SS/.1dva se uo pajeb sem uoneindod OHY| "SO3 ,d4DW pue SOHY| ,d49DwW jo ABsjess Buies (4)
"PaJ00s SQHY| LS ‘SI8Y| €=U (,WOo W pue d49uW MO||A -Ajuo ,wow pay :Ajuo . d49HW ‘usal9))

"SOHV| Aluo ,Wo ] W %6 pue ,d49W pue ,wo| W yjoq %6¢ ‘AlUo ,d4DW HgIuxa %S Jey) smoys SQHY| Jo uoieoynuenp (3)
‘wr g1 Jeq ajeag “(Aaib) sHHY| SHJew | xuny

"S||90 W0 W pue d49Hw yjog Buiuiejuoo Jsisnio e sjoidep oAiquis Hw | w/aid-qyIIA SAINNISU0D B wodl DHYI uy (Q)
"wn og Jeq a|eog “Aaib ul eousdsalonjjounwiwl L xuny ‘(paJ) ,wo|w pue (usaib) ,44OwW

Buiuiejuod s|j@o sajesisuowap oAiquie HHW | W/a1D-gyDI/\ SAINNISUOD B WOl euUoe |esiop jo Buibewr aouaasalon|d ()
"sJ9yl| ¢=u "uopejndod OHY| ,d49OW, /1 1A, L€AD

ul %Gg pue ‘uopeindod |90 [eldYIopUD 44D /L1LAD,LEAD BU} Ul PaAsIYOe SioM S|9AD| UoleuIquodal %G/ (g)
(Dww) asnow Jayodal HW W 19zZy e 0} passold alam sjewiue (a1D-qydIA) 240 uayped-gA aAinisuo?) (v)

sjuawiiadxg Buipul4 asoq uajixowe] -Juswajddng — g aunbi4

37



Table 2. Total IAHCs evaluated for clonality at E10.5 and E11.5

Ade Total IAHCS Total Total

9 Evaluated Scored Unlabeled
E10.5 190 44 (23%) 146(77%)
(n=9)
E11.5 57 11(19%) 46(81%)
(n=3)
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Figure 7. Polyclonality of IAHCs is supported using the Cdh5Cre-confetti reporter
system.

(A) Inducible Cdh5Cre animals were crossed with confetti reporter animals. (B) Outcomes
of the recombination could be identified by four fluorescent labels: GFP, YFP, CFP, and
RFP. (C) Clonality outcomes are identified as monoclonal if AHCs are of single-color and
polyclonal if IAHCs are of multi-color. (D) Embryos that were given high doses (1.5 mg
and 2.0 mg) of tamoxifen at E8.5 show no detectable defects at E10.5. Scale bars are 0.5
millimeters. (E) Quantification of survival after induction of high dose of tamoxifen at E7.5
and E8.5 shows no lethality until 2.5 mg of tamoxifen are administered. (F)
Immunofluorescence of Cdh5-confetti labeled IAHCs shows cells labeled with CFP, YPF
and RFP. CD31 (purple) was used as a marker of endothelial cells and hematopoietic
clusters. (G) Quantification of Cdh5-confetti labeled IAHCs from different embryos reveal
polyclonal origins of IAHCs. Scale bars are 10 pm.
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Discussion

Live imaging is a powerful technique that has allowed the visualization of IAHCs in the
context of their near-native environment®*®°. My initial observations depicted that indeed
the ventral endothelium of the dorsal aorta contained hemogenic endothelial cells that
emerge and adapt a rounded morphology (Figure 2A) which resembled that of a blood
cell, akin to what has been described as EHT using zebrafish imaging *. Interestingly, in
subsequent live imaging experiments using labeled lines such as VE-cadherinCre-
tdTomato, labeled cells appeared to extend different types of cellular protrusions which
resemble filopodia or a narrow cytoplasmic bridge (Figure 2B). In the visualization of
IAHCs using Cdh5-mTmG reporter, | observed cell division within IAHCs (Figure 3).
These newly formed cells resided in the uppermost part of the right IAHC (Figure 3).
Interestingly, a labeled cell appeared to extend a protrusion to these newly formed cells
(Figure 3). This extension was followed by what appeared to be a fragmentation of either
the cell itself or its membrane protrusion as some cell structures remained attached to the
newly formed cells (Figure 3). The appearance of this filopodial extension and the
fragmentation behavior observed in these videos are reminiscent of megakaryocyte

proplatelet formation ©

. During this process, megakaryocytes extend branch-like
processes called proplatelets which function as a linear assembly for platelets.
Proplatelets are organized in tandem and are inter-connected by cytoplasmic bridges.
Megakaryocytes release these proplatelets which then fragment into platelets. Overall,

the data suggest that megakaryocytes may play a role in supporting IAHC and HSC

development in the AGM. Megakaryocytes appear in the yolk sac at E7.5 ® and could
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reach the AGM upon the initiation of circulation at E8.5. Furthermore, megakaryocytes
have been reported to support HSCs in the bone marrow by regulating their quiescence
63,64.

While | was unable to capture the processes that lead to IAHC cluster formation
from a single hemogenic endothelial cell, | was able to visualize the dynamic behavior of
pre-formed IAHCs. The results of these initial experiments revealed the ability of IAHCs
to interact with each other and with other cells in the dorsal aorta. Interestingly, cells from
IAHCs do not appear to “break” from their cluster formation suggesting that there may be
a mechanism that allows for the maintenance of a single cluster. From these
observations, | speculate that a cluster may be acting as a transitory niche and that
interactions between the cells within an IAHC or with other cells in proximity may have

important implications for the specification and maturation of IAHCs into HSCs.

In this chapter, | have also uncovered the rapid cell divisions that succeed the
process of endothelial-to-hematopoietic transition. Specifically, | found that the total
length of the cell cycle of IAHCs at E10.5 is approximately 5 hours which allows for a
single clone to theoretically give rise to up to 23 cells within a 24-hour time period between
E9.5 to E10.5. To reconcile these findings with observations that depict IAHCs having 2
23 cells, | discovered the presence of distinct clones within the endothelium that
contribute to IAHC formation. Collectively, these data suggest that following EHT, IAHC
formation is succeeded by rapid cell divisions from distinct clones that may serve to
prevent clonal exhaustion and promote heterogeneity. Indeed, observations from clonal

labeling experiments performed in zebrafish suggest the existence of up to 30 clones per
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aorta during active the hemogenic window. % In addition, rapid cell divisions may
establish an initial pool of pre-HSCs from which HSCs mature from by E11.5.
Correspondingly, the cell cycle length of E11.5 IAHCs lengthen to about 8 hours. This
observation is intriguing as fetal liver (FL) HSCs have been estimated to have a mean
generation time of 10.6 hours °°. Thus, the lengthening of cell cycle from E10.5 to E11.5

may be commiserate with the E11.5 |AHC repopulation ability.
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CHAPTER 2:
Intra-aortic hematopoietic clusters contain cells that are positioned at different

phases of the cell cycle and have varying engraftment potential during the early
and late stages of the hemogenic window
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Introduction

The cell cycle activity of hematopoietic stem cells (HSCs) throughout the lifetime of the
organism is dynamic and is linked to their ability to self-renew and to differentiate 6.
IAHCs from the AGM are thought to mature into HSCs with low proliferation *? and the
kinetics of their cell cycle remain largely unknown. Fetal-HSCs rapidly proliferate and
differentiate in the fetal liver with generation times of within 10-14 hours ®>®’. Adult HSCs,
in contrary, reside in the bone marrow and remain mostly quiescent 6871, Together, fetal
65 and adult HSCs ®” appear to transit at slower rates relative to their more differentiated
progenitor counterparts which display generation times of within 5-6 hours 6,
Furthermore, a prolonged cell cycle length due to a prolonged G1 passage appear to be

a characteristic of both fetal and adult HSCs %>7273,

65,67,74-77
,67,74-77 is

The progression of HSCs through the cell cycle both in vitro and in vivo
accompanied by notable changes in their engraftment potential. Several lines of evidence
suggest that cell cycle position may influence repopulation activity ">"’. Indeed, fetal
HSCs in the Go/G1 appear to engraft adult recipients better than their S/G2/M
counterparts °°>. Whether embryonic HSCs contained in IAHCs display similar cell cycle
features as to those of FL and BM HSCs remain to be clarified. In this chapter, | tested

whether HSCs from ontogeny are at a specific cell cycle phase and whether their cell

cycle phase influences their engraftment into the adult BM.
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Materials and Methods

Mice

Mouse lines wused for these experiments were Fucci Green [Tg(CAG
mAG/GMNN)504Amiy] and Fucci Red [Tg(CAG-mKO2/CDT1)596Amiy]’®. Mice were
housed under a barrier facility following IACUC procedures and animal protocols were
conducted under the University of California San Francisco Laboratory Guidelines.
Genotyping

FUCCI PCR Program

94°C x 5 min. with HotStart, 94°C x 1 min., 55°C x 30s, 72°C x 2 min. repeat for 31 cycles,
72°C x 10 min., and hold at 4°C infinitely.

Primers

Primer stock concentrations were prepared at 100 uM. A 10x dilution is performed to

prepare working concentrations of 10 uM. Primers were stored in -20°C.

Name Forward Primer Reverse Primer

Fucci- | 5-CTT-CTT-CTA-CGA- 5'-GCA-TCT-AGA-TTA-CAG-CGC-CTT-

Green CAT-CAG-GTT-3 TCT-CCG-TTT-TTC-TGC-3
Fucci- 5-ATG-ACA-CTA-CGC- 5-GCA-TCT-AGA-TTA-TTC-CTT-TAT-CTT-
Red GTC-ACA-AT-3 CTG-GCC-CGG-AGA-3’
Immunofluorescence

E10.5 - E11.5 Fucci embryos were fixed in 4% paraformaldehyde (PFA) solution at room
temperature for 20 minutes or in 2% PFA overnight. Samples were frozen in Tissue-Tek
OCT Compound (Sakura Finetek, 4583). 20-30 uym cryosections were obtained (Thermo
Scientific Micron, HM550). Slides were incubated in blocking buffer (PBS, 0.5% Triton-

X100) with 5% serum for 1hr. Primary antibodies for CD31 were incubated at 4°C
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overnight or room temperature for 2 hours in blocking buffer. Slides were washed (PBS
0.05% Tween), incubated with the secondary antibody for 1 hour, stained with 2g/ul DAPI
and mounted in Vectamount (Vector Laboratories, H-5000). Images were captured on a
Leica SPE Confocal Microscope.

Flow Cytometry

Whole embryos were screened for Fucci positivity under a benchtop fluorescence
microscope. Subsequently selected AGMs were dissociated as previously described
(Lizama et al. 2014) and stained for 30 min at 4°C with agitation. Single cell suspensions
were sorted in a BD FACS Aria lll. Flow cytometric analyses were performed on a FACS
Verse or FACS Aria Ill with FACSDiva 8.0 software (BD Biosciences) and data analyzed
using FlowJo v10.0.7 (Tree Star). Antibodies were purchased from BD Biosciences:
CD117-APC (#553356), CD31-Percp Cy5.5 (#562861), V450-SSEA-1 (#561561).
Isotype controls used were: 1gG2b-APC (#55391), IgM-V450 (#560861), IgG1-
PercpCy5.5 (#562861). Cells were sorted using a FACS Aria Il cell sorter.

Bone Marrow Transplantation

8-12 week old CD45.2 C57BIl/6 FUCCI mice were used as donors for cell isolation. E10-
E10.5 (30-39sp) and E11-E11.5 (40-48sp) AGMs were sorted for SSEA-1
/CD31*/CD117" FUCCI-Red or FUCCI-Green as donor cells. 8-12 week old CD45.1
C57Bl/6-Boy/J wild type mice were used as recipients for cell transplantation. Congenic
recipient mice (CD45.1) were irradiated with 900 rads, split dose, 3 hours apart using a
cesium source. Purified donor cells were injected intravenously with 200,000 spleen
helper cells, and hematopoietic reconstitution was monitored over time in the peripheral

blood based on CD45.2 expression. Recipients with >1% donor chimerism were
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considered reconstituted. Transplanted mice were kept on antibiotic-containing food for
2 weeks. Recipients of helper cells and congenic donor cells were used as negative
control, and recipients of 4 x 10° CD45.2 whole bone marrow cells were used as positive

control. All mice were maintained at UCSF in accordance with IACUC approved protocols.
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Results
IAHCs during development are positioned at different phases of the cell cycle as

the hemogenic window progresses

In Chapter 1, the findings that a higher proportion of IAHCs were mainly in the S-phase
at E10.5 versus E11.5 together with the increase in the average cell cycle length (Figure
5 G-l) prompted me to evaluate whether the position of IAHCs in the cell cycle might be
different during the two time points of the hemogenic window. To test this, | utilized the
FUCCI (Fluorescence Ubiquitin Cell Cycle Indicator) reporter mouse line. In this line,
CDT1-mKusabiraOrange2 (mKO2) marks cells in G1 and GEMININ-AzamiGreen (mAG)
marks cells in S/G2/M (Figure 8A). | first verified the expression of these markers relative
to DAPI incorporation (Figure S8A) to determine if the fluorescently labelled cells with
either mKO2-CDT1 and/or mAG-GEMININ corresponds to appropriate cell cycle stage by
DNA content. | then evaluated expression of these markers in the developing neural tube
and AGM (Figure S8B-C), and confirmed the pattern of G1 (FUCCI-Red) versus S/G2/M
(FUCCI-Green) in the neural tube. In this region, the somites are labelled with FUCCI-
Red denoting that cells are in G1, while the rest of cells in the neural tube are labeled with
FUCCI-Green indicating that they are in the S-phase. | also examined
immunofluorescence of the protein GEMININ, in the context of the transgenic reporter
FUCCI-Green (GEMININ-AzamiGreen (mAG)) within the developing endothelium and
IAHCs (Figure 8D). | found that the mAG reporter tended to underreport (by 12%) cells
that express GEMININ (Figure S8E). With that in mind, | evaluated IAHCs for their

expression of FUCCI-Green and FUCCI-Red, and noted that cells which make up a single
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IAHC are positioned in different cell cycle phases. Thus, the cells comprising one IAHC
were not necessarily synchronized in their cell cycles (Figure 8B). To analyze the IAHC
population as a whole, | used FACS to discern the cell cycle phase of IAHCs at E10.5
(pre-HSC stage) and E11.5 (definitive-HSC). FACs analysis revealed that at E10.5, ~2%
of the SSEA-1"CD31°CD117" IAHC population (IAHCs) resided in G1, while ~28%
resided in the S/G2/M (Figure 8C, D). Interestingly, at E11.5 ~35% of the IAHC population
now resided in G1, and ~11% resided in S/G2/M (Figure 8C, D). Overall, the data suggest
that there is a shift in the cell cycle position of IAHC cells as the hemogenic window
progresses during development. This previously unappreciated difference between the
cell cycle position of IAHC cells at E10.5 and E11.5 has led me to postulate whether the

cell cycle position may influence repopulation potential.

50



1€A0

N/2D/S 19
1 1 U
=01
1
=02
-0€
13 @3 -
S = o | - - Lop
6000°0>d 1000°0>d

pay-100n4d

usalv-190n4d

L€AJ/P3Y-100N4d
/ue319-190N4

%

aseyd 8oAD |80 U1 s|18)

o

OHVI G013

m

gL ‘g0l

wm:Eow+_>_0<
Apwoihy
>>O_ u_ —~f— e

Us319/payd-199nd

@%@@

oNe X (D>

(NININZD-DVW) (1LaD-zoMwW)
us319-190N4 pPad-100n4d

51



‘INTS -/+ ueaw se umoys ejep ||V ‘v=u (5000 0>d uoI}08.1100 S Y2|oAA YIM 1S8)-) LD

%G VE 'SAIN/ZOIS %L L) IN/ZD/S "A LD 8Je S|190 DHY| 8u3 Jo Ajuofew ‘G113 1e 8jiym ‘(1000 0>d U0I}08.I00 S UD[SAA YHM 1S}
31D %Z6'L SAIN/ZDIS %Z'82) LD SA N/ZD/S Ul 81e s|180 DHY| 40 Ajiolew sy G 01 3 1e ey} sjessuowsp ejep ay| ‘(sieq
A216) G'| 13 pue (sieq an|q) G'0L3 ¥ W/Z9/S pue Lo ul (,/11dD,1£AD.1VISS.Idva) suoieindod QHy| jo uosuedwo) ()
‘(usalb) Hyw pue (pal) OYw @o0usdsalon|) aAoadsal

Jivyy A N/Z29/S pue L9 ul suonendod |j80 4o} Ajewojho mojy Aq pazAjeue aiem G| L3 pue G0L3 1B SWOV 100N4 (D)
‘wrl 0} ‘Jeq 8|eog ‘wnijayjopus ayy sytew (Aaib) L£aD "OHVI 8y} 1oidep saul| usyolg "Ovw Aq

pajieqe| (usaib) N/ZD/S Ul S|[82 pue (pal) zOMW Aq pajjagel L9 ul s|j8d smoys G°01 3 Je QHY| Ue Jo sousdsalonjjounwwy (g)
"W/29/S Ul s]180 Buljagel sny) aAnoe st (9yw) usals) lwezy yum pabbel NININTD pue papelbap s

L1AD ‘W/29/S ul ‘Aenwis “Lo ul s||90 Buppiew Agatayy jussald st (zOMw) ebuelQ eligesny| yum pabbey | | O eAljoe pue
papesbap si NININTO ‘1D U] ‘sfewiue (NININID-DVW) usain-|9DNd UM passold alem (L 1aD-zoMW) pay-100N4 (V)

‘6" 113 pue G 0L3 Bulnp 91949 |89 3y} Jo aseyd jJuaiayip je pauonisod ase sHOHvy| "8 ainbi4

52



%CT %09 [47
-UDIDIINJHUIUILIBD  +UAUDIINJHUIUILIBD  (SIHYI 9 =U) S|[9) [EI0L

usvJIvn-129n4/L€ad

OHVI G013

(]

BlOY |[esiog S0

0

aqn] [edneN S'0L3

pay-199n4/usaln-199n4 m

Idvd
MOSE  HMO0Z  HMOSE  MOOL HOS ]
M IR AR BRI EETRrATS B
]
= Ok
9]
(19) HyW,.Z2OYW )
3
—
w
= 02
= OE

53



@ousdsalon|) (usalb) Hyw JO S|OA9| 8|qelda}apun
10 seam aney s|[@0 ,NININID 40 %ZL~ ey} smoys NININTD pue ,ussi9-1oon4 jo uonedynueny (3) "wr o| ‘Jeq ajeds
"(AauB) utuiwab ‘sexew W/z9/S Jo Buluiels ay) yim depsao yoiym s|jeo (usaib) L ussin-10on4 Buiuiejuod JHy| ue jo sbeuw
uy (@) "wr oz ‘Jeq sjeos (Aeib) wnijsyjopus ay) sjousp 0} pesn si LeaD “(,ussID-100Nn4) N/ZD/S PUe (,pey-109n4) L9
ul 8Je 1ey) S||92 salljuapl eLoe |esiop ay} Jo bulagel 1D0N4 (D) "wnd oz ‘Jeq ajeas Aalb ul QD 8HWOoS sajousp S "agny
|eanau ay} jo AjAed [eljusd/s|ppiw ay} Ul (Uaalb) s||90 |N/ZD/S ,UdaID-100N4 pue jIWos ay} Ul (paJ) S99 |9 ,pay-100N4 J0
uonezijeoo] smoys agqny jednau buidojaasp ayy ul bulage] 1DON4 (g) "welaboisiy |dyq Jed 81942 |90 ay) Jo seseyd N/Z9/S
pue L9 aJe jey) || saysinbuisip |DDN4 ¥ey) Smoys ‘|dyQ ‘Iexiew Jusjuod yYNQ isulebe aull |DDN4 ayj jo uoneplieA (V)

‘wdlsAs |99N4 3y} Jo uonepijep -jJuswajddng -g aunbi4

54



Cell cycle phase does not fully account for repopulation activity

Previous studies from Nygren and colleagues which examined the cell cycle kinetics of
E14.5 fetal-liver HSCs (FL-HSCs) found that a prolonged cell cycle length is a
characteristic of HSCs °°. In line with these observations, the data | gathered so far
demonstrate a prolongation of the cell cycle length at E11.5 which is coincident with the
observed repopulation activity during this time point. To determine whether cell cycle
position may influence the behavior of IAHC cells in a reconstitution assay, | directly
transplanted irradiated adult animals with FACS sorted SSEA-1"CD31°CD117"mKO2*
cells (G1 1AHCs) and SSEA-1"CD31°CD117"mAG” cells (S/G2/M IAHCs) from E10.5 and
E11.5 AGMs (Figure 9A). | found that regardless of their phase in the cell cycle, E10.5
IAHCs (n=8-9 per group) had undetectable levels of chimerism even after 16 weeks post-
transplantation (Figure 9B, C). Conversely, only E11.5 IAHCs showed engraftment (>1%
donor-derived cells) within 8 weeks and 16 weeks. Yet, some animals demonstrated only
transient levels of engraftment (Figure 9B). Of the E11.5 transplanted animals (n=12 each
group) we determined to have been repopulated by 8 weeks (1 each in of the G1 and
S/G2/M groups respectively), only one had stable engraftment by 16 weeks as measured
by peripheral blood chimerism (Figure 9B). In the 16-week engraftment cohort, the animal
transplanted with G1 IAHCs (fuschia triangle) demonstrated stable repopulation while the
animal transplanted with S/G2/M IAHCs (blue hexagon) did not appear to maintain the
>1% level of engraftment long. However, | did detect a low level of chimerism (>16 weeks)
in 1 animal that received S/G2/M IAHCs (Figure 9B, G1 IAHCs 14.5% vs S/G2/M IAHCs
0.3%, Table 3). Further evaluation of lineage markers for B and T cells, as well as myeloid
lineage cells within these animals, revealed that these cells were indeed able to
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reconstitute the different hematopoietic cell lineages (Figure 9D). Overall, the data
suggest that E10.5 IAHCs do not contain an engraftable HSC population, regardless of
enrichment for cells either in G1 or S/G2/M. However, these data also support that E11.5
IAHCs contain adult engraftable HSCs that may be enriched in the G1 (versus S/G2/M)

cell cycle phase, similar to their fetal and adult HSC counterparts %7477,
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Figure 9. Direct transplantation of E10.5 and E11.5 FUCCI labeled IAHCs.

(A) Transplantation experimental scheme. |IAHC cell populations (DAPI'SSEA1
CD31'CD117") from FUCCI-Red (mKO2-CDT1) and FUCCI-Green (mAG-GEMININ)
mice were sorted (cell number = 200- 2000 cells per group) and directly transplanted into
irradiated adult recipients (E10.5 n = 8-9 per group, E11.5 n=12 per group). (B) Analysis
of engraftment (defined as >1% peripheral blood chimerism) at 8 and 16 weeks depicts
E10.5 FUCCI-Red (open circles) and green (open squares) IAHCs with no detectable
engraftment (0/8 and 0/9 respectively). E11.5 FUCCI-Red (triangles) and FUCCI-green
(hexagons) each exhibit one animal with detectable levels of engraftment (1/12 and 1/12
respectively) at 8 weeks (each labelled with a separate color). Only the recipient of G1
IAHCs retains stable engraftment at 16 weeks (fuchsia triangle). No stable engraftment
was seen in E11.5 Fucci-Green at 16 weeks, although there was low level of chimerism
detected (0.3%) (fuschia hexagon). Double asterisks indicates the occurrence of mortality
in the cohort. (C) Representative FACS plots of E10.5 FUCCI-Red and FUCCI-Green
IAHCs show no detectable engraftment by 16 weeks. (D) FACS plots of E11.5 G1 IAHCs
(fuschia triangle) demonstrate 15% donor reconstitution and peripheral blood contribution
to the T (CD3-FITC), B (B220-PE) and myeloid (CD11b-PeCy7) lineages by 16 weeks
and for E11.5 S/G2/M (blue hexagon) 0.3% donor engraftment and lineage contribution
to B, T, and myeloid lineages.
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Figure 9 — Supplement. Transplantation of donor bone marrow cells as positive
control.
(A) 4 million bone marrow cells from CD45.2 donor mice were transplanted into CD45.1

irradiated hosts. Analysis of peripheral blood at 16 weeks reveal 85% donor reconstitution
and differentiation into CD3+ T cells, B220+ B cells and C11b+ myeloid cells.
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Table 3. Transplantation cell number and engraftment.

Sample Name Cell % Engraftmen | % CD45.2 | Engraftmen
Number | CD45.2 t (1%) Donor Cells t (1%)
Donor (16 weeks)
Cells (8
weeks)
Fucci Red e10- 700 0.000% N 0.000% N
e10.5
Fucci Red e10- 346 0.000% N 0.000% N
e10.5
Fucci Red e10- 681 0.052% N MORTALIT
e10.5 Y
Fucci Red e10- 490 0.063% N 0.082% N
e10.5
Fucci Red e10- 476 0.082% N 0.170% N
e10.5
Fucci Red e10- 902 0.310% N 0.095% N
e10.5
Fucci Red e10- 1095 0.077% N 0.150% N
e10.5
Fucci Red e10- 332 0.081% N 0% N
e10.5
TOTAL 0/8 TOTAL** 0/7
Fucci Green e10- 639 0.018% N 0.000% N
e10.5
Fucci Green e10- 100 0.000% N 0.000% N
e10.5
Fucci Green e10- 650 0.018% N 0.000% N
e10.5
Fucci Green e10- 729 0.000% N 0.160% N
e10.5
Fucci Green e10- 1597 0.024% N 0.064% N
e10.5
Fucci Green e10- 1152 0.097% N 0.091% N
e10.5
Fucci Green e10- 504 0.000% N 0.110% N
e10.5
Fucci Green e10- 1298 0.087% N 0.059% N
e10.5
Fucci Green e10- 446 0.160% N 0% N
e10.5
TOTAL 0/9 TOTAL 0/9
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Sample Name Cell % Engraftmen | % CD45.2 | Engraftmen
Number | CD45.2 t (1%) Donor Cells t (1%)
Donor (16 weeks)
Cells (8
weeks)
Fucci Red e11- 716 0.017% N 0.000% N
e11.5
Fucci Red e11- 1194 20.300 Y 14.900% Y
e11.5 %
Fucci Red e11- 1111 0.026% N 0.000% N
e11.5
Fucci Red e11- 600 0.750% N 0.200% N
e11.5
Fucci Red e11- 1397 0.044% N 0.040% N
e11.5
Fucci Red e11- 750 0.048% N 0.066% N
e11.5
Fucci Red e11- 1591.5 0.006% N 0.002% N
e11.5
Fucci Red e11- 1591.5 0.021% N 0.100% N
e11.5
Fucci Red e11- 1890 0.015% N 0.000% N
e11.5
Fucci Red e11- 200 0.031% N 0.000% N
e11.5
Fucci Red e11- 1180 0.019% N 0.180% N
e11.5
TOTAL 112 TOTAL 112
Fucci Green e11- 300 0.018% N 0.000% N
e11.5
Fucci Green e11- 558 0.044% N 0.000% N
e11.5
Fucci Green e11- 1,164 0.590% N 0.350% N
e11.5
Fucci Green e11- 414 0.053% N 0.000% N
e11.5
Fucci Green e11- 814 1.240% Y 0.006% N
e11.5
Fucci Green e11- 1000 0.200% N 0.056% N
e11.5
Fucci Green e11- 674 0.031% N 0.000% N
e11.5
Fucci Green e11- 600 0.000% N 0.057% N

el11.5
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Sample Name Cell % Engraftmen | % CD45.2 | Engraftmen
Number | CD45.2 t (1%) Donor Cells t (1%)
Donor (16 weeks)
Cells (8
weeks)
Fucci Green e11- 1600 0.000% N 0.000% N
e11.5
Fucci Green e11- 650 0.032% N 0.000% N
e11.5
Fucci Green e11- 200 0.034% N 0.000% N
e11.5
Fucci Green e11- 2011 0.014% N 0.000% N
e11.5
TOTAL 112 TOTAL 0/12
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Discussion

In this chapter, | uncovered that IAHCs between E10.5 and E11.5 are positioned at
different phases of the cell cycle. IAHCs at E10.5 appeared to contain more cells in the
S/G2/M phases of the cell cycle than in G1 (Figure 8D). Intriguingly, by E11.5, IAHCs
appeared to contain more cells in G1 than in S/G2/M (Figure 8D). This data together with
the findings that the cell cycle lengthens by E11.5 (Figure 5l) suggest that the G1 phase
of cell cycle likely undergoes a prolongation step. Overall, these findings imply that the
maturation process leading to the emergence of definitive HSCs by E11.5 may include a

lengthening of the cell cycle.

In this chapter, | also investigated whether position in the cell cycle of IAHCs affects
their engraftment in the adult BM. The number of IAHCs detected during the hemogenic
window is small with only ~ 1500 — 2000 cells in an E10.5 AGM. The average percentage
of cells that exhibit either FUCCI-Green or FUCCI-Red fluorescence ranges from 600 to
700 at E10.5, and 800 to 1000 cells at E11.5 per AGM. Thus, a significant limitation of
the transplantation study is that only a limited number of cells could be harvested from
any single litter for transplantation. As low as ~200 cells and as much ~2000 cells per
adult mouse were transplanted, and these results may be at the detection boundary of
the assay. Nonetheless, these findings highlight that adjusting for cell cycle phase at
E10.5 (by selection and transplantation of the minority G1 population) does not overcome
the inability of these cells to engraft adult hosts. Interestingly, the data demonstrate that

E11.5 IAHCs harbor definitive HSCs that may be enriched in the G1 phase of the cell
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cycle. The data also support that definitive HSCs in the S/G2/M contained in E11.5 IAHCs
may also possess some engraftment potential albeit lower than their G1 counterpart.
Collectively, the lengthening of cell cycle from E10.5 to E11.5 and the coincident ability
of E11.5 IAHCs to engraft adult irradiated recipients point that the cell cycle itself may

influence HSC maturation and engraftment potential.
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Chapter 3:
Transcriptional profiling of intra-aortic hematopoietic cluster populations across

developmental age and cell cycle phase reveals a potential role for complement
genes in the maturation of HSPCs

65



Introduction

Recent advances in RNA sequencing have given researchers the opportunity to analyze
whole transcriptomes of different cell types allowing for the characterization of distinct
functional states. Global transcriptional profiles of adult hematopoietic stem cells from
single cells have been extensively analyzed and have revealed clonal heterogeneity even

amongst cells from homogeneous populations 8%’

. Furthermore, evidence also suggest
that the cell cycle state of adult HSCs is a major source of transcriptional variation and

may be linked with aging %.

Transcriptional profiling of HSCs from ontogeny, however, revealed distinct
transcriptional profiles yet with a commonality with macrophages 2°. Currently, it remains
unclear how these distinct transcriptional profiles relate to their functionality and whether
embryonic HSCs display a cell cycle-specific programming. The data | have collected so
far further support that the cell cycle phase may influence the engraftment of HSCs
contained in E11.5 IAHCs. To further uncover any potential link between developmental
age, cell cycle state, and adult engraftment potential, | transcriptionally profiled IAHCs in
G1 and S/G2/M from E10.5 and E11.5. In this chapter, | describe the changes in the
transcriptional landscape of IAHCs across their developmental age and their cell cycle
stage, and implicate a potential role for complement in the maturation of IAHCs and their

engraftment in the adult irradiated bone marrow.
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Materials and Methods

RNA Isolation and Sequencing

Samples were pooled from 2-3 liter embryos from FUCCI crosses (See Chapter 2,
Methods). Total RNA was isolated and purified from sorted cells using the QIAGEN
RNeasy Plus Micro Kit (#74034) following manufacturer’s instructions. RNA integrity was
determined using a Bioanalyzer. Samples were ribo-depleted and amplified with Ovation
RNA-Seq System V2. Paired-end 2 x 100 bp sequencing was performed using the
lllumina HiSeq2000 machine. RNA sequencing analysis was done using Galaxy

(https://usegalaxy.org/u/laiumiunix/w/rnasegjoandata) with a False discovery rate (FDR)

of 0.085. Raw data files were deposited to the NCBI Gene Expression Omnibus (GEO)
with GEO accession number, GSE93314. Transcripts with > 2-fold change expression
were further analyzed using the Ingenuity Pathway Analysis to identify key biological
functions and pathways that are expected to be more active in E11.5 than E10.5. To be
more stringent, we focused our analysis to functions and pathways with a positive z-score.
QPCR RNA Isolation and cDNA transformation

SSEA-1/CD317/CD117" IAHC cell populations were sorted from wild-type E10.5 and
E11.5 embryos. RNA was isolated using QIAGEN RNeasy Plus Micro Kit (#74034) and
concentrations were determined using a Nanodrop and Agilent 2100 Bioanalyzer with an
RNA Pico Chip. 40 — 50 ug of RNA was transformed to cDNA using the Superscript VILO
Mastermix (Thermofisher, #11755050). cDNA was diluted to give a final concentration of
0.5 ng/ul. Samples were run on BioRad 384-well thermocycler.

cDNA Transformation Program

25°C x 10 min, 42°C x 1 hour, 30 min, 85°C x 5 min and hold at 4°C indefinitely.
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QPCR Program

95°C x 10 min, 95°C x 30s, 60°C x 1 min, repeat 39x and perform the melt curve program:

95°C x 30s, 60°C x 1 min, 60°C x 15s, 93.6°C/0.7°C.

QPCR Primers

Name Forward Primer Reverse Primer

C1QA 5'-ACA-AGG-TCC-TCA-CCA-ACC | 5'-AAG-ATG-CTG-TCG-GCT-
-AG-3' TCA-GT-3'

C1QB 5-TCT-AGG-GAC-CCA-GAC- 5'-CAG-GGG-CTT-CCT-GTG-
TTC-CG 3 TAT-GG-3'

Cc1QC 5-AGT-GCC-CCT-CTA-CTA-CT- | 5'-CGG-GAA-ACA-GTA-GGA-
3 AAC-CA-3'

CD93 5'-AAA-CGC-TGT-GTG-TCC- 5-TGC-TGT-TAC-CTG-GAG-
CTC-AT-3' CTT-CG-3

C3AR 5'-TGA-CAG-GTC-AGC-TCC- 5'-CAT-TAG-GAG-GCT-TTC-
TTC-CT-3' CAC-CA-3

GAPDH | 5-TGT-GTC-CGT-CGT-GGA- 5'-CCT-GCT-TCA-CCA-CCT
TCT-GA-3' TCT-TGA-3'

RPL3RT | 5-GAT-GAG-TGT-AAA-AGG- 5'CTT-GGT-GAA-AGC-CTT
CGC-TTC-3 CTT-CTT-3'
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Results
Cell cycle-specific transcriptional profiling of E10.5 and E11.5 IAHCs reveal

transcriptional programs related to cell movement and cell migration

To further define transcriptional differences that underlie the developmental age and
maturation of IAHCs, | performed RNA sequencing on four samples: E10.5 and E11.5
SSEA-1"CD31°'CD117"'mK0O2" (G1 IAHCs) and E10.5 and E11.5 SSEA-1
CD31'CD117"'mAG" (S/G2/M IAHCs) (Figure 10A). | have identified a total of 774 genes
for G1 and 703 genes for S/G2/M that were differentially expressed between E10.5 and
E11.5. G1 contained 453 unique genes and similarly, S/G2/M contained 381 unique
genes (Figure 10B). To determine the molecular signature of IAHCs that change
according to developmental age, only genes with a 2-fold change in expression were
analyzed using the Ingenuity Pathway Analysis (IPA, Ingenuity Systems,

www.ingenuity.com). | used two metrics, the p-value and the activation z-score, to identify

the most important downstream effects related to age. A positive z-score indicates an
increased functional or pathway activity in E11.5 relative E10.5 for both G1 and S/G2/M
samples. The p-value, calculated with Fisher’'s exact test, indicates the likelihood that the
association between a set of genes in our data set and a biological function or pathway
is significant.

The analysis revealed that genes overexpressed in E11.5 versus E10.5 at G1,
regulated 11 top functions related to a variety of cellular processes (Figure 10C).
Interestingly, the functions that were significantly increased were those that were involved

in cell migration, endocytosis, cell movement, phagocytosis, cell organization, immune
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response, homing differentiation and cell survival. Perhaps not surprising was that the
analysis of genes overexpressed in E11.5 versus E10.5 at S/G2/M, yielded 6 top
functions similar to those in G1 with cell migration, cell movement, homing, cell survival,
and development being significantly activated (Figure 10D). Furthermore, examination of
top canonical pathways in G1 revealed activation of signaling pathways that regulated
phagocytosis, nitric oxide signaling, leukocyte extravasation and IL-8 (Figure 10E). The
analysis of canonical pathways in S/G2/M showed activation of phagocytosis, ERK
signaling, nitric oxide signaling and PKC Delta signaling (Figure 10F). Overall, the data
suggest that regardless of the cell cycle phase, cell movement and cell migration

programs are established in IAHCs by E11.5.
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Figure 10. Transcriptional profile of E10.5 and E11.5 FUCCI labeled IAHCs.

(A) RNA sequencing experimental scheme. IAHC cell populations (DAPI'SSEA1
CD31°CD117") from FUCCI-Red (mKO2-CDT1) and FUCCI-Green (mAG-GEMININ)
mice were sorted and subjected to RNA sequencing. (cell number, n = 300 — 8000 cells
pooled from 2-3 liters per group per age). (B) Venn diagram depicts the number of
common and unique genes between G1 (FUCCI-Red) and S/G2/M (FUCCI-Green)
IAHCs. 453 unique genes were upregulated in G1 E11.5 IAHCs vs. G1 E10.5 IAHCs.
Similarly, 381 unique genes were upregulated in S/G2/M E11.5 IAHCs vs. S/G2/M E10.5
IAHCs. These 2 groups share 321 common genes. (C) The RNASeq analysis of top
biological functions (z-score >5, p<0.05) enriched in E11.5 IAHCs at G1 relative to E10.5
IAHCs at G1 identifies the top 11 increased biological functions involved a variety of
cellular processes including: phagocytosis, organization, migration, immune response,
homing, endocytosis, differentiation, chemotaxis, cell viability, cell survival and cell
movement. z-score > 5 (black dotted line), p-value (yellow dots) via Fisher's exact test.
(D) The RNASeq analysis of top biological functions (z-score >5, p<0.05) enriched in
E11.5 IAHCs at S/G2/M relative to E10.5 at S/G2/M reveals the top 6 increased biological
functions that are involved in: cell survival, migration, homing, development, cell viability
and cell movement. Not surprisingly, these categories are similar to those in E11.5 IAHCs
at G1. z-score > 5 (black dotted line), p-value (yellow dots) via Fisher’'s exact test. (E) The
analysis of canonical pathways (z-score >5, p<0.05) that are active in E11.5 IAHCs at G1
compared to E10.5 IAHCs at G1 identifies the top 10 activated signaling pathways which
include: Gamma receptor-mediated phagocytosis, production of NO, leukocyte
extravasation, IL-8 signaling, Rac signaling, integrin signaling, dendritic cell maturation,
NFAT signaling, NF-Kappa B signaling and Rho GTPase signaling. (F) The analysis of
canonical pathways (z-score >5, p<0.05) that are active in E11.5 |IAHCs at S/G2/M
compared to E10.5 IAHCs at S/G2/M identifies the top 10 activated signaling pathways
which include: Gamma receptor-mediated phagocytosis, ERK/MAPK signaling,
production of NO, PKC delta signaling, leukocyte extravasation, NFAT signaling, p38
MAPK signaling, Tec Kinase signaling, IL-8 signaling and integrin signaling.
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Molecular differences between E11.5 G1 and S/G2/M IAHCs point to complement

activation for a role in engraftment

Since the transplantation data suggest that both E11.5 G1 and S/G2/M IAHCs contain
HSCs with different engraftment potential, | next determined the molecular differences
related to the cell cycle that may influence engraftment. | identified 106 differentially
expressed genes between G1 and S/G2/M IAHCs. First, | compared transcripts from
E11.5 S/G2/M with E11.5 G1 to identify functions that were upregulated within the G1
phase of the cell cycle. Surprisingly, genes overexpressed in G1 regulated 14 main
functions that were involved in different cellular processes. The biological functions that
were most significantly activated include chemotaxis, migration, uptake and cell volume
(Figure 11A). As expected, comparison of E11.5 G1 with E11.5 S/G2/M transcripts to
identify functions upregulated within the S/G2/M phases of the cell cycle yielded functions
relating to proliferation, infection and growth (Figure 11B) with proliferation being the most

significantly activated.

The analysis of upregulated pathways in E11.5 G1 versus S/G2/M also revealed
activation of canonical signaling pathways that regulated the complement system, roles
of pattern recognition receptors and LXR/RXR activation (Figure 11C). Indeed, several
complement genes such as receptors C5AR, C3AR and complement components C1QA,
C1QB, and C1QC were activated in G1 (Figure 11D). In contrast, examination of
transcripts upregulated in S/G2/M revealed activation of signaling pathways regulating

the G2/M DNA damage checkpoint, mitotic roles polo-like kinases and melatonin
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degradation (Figure 11E). Subsequently, | observed activation of ESPL1, PLK1, CDK1
and TOP2A transcripts associated with the S/G2/M phases of the cell cycle (Figure 11F).
Overall, when comparing between age groups, | find the activation of complement genes
in E11.5 G1 IAHCs suggesting that this may be a critical pathway for the maturation of
pre-HSCs to definitive HSCs resulting in adult engraftment. To further corroborate these
results, since there appears to be a higher expression of complement-related genes at
E11.5 versus E10.5, | sorted wild-type E10.5 and E11.5 SSEA-1/CD31*/CD117" IAHC
cell populations for QPCR validation. Indeed, C1Q subcomponents as well its
complement C1 receptor, CD93 were significantly increased at E11.5 relative to E10.5
(Figure 12A). Together, these suggests that activation of complement genes may play a

role in HSPC maturation.
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Figure 11. Molecular differences between E11.5 G1 IAHCs and E11.5 S/G2/M IAHCs.

(A) Analysis of top biological functions (z>0, p<0.05) enriched in E11.5 G1 IAHCs relative
to E11.5 S/G2/M IAHCs reveal the top 15 upregulated functions in G1 which include:
uptake, synthesis, quantity, proliferation, migration, metabolism, corpuscular volume,
invasion, immune response, export, engulfment, endocytosis, differentiation, chemotaxis
and viability. z-score black dotted line, p-value red dots. (B) Analysis of top biological
functions (z>0, p<0.05) enriched in E11.5 S/G2/M IAHCs relative to E11.5 G1 |IAHCs
reveal the top 3 functions increased in S/G2/M which are: proliferation, infection and
growth. z-score black dotted line, p-value red dots. (C) The canonical signaling pathways
that are activated (z>0, p<0.05) in E11.5 G1 IAHCs compared to E11.5 S/G2/M |IAHCs
include: complement system, pattern recognition receptors, LXR/RXR activation. (D)
Complement transcripts are increased in E11.5 G1 IAHCs relative to E11.5 S/G2/M
IAHCs. FPKM, Fragments Per Kilobase of transcript per Million. (E) The canonical
signaling pathways that are activated (z>0, p<0.05) in E11.5 S/G2/M IAHCs compared to
E11.5 G1 IAHCs include: G2/M DNA damage checkpoint, mitotic roles for polo-like
kinases and melatonin degradation. (F) Cell cycle related genes have increased
activation during the S/G2/M phases of the cell cycle regardless of developmental age.
FPKM, Fragments Per Kilobase of transcript per Million.
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Discussion

In this chapter, transplantation of E11.5 G1 versus S/G2/M |IAHCs suggested an
advantage of G1 IAHCs to engraft irradiated adult recipients, albeit with low numbers than
their S/G2/M counterpart. This observation is in line with earlier findings that HSCs in G1
have an engraftment advantage over HSCs in S/G2/M 6567 To further determine any link
between developmental age, cell cycle phase and bone marrow engraftment, | performed
RNA sequencing of IAHCs at E10.5 and E11.5 at different phases of the cell cycle. | found
that IAHCs harbor a dynamic transcriptional landscape that changes with developmental
age and cell cycle phase. In addition, | discovered that across developmental age by
E11.5, an enrichment for genes that regulate “cell movement’, “migration” and
“‘inflammatory response” become evident. These data further support the findings of
McKinney-Freeman and colleagues that IAHCs may resemble a “macrophage-like
signature” % in addition to the recent wealth of information pointing to inflammatory
signals being critical for early HSC development 3®'. Furthermore, since it has been
hypothesized that IAHCs migrate to the fetal liver after their formation in the AGM, it may
be likely that the maturation process of E10.5 IAHCs may involve the activation of cell
movement and cell migration signaling pathways that prepare IAHCs for entry into
circulation. | further analyzed transcriptional profiles of E11.5 G1 IAHCs and | discovered
an enrichment for transcripts that regulated the “immune response”, “chemotaxis” and
“cell migration”. While not surprising, profiling of S/G2/M E11.5 IAHCs demonstrated an

activation of signaling pathways that regulated “cell growth” and “proliferation”. Thus,

these data suggest that during the G1 phase of the cell cycle, IAHCs may become
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sensitive to a multitude of cellular cues which include immune and inflammatory signals
that may regulate cell movement, egression into circulation, and consequently, migration

towards the fetal liver.

There is evidence to suggest that complement activation plays a role in donor HSPC
migration and homing post transplantation 8. It has been shown that C1q enhances
the responsiveness of HSPCs to the chemoattractant CXCL-12 (SDF-1) °'. From the
analysis of RNA sequencing, | found that genes of the classical complement cascade
which include C1QA, C1QB and C1QC, as well as anaphylatoxin receptors, C3AR and
C5AR, to be upregulated in E11.5 G1 IAHCs and have validated these observations with
QPCR. Thus, these findings suggest that G1 IAHCs may be primed for homing to the
adult bone marrow, and may explain the engraftment potential of G1 IAHCs relative to

their S/G2/M counterparts.
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Discussion

Our understanding of the subsequent cellular processes following the emergence of
hematopoietic stem and progenitor cells from the endothelium remains incomplete. For
some time, the process leading to the existence of large IAHCs (>20 cells) in dorsal aorta
has remained unclear. Furthermore, little is known about the maturation process from
pre-HSC to HSC. The findings in this dissertation add to the field’s current understanding
of IAHC formation and pre-HSC to HSC maturation. In this work, | investigated the
formation and expansion of HSPCs contained in the IAHCs of the dorsal aorta during the
pre-HSC (E10.5) and HSC (E11.5) time-points of the hemogenic window. In summation,
| found polyclonal origins of IAHCs with differing cell cycle kinetics, engraftment potential

and transcriptional profiles.

In Chapter 1, | visualized cells in the dorsal aorta through live-imaging experiments.
| observed the emergence of a rounded hematopoietic cell from the ventral floor as well
as the appearance of different transient filopodial structures that resemble cytoplasmic
bridges from megakaryocyte proplatelets. | also observed cell division in IAHCs and the
extension of a filopodial structure towards the newly divided cells in the IAHC. The
appearance of these structures has not been visualized until now and these data the
reveal dynamic behavior of the dorsal aortic endothelial cells and IAHCs. Furthermore,
these data also support a potential role for megakaryocytes in IAHC formation and
maturation, and HSC development.

In Chapter 1, | also characterized the cell cycle kinetics of IAHCs and determined

81



how IAHCs can be collectively be comprised of 20 cells and greater. First, | uncovered
the rapid proliferation of IAHC cells following their transition into a hematopoietic fate from
a hemogenic endothelial cell at E10.5. The 5-hour total generation time of IAHCs in part
explains the wide range in cluster size observed at E10.5 and theoretically estimates that
the maximum size of an IAHC from a single clone would be 23 cells. The data also show,
for the first time, polyclonality of hematopoietic clusters as another contributor to IAHC
size (cell number). A single hemogenic clone is unlikely to give rise to IAHCs with greater
than 20 cells. Collectively, these findings support the formation of IAHCs from rather
distinct hemogenic endothelial clones and implicate mosaicism of the hemogenic
endothelium as a potential source of HSPC heterogeneity. Also in this chapter, | further
uncovered that IAHCs from the two different hemogenic time points are positioned at
different phases of the cell cycle and that the total generation time of IAHCs increases as
the hemogenic window progresses towards an HSC time-point. These observations are
in line with findings that support the prolongation of the cell cycle in fetal-liver (FL) HSCs
as well as the differences in cell cycle position between FL-HSCs and FL-progenitors.
Thus, it would appear that HSCs from any time point in development or adulthood share

similarities in their cell cycle kinetics.

In Chapter 2, using the FUCCI reporter system, | show for the first time the influence
of cell cycle phase of IAHCs on their adult engraftment potential. First, the data
demonstrate that IAHCs from two different time-points of the hemogenic window are
positioned at different phases of the cell cycle. A striking finding is that the IAHC

population largely shifts from S/G2/M to the G1 phase of the cell cycle during the HSC
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period of hemogenic window which is coincident with findings that FL-HSCs are largely
in G1. It may be possible that IAHCs at E11.5 adopt similar characteristics as that of FL-
HSCs before they enter circulation. Second, | directly tested whether the cell cycle phase
of IAHCs influences their engraftment potential in the adult. Ultimately, | found that,
regardless of their cell cycle phase, E10.5 IAHCs are unable to engraft adult irradiated
recipients. Thus, this finding supports that E10.5 IAHCs contain immature pre-HSCs or
progenitor cells. With regards to E11.5 IAHCs, the data show engraftment of adult
irradiated recipients at low levels. When examined according to their cell cycle phase,
E11.5 G1 IAHCs show engraftment whereas the S/G2/M counterpart does not. These
data demonstrate that E11.5 IAHCs contain HSCs that may be enriched in the G1 phase
of the cell cycle. Collectively, these findings so far suggest that maturation towards an
HSC fate may include the lengthening of the cell cycle and the positioning of the cells in
the G1 phase. These data also suggest that IAHCs may become sensitive to a variety of

cellular/maturation cues when they are G1.

In Chapter 3, | discovered novel transcriptional profiles of IAHCs segmented by
developmental age and cell cycle phase. The findings here show that across
developmental age by E11.5, robust cell migration and cell movement transcriptional
programs are established. These findings are not surprising as IAHCs enter circulation
and migrate to the fetal liver by E11.5. When cell cycle phase is the only variable
considered, E11.5 |AHCs show enrichment of complement genes suggesting that the
complement pathway may play a role in the activation and migration of HSPCs. It would

be interesting to determine which complement genes directly play a role in HSPC
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activation and migration.

Finally, the findings in this thesis support a model following EHT where at E10.5,
IAHCs form rapidly from the proliferation of distinct hemogenic clones (Figure 13).
Subsequently, these IAHCs mature to HSPCs by E11.5, which include the prolongation
of the cell cycle length and activation of a migratory and homing program which facilitate
their transit into the fetal liver. These findings further lend credence to the establishment
of a robust HSC program following EHT, such that the very properties (prolonged cell
cycle length, engraftment in GO/G1, lengthening of G1) that define fetal liver and adult
HSCs are reflected in the newly emerged embryonic AGM HSCs. Overall, the knowledge
gained from this thesis work will enable studies that seek to further uncover the cellular

and molecular processes of IAHC formation and pre-HSC to HSC maturation.
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Figure 13. Model of cluster formation and maturation of IAHCs to HSCs.

(A) Schema depicting a model of IAHC formation and maturation. During the hemogenic
window (E10-E11), distinct hemogenic clones are present in the dorsal aorta which
undergo rapid proliferation forming polyclonal IAHCs. Following formation of an IAHC,
cells undergo maturation towards an HSPC phenotype which may include prolongation
of the cell cycle and activation of migratory and homing programs.
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