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Chd1 regulates the emergence of definitive

hematopoietic stem and progenitor cells

by Fong Ming Koh

Abstract

Lineage specification during development involves reprogramming of transcriptional
states, but little is known about how this is regulated in vivo. We recently found that the
chromatin remodeler Chd1 promotes a globally elevated transcriptional output in mouse
embryonic stem cells and is essential for epiblast development. Here we report that
Chd1 regulates the emergence of hematopoietic progenitors from the endothelium of
embryonic blood vessels. Endothelial-specific deletion of Chd1 using Tie2-Cre leads to
embryonic lethality by E15.5. Mutant embryos have apparently normal vasculature but
show signs of anemia as early as E11.5, are depleted of definitive hematopoietic stem
and progenitor cells, and display a complete failure of fetal liver erythropoiesis. At
E10.5, mutants are morphologically indistinguishable from controls and contain normal
numbers of intra-aortic hematopoietic clusters that express Runx1 and Kit. However,
mutant cells fail to mature into blood lineage cells both in vivo and in vitro, and instead
undergo apoptosis. Gene expression profiling of the E10.5 mutant endothelium revealed
that Chd1 is required for the activation of a transcriptional sub-program associated with

hematopoiesis and cellular growth. We found that emerging hematopoietic progenitors

Vii



have an elevated transcriptional output relative to structural endothelium, and this
elevation is suppressed in Chd1 mutants. Finally, hematopoietic-specific deletion of
Chd1 using Vav-Cre yields no apparent defects during development or adulthood.
These results indicate that Chd1 promotes an elevated transcriptional output that is
essential during a specific developmental window in the transition of endothelial cells to

definitive blood progenitors.
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Chapter 1

Parallel gateways to pluripotency:

open chromatin in stem cells and development



Abstract

Open chromatin is a hallmark of pluripotent stem cells, but the underlying molecular
mechanisms are only beginning to be unraveled. In this review we highlight recent
studies that employ embryonic stem cells and induced pluripotent stem cells to
investigate the regulation of open chromatin and its role in the maintenance and
acquisition of pluripotency in vitro. We suggest that findings from in vitro studies using
pluripotent stem cells are predictive of in vivo processes of epigenetic regulation of
pluripotency, specifically in the development of the zygote and primordial germ cells.
The combination of in vitro and in vivo approaches is expected to provide a
comprehensive understanding of the epigenetic regulation of pluripotency and

reprogramming.



Introduction

Pluripotent stem cells have a limitless capacity for self-renewal and the unique
potential to differentiate into all cell types. With the advent of techniques to reprogram
somatic cells into pluripotent stem cells, there is an increased interest in understanding
the mechanisms that underlie the maintenance and acquisition of pluripotency. Such
understanding may provide important new insights into the regulation of embryonic
development, and contribute to the generation of patient-specific pluripotent stem cells

for disease modeling and cell replacement therapies.

While transcriptional differences between somatic cells and pluripotent stem cells
are well established, there is increasing evidence supporting the critical role that
chromatin accessibility plays in pluripotent stem cells. In this review, we highlight recent
advancements in our understanding of how open chromatin regulates the maintenance
and acquisition of pluripotency. We first describe epigenetic remodelers that regulate
open chromatin in vitro in pluripotent embryonic stem (ES) cells and reprogrammed
induced pluripotent stem (iPS) cells. The large number of ES and iPS cells that can be
grown in vitro has facilitated the dissection of epigenetic regulation of pluripotency in
these cells. We then discuss the potential significance of these recent findings in vivo.
We propose that epigenetic mechanisms used to maintain and acquire pluripotency in
vitro operate in vivo in the acquisition of totipotency in the nascent zygote and
maintenance of pluripotency in germ cells. The integration of studies in vitro and in vivo
should thus significantly augment our global understanding of the epigenetic regulation

of pluripotency and embryonic development.



ES cell cultures may reflect distinct in vivo epigenetic states

ES cells are pluripotent stem cells derived from the inner cell mass of the
blastocyst, prior to implantation, and they serve as an excellent in vitro model for
probing the molecular mechanisms that govern cell fate decisions during early
development. Recent data indicate that ES cells are not a homogeneous cell population
as previously thought, but rather oscillate between different cell states that may have
parallels in vivo (Chambers et al., 2007; Cui et al., 2004; Furusawa et al., 2004; Hayashi
et al., 2008; Toyooka et al., 2008). Mouse ES cell cultures contain significant
heterogeneity: the core pluripotency gene Nanog (Chambers et al., 2007) and stem-cell
markers Rex1 (Toyooka et al., 2008), Pecam1 (Cui et al., 2004), SSEA1 (Cui et al.,
2004; Furusawa et al., 2004) and Stella (Hayashi et al., 2008) have all been shown to
exhibit a heterogeneous expression pattern, where ES cells are in flux between high
and low expression of these genes. The variable phenotype correlates with in vivo
expression patterns and appears to represent two distinct yet reversible embryonic
stages: one that reflects an inner cell mass-like state, and another that is closer to an

epiblast-like state (Furusawa et al., 2004; Hayashi et al., 2008; Toyooka et al., 2008).

Strikingly, populations enriched for pluripotency markers SSEA1 or Stella are
able to restore the original ratio of mixed populations (Cui et al., 2004; Hayashi et al.,
2008). Stella expression levels correlate with the presence of activating histone marks
H3K9ac and H3K4me3 at the Stella gene locus. Interestingly, the Stella+ sub-population
is lost when ES cells are cultured in the absence of embryonic fibroblast feeder cells,

and addition of the histone deacetylase inhibitor trichostatin A, which promotes active



transcription, restores Stella expression in feeder-free conditions (Hayashi et al., 2008).
Taken together, the data available suggest that extracellular signaling within ES cell
cultures, and potentially in vivo, regulates gene expression and differentiation through
epigenetic changes. Further evidence comes from a recent study demonstrating that ES
cell-like cultures containing a Stella+ sub-population can be derived directly from
epiblast tissue or epiblast stem cells after prolonged culture with LIF-fetal calf serum on
mouse embryonic fibroblast feeders (Bao et al.,, 2009). This transformation is
accompanied by DNA demethylation at the Stella and Rex gene loci, further supporting

an epigenetic switch between the epiblast and inner cell mass-like states.

Direct evidence of epigenetic regulation of cell-fate comes from studies of two
closely related DNA-binding transcriptional regulators that are involved in higher-order
chromatin organization, Satb1 (Cai et al., 2006) and Satb2 (Dobreva et al., 2006). The
two Satb proteins appear to regulate ES cell self-renewal in an antagonistic manner:
while both factors can bind to the Nanog promoter, Satb1 acts to repress Nanog
transcription, and Satb2 appears to activate it. Therefore, the balance of Satb1 and
Satb2 may underlie the heterogeneity of Nanog expression in ES cells (Savarese et al.,
2009). However, it remains to be seen if extracellular signals lie upstream of these
factors. It will be interesting in future studies to determine how LIF and other
extracellular signals interact with epigenetic regulators to control pluripotency in ES cells

and during development.



New epigenetic regulators of pluripotency

Pluripotent stem cells maintain a globally open chromatin state (Efroni et al.,
2008; Meshorer et al., 2006), possibly so that genes are readily available for activation
during tissue specification (Efroni et al., 2008). ES cells have low levels of dense,
compacted chromatin (heterochromatin) and the ES cell genome is transcriptionally
hyperactive, with widespread transcription in both coding and non-coding regions,
including sporadic low-level expression of tissue specific genes (Carter et al., 2005;
Efroni et al., 2008). In addition, a recent study showed that the distribution of repressive
marks H3K9me3 and H3K27me3 are significantly expanded in somatic cells relative to
pluripotent stem cells (Hawkins et al., 2010). In agreement with these observations,
chromatin remodeling factors are over-represented in the ES cell transcriptome, and
RNAI knockdown of several chromatin remodelers like Chd1 and Brg1 has been shown
to severely impact ES cell proliferation and differentiation potential (Efroni et al., 2008;

Gaspar-Maia et al., 2009).

Chd1 is a chromatin remodeler associated with active transcription that contains
a helicase domain, a DNA-binding domain and a pair of chromodomains that binds
selectively to the euchromatin mark H3K4me2/3 (Gaspar-Maia et al., 2009; Sims et al.,
2005; Stokes et al., 1996) (reviewed in (Persson and Ekwall, 2010)). Chd1 is required to
maintain the open chromatin state of pluripotent mouse ES cells (Figure 1). Chd1-
deficient ES cells show an increased number of heterochromatin foci and a pluripotency
defect characterized by a high propensity for neural differentiation and an absence of

primitive endoderm (Gaspar-Maia et al., 2009). The molecular mechanism by which



Chd1 regulates open chromatin of ES cells remains unknown. Chromatin
immunoprecipitation using promoter tiling arrays shows that Chd1 binding overlaps with
markers of transcription, including RNAPolll and H3K4me3 (Gaspar-Maia et al., 2009).
Interestingly, this distribution at gene promoters is similar to that of histone variant H3.3
(Goldberg et al., 2010). H3.3 is correlated with sites of active transcription in many
species (Chow et al., 2005; Mito et al., 2005; Schwartz and Ahmad, 2005) and appears
to maintain open chromatin by inhibiting histone H1 binding to the nucleosome
(Braunschweig et al., 2009) (reviewed in (Elsaesser et al., 2010)). The incorporation of
H3.3 in ES cells is complex and includes the promoters of active and repressed genes,
gene bodies only in active genes, transcriptional factor binding sites and telomeres
(Goldberg et al., 2010). Evidence from Drosophila suggests that Chd1 is required for
H3.3 incorporation into chromatin (see below) (Konev et al., 2007). It will therefore be of
interest to characterize the genomic distribution of Chd1 binding in ES cells beyond
gene promoters, determine which aspects of H3.3 incorporation, if any, are dependent
on Chd1, and test whether H3.3 mediate the pluripotency defects in Chd1-deficient ES

cells.

The BAF (Brg/Brahma-associated factors) complex is a chromatin remodeler of
the SWI/SNF family that has been shown to regulate pluripotency (Ho et al., 2009b). ES
cells express a distinctive BAF complex (esBAF) defined by the presence of Brg1
(Brahma-related gene 1), BAF155, and BAF60A, and the absence of Brahma, BAF170,
and BAF60C. Using genome-wide ChlP-seq technology, Brg1 was shown to co-localize

extensively with the pluripotency transcription factors Oct4, Sox2, and Nanog, thereby



suggesting a pluripotency-specific role for esBAF (Ho et al., 2009a). In addition, Brg1
does not share many targets with the polycomb repressive complex PRC2, suggesting

that esBAF is an activator of transcription.

Polycomb repressive complexes (PRCs) coordinate the transcriptional repression
of lineage-specific developmental genes in ES cells in multiple ways, including
mediating H3K27 di-/tri-methylations and H2A ubiquitination (Boyer et al., 2006; Ku et
al., 2008; Mikkelsen et al., 2007). Disruption of either PRC1 or PRC2 results in early
embryonic lethality in vivo (O'Carroll et al., 2001; Voncken et al.,, 2003; Wang et al.,
2002). This observation is mirrored in vitro by the propensity of PRC1- or PRC2-
deficient ES cells to differentiate (Boyer et al., 2006; Leeb et al., 2010). Cell survival is
greatly reduced upon initiation of differentiation in PRC-deficient ES cells, possibly due
to activation of endogenous retroviruses (Leeb et al., 2010). Novel components of the
PRC2 complex have recently been shown to be enriched in undifferentiated ES cells:
Jarid2 was identified as a regulatory component that modulates PRC2 localization and
activity (Peng et al., 2009; Shen et al., 2009), and Pcl2 was described as another
component required for proper regulation of both pluripotency and lineage-specific

genes in ES cells (Walker et al., 2010).

Finally, DNA methylation is another epigenetic mechanism by which ES cells
may regulate gene expression. Recent studies challenge the classical view that ES cells
have reduced global DNA methylation, but rather reveal that they use ES cell-specific
non-CpG methylation in addition to the canonical CpG methylation (Laurent et al., 2010;

Lister et al., 2009). While DNA methylation is generally associated with transcriptional



silencing, the functional significance of this alternative type of DNA methylation in ES
cells remains to be determined. It should also be noted that a marker of active
transcription, H3K36meg3, is highly correlated with the presence of DNA methylation
within gene bodies, suggesting a role for DNA methylation beyond transcriptional
repression (Hawkins et al., 2010; Jones, 1999). Future investigations will be necessary

to explore the functional significance of this alternative regulatory node.

In sum, recent findings indicate that the open, accessible chromatin state of ES
cells is actively maintained by chromatin remodelers such as Chd1, and that PRCs and
DNA methylation are involved in repression of developmental genes until differentiation
is triggered. Therefore, a complex, dynamic balance is at play in the epigenetic
regulation of ES cell pluripotency. How this balance may be reestablished during

reprogramming of somatic cells to pluripotency is the focus of the next section.

Reacquiring pluripotency in vitro: epigenetics is key

Cellular reprogramming by the ectopic expression of defined transcription factors
offers a reliable, albeit inefficient, method of obtaining iPS cells from somatic cells
(Takahashi and Yamanaka, 2006). Although detailed analyses comparing mouse and
human ES and iPS cells have uncovered subtle differences in gene expression patterns
(Chin et al., 2009), iPS cells have consistently been found to re-activate pluripotency-
related genes as well as re-establish an ES cell-like open chromatin state via global

DNA demethylation and H3K4 and H3K27 methylation changes (Chin et al., 2009;



Maherali et al., 2007; Mikkelsen et al., 2008). Therefore, it is expected that global
chromatin opening and DNA demethylation will be important components of

reprogramming (Figure 1).

In order to gain insight into the epigenetic changes that may underlie
reprogramming, several groups have compared stable partially reprogrammed cell lines,
which have not turned on the endogenous Oct4 gene, to true iPS cells that have
activated Oct4 (Meissner et al., 2007; Mikkelsen et al., 2008; Sridharan et al., 2009).
These partially reprogrammed cells exhibit DNA hypermethylation and a failure to
remethylate H3K4 relative to ES and true iPS cells (Mikkelsen et al., 2008), supporting
the notion that proper epigenetic remodeling may be required for successful
reprogramming to pluripotency. Direct manipulation of the chromatin of these partially
reprogrammed cells and of somatic cells during reprogramming have proved to be
effective at enhancing reprogramming efficiency. DNA methyltransferase inhibitor 5-
azacytidine (5-azaC) induces partially reprogrammed cells to undergo a rapid and stable
transition to a fully reprogrammed state (Mikkelsen et al., 2008), while 5-azaC and
histone deacetylase inhibitors like valproic acid increase the efficiency of iPS cell
generation up to 40-fold (Huangfu et al., 2008). These observations parallel earlier ones
made using somatic cell nuclear transfer (SCNT), which established DNA demethylation
of somatic cell nuclei as a necessary step to successful reprogramming in mouse and

Xenopus (Blelloch et al., 2006; Simonsson and Gurdon, 2004).

In addition, targeted downregulation by RNAi has enabled the identification of

specific molecular complexes involved in the reprogramming process. Downregulation

10



of Chd1, a regulator of open chromatin and pluripotency of ES cells (see above),
strongly inhibits generation of iPS cells (Gaspar-Maia et al., 2009). It will be of interest to
determine whether H3.3 incorporation or other functions associated with Chd1 underlie
its role in reprogramming. Recently, activation-induced cytidine deaminase (AID), which
is involved in DNA demethylation (Rai et al., 2008), has been implicated in
reprogramming. Knockdown of AID during nuclear reprogramming by somatic cell fusion
with ES cells leads to a failure to reactivate Oct4 and Nanog, possibly due to defective
DNA demethylation at their promoters (Bhutani et al., 2010). Future work using RNAI
screens will likely elucidate other molecular complexes involved in reprogramming

towards pluripotency in vitro.

While studies of the epigenetic regulation of iPS cell generation are expected to
have broad application in regenerative medicine, they may in addition reveal potential
molecular parallels between experimental reprogramming in vitro in iPS cells and
physiological reprogramming in vivo (Ramalho-Santos, 2009). In the next sections we
describe some of these potential parallels, focusing on recent insights into epigenetic

reprogramming in the zygote and mid-gestation germ cells (Figure 1).

Epigenetic reprogramming towards totipotency in the zygote

The zygote marks the starting point of development, and represents the
reacquisition of totipotency from fusion of two highly differentiated gametes. The two

parental genomes in the zygote have highly asymmetric chromatin organization

11



(Puschendorf et al., 2008; van der Heijden et al., 2005). Most histones are stripped from
the paternal genome during spermatogenesis and replaced with highly basic protamines
that allow for a very tight compaction of DNA (Balhorn, 2007; Ward, 1991; Wykes and
Krawetz, 2003). A restricted set of nucleosomes is retained in about 4% of the genome,
preferentially at developmental genes (Hammoud et al., 2009). These histones appear
to be enriched in modifications like H3K27me3 and H3K4me3 in patterns that overlap
significantly with those in ES cells. It thus appears that sperm DNA, while densely
packed with protamines, may also transmit epigenetic marks important for early

development (Hammoud et al., 2009).

Shortly after fertilization, H3.3 is preferentially incorporated into the male
pronucleus (Torres-Padilla et al., 2006; van der Heijden et al., 2005), presumably by
maternal stores of chromatin factors that complement the transcriptionally silent zygote
(Latham et al., 1992; Levey et al., 1978; Schultz, 2002). Although these factors have not
been characterized in the mammalian zygote, maternal Chd1 has been shown to be
required for incorporation of H3.3 into the male pronucleus in the Drosophila embryo
(Konev et al., 2007). Drosophila embryos derived from Chd1-null mothers exhibit a loss
of the paternal genome and the resulting haploid embryos arrest before hatching.
Functional studies of Chd1 in mouse should reveal whether its role in H3.3 incorporation
in the male pronucleus is conserved, and if so, what is the significance of this process

for mammalian development (Figure 1).

Another important epigenetic asymmetry between the parental genomes is that

paternal (but not maternal) DNA is actively demethylated immediately following

12



fertilization (Barton et al., 2001; Oswald et al., 2000). No DNA demethylase has been
described despite extensive efforts (Ooi and Bestor, 2008). With the aid of a live cell
imaging reporter system, a recent RNAi screen implicated the transcription elongator
complex in paternal DNA demethylation (Okada et al., 2010). The molecular mechanism
behind elongator-mediated DNA demethylation needs to be further explored. In addition,
it will be important to determine whether this represents a unique DNA demethylation
mechanism, or whether AID is involved. Finally, the relationship between H3.3
incorporation and DNA demethylation, both of which occur prior to the first cell division,

remains to be explored.

Epigenetic reprogramming in primordial germ cells

Another context where extensive chromatin remodeling occurs in vivo that may
have parallels with reprogramming in vitro is in primordial germ cells (PGCs). PGCs are
specified by inductive signals around the time of gastrulation and represent the only
lineage from the epiblast that actively represses the somatic cell fate in order to form
oocytes and sperm later in development (reviewed in (Sasaki and Matsui, 2008)). PGCs
are also the only embryonic cells post-gastrulation that can still give rise to pluripotent
stem cells when cultured in vitro (Resnick et al., 1992). These observations, coupled
with the large number of regulators of ES cell pluripotency that are expressed in PGCs
(Grskovic et al., 2007), suggest that some of same molecular mechanisms that maintain

pluripotency in vitro may operate in PGCs.
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Several recent studies (Hajkova et al., 2008; Seki et al., 2007; Yabuta et al.,
2006) paint an intricate picture of the dynamic epigenetic reprogramming that takes
place in vivo during PGC maturation. PGCs experience a large-scale loss of DNA
methylation (Hajkova et al., 2002; Lee et al., 2002; Popp et al., 2010) and many histone
marks, including H3K9Ac, H3K9me3 and H3K27me3, around E11.5. Concurrently,
linker histone H1 staining is lost and DAPI-stained chromatin becomes noticeably
‘loosened’. Subsequently by E12.5, the transient loosening of the chromatin is reversed
with the return of brightly stained DAPI foci, histone H1, H3K9me3, H3K27me3 and

pericentromeric heterochromatin marks (Hajkova et al., 2008).

It is possible that the rapid chromatin opening in E11.5 PGCs results from a
large-scale incorporation of H3.3. In support of this hypothesis, the histone chaperone
HIRA, which is essential for delivering H3.3 to active and repressed genes (Ahmad and
Henikoff, 2002; Goldberg et al., 2010), is enriched in the nucleus of E11.5 PGCs
(Goldberg et al., 2010; Hajkova et al., 2008). Chd1, which directly facilitates H3.3
deposition (Konev et al., 2007), is highly expressed in E11.5 PGCs (Grskovic et al.,
2007). Finally, H3.3 is essential for chromatin remodeling in the Drosophila germline,
with both male and female flies mutant for H3.3 being sterile (H6dl and Basler, 2009;
Sakai et al., 2009). Altogether, it is tempting to speculate that maintenance of germline
pluripotency, from flies to mice, requires the deposition of H3.3 by Chd1. It will therefore
be of great interest to determine the function of Chd1, HIRA and H3.3 during

mammalian PGC development (Figure 1).
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The functional significance of this large-scale chromatin remodeling in PGCs
remains unclear, but it may limit the transmission of epigenetic information across
generations. It may not be a coincidence that, as in the case of the zygote, extensive
chromatin remodeling in PGCs coincides with large-scale DNA demethylation (Hajkova
et al., 2002). Careful observations suggest that DNA demethylation may precede
chromatin remodeling in PGCs (Hajkova et al.,, 2008), but this remains to be
demonstrated functionally. Intriguingly, AID was recently shown to be essential for
efficient DNA demethylation in PGCs (Popp et al., 2010), highlighting another potential

parallel between reprogramming in PGCs and in vitro.

Perspectives and future directions

Increasing evidence supports the notion that an open, decondensed chromatin
state plays a vital role in the regulation of pluripotency in stem cells in vitro and during
critical events of mammalian embryogenesis, including zygote and PGC development.
The ease with which ES and iPS cells can be obtained in large numbers allows the
application of unbiased genome-wide approaches such as ChlP-Seq and RNAI screens.
The integration of data from these approaches should shed light on the epigenetic
architecture of the pluripotent stem cell state, and how it is reconfigured during
differentiation. The process of reprogramming to iPS cells remains largely a black box,
and future studies are likely to reveal the epigenetic steps undertaken by somatic cells

on the way to the open pluripotent chromatin state. The limited numbers of zygotes and
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PGCs and their rapidly changing transcriptional and epigenetic states during embryonic
development pose significant technical hurdles to genome-wide analyses. Nevertheless,
recent advancements have made genome-wide studies of chromatin states feasible for
limited numbers of primary cells, and we expect that novel insights will be gained from
applying these methods to pluripotent cells in vivo. In addition, candidate gene
approaches that determine the in vivo roles of regulators of the open chromatin state of
pluripotent stem cells, such as Chd1, may reveal common themes in the regulation of
open chromatin. Research in the years ahead will likely reveal fascinating insights into

the epigenetic regulation of pluripotency in vitro and its significance in vivo.
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Figure 1. Potential parallels in epigenetic regulation of pluripotency in stem cells

in vitro and the germline in vivo.
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Figure 1. Potential parallels in epigenetic regulation of pluripotency in stem cells

in vitro and the germline in vivo.

ES and iPS cells are useful in vitro models to study the regulation of open chromatin
and associated epigenetic marks in pluripotent cells. Several epigenetic regulators have
been shown to be important for the establishment and maintenance of the open
chromatin state of pluripotent stem cells, although the picture is far from complete. Much
less is known about the epigenetic regulators that operate in vivo in epigenetic
reprogramming in the early zygote and PGCs. Note that the column “zygote” refers to
chromatin decondensation of the male pronucleus after fertilization. Recent evidence
suggests that Chd1 and AID are essential chromatin regulators of pluripotency both in
vitro and in vivo. Future studies may reveal the potential molecular parallels, as well as
the differences, in epigenetic regulation between the various cell types depicted.
Shaded columns represent cell types and states associated with open chromatin. For
simplicity, several chromatin factors known to have roles in each specific cell type are

not shown. See text in Chapter 1 for details.

18



Chapter 2

Chd1 regulates the emergence of definitive

hematopoietic stem and progenitor cells
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Abstract

Lineage specification during development involves reprogramming of transcriptional
states, but little is known about how this is regulated in vivo. The chromatin remodeler
Chd1 promotes an elevated transcriptional output in mouse embryonic stem cells. Here
we report that endothelial-specific deletion of Chd1 leads to loss of definitive
hematopoietic progenitors, anemia and lethality by E15.5. Mutant embryos contain
normal numbers of E10.5 intra-aortic hematopoietic clusters that express Runx1 and Kit,
but these clusters undergo apoptosis and fail to mature into blood lineages in vivo and
in vitro. Hematopoietic progenitors emerging from the aorta have an elevated
transcriptional output relative to structural endothelium, and this elevation is Chd1-
dependent. In contrast, hematopoietic-specific deletion of Chd1 using Vav-Cre has no
apparent phenotype. Our results reveal a new paradigm of regulation of a
developmental transition by elevation of global transcriptional output that is critical for

hemogenesis and may play roles in other contexts.
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Introduction

Hematopoiesis occurs in successive waves and in distinct regions of the embryo
during vertebrate development (Cumano and Godin, 2007; Dzierzak and Speck, 2008).
Primitive hematopoiesis begins in the extra-embryonic yolk sac at embryonic day (E) 7.0
and consists primarily of primitive erythroid cells (Palis et al., 1999). These progenitors
begin to circulate upon the onset of cardiovascular function, migrating to the developing
fetal liver (FL) to support early embryonic development via primitive erythropoiesis
(Baron et al., 2012). Definitive hematopoietic stem cells (HSCs), which have the ability
to self-renew and reconstitute all blood lineages in adult recipients, arise from
hemogenic endothelium at various vascular sites beginning around E10 (Chen et al.,
2009; de Bruijn et al., 2002; Zovein et al., 2008). These sites include the aorta-gonad-
mesonephros (AGM), umbilical and vitelline arteries, and the placenta, among others
(Swiers et al., 2013; Zape and Zovein, 2011). The endothelial-to-hematopoietic
transition (EHT) is best characterized in the AGM, where clusters of hematopoietic stem
and progenitor cells (HSPCs) have been observed to emerge from the ventral wall of the
dorsal aorta (Bertrand et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010). The
molecular regulation of this remarkable developmental transition is poorly understood,
but would likely involve a resetting of the transcriptional program of the endothelium to
that of hematopoietic progenitors. In agreement with this notion, the transcription factors
Runx1 (Chen et al., 2009) and Gata2 (de Pater et al., 2013) have been shown to be

critical for this transition. It remains unclear what gene expression programs these
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transcription factors regulate, and whether chromatin regulators also play a role in this

transition.

Chromodomain helicase DNA-binding protein 1 (Chd1) is an ATP-dependent
chromatin-remodeling enzyme that binds specifically to di- and tri-methylated H3K4
(Flanagan et al., 2005) and is associated with actively transcribed genes. Chd1 has
been linked to various transcription-related processes, including regulation of
nucleosome positioning at the 5’ end of transcribed genes (Gkikopoulos et al., 2011;
Skene et al., 2014), suppression of cryptic transcription (Quan and Hartzog, 2010;
Smolle et al., 2012), transcriptional elongation (Lin et al., 2011; Quan and Hartzog,
2010; Simic et al., 2003), and coupling of transcription with splicing (Sims et al., 2007).
We have previously described Chd1 as a gene up-regulated in multiple mouse stem and
progenitor cell types (Grskovic et al., 2007; Ramalho-Santos et al., 2002). We
subsequently showed that Chd1 binding correlates with H3K4me3 and RNA
Polymerase Il binding at transcriptional start sites in mouse embryonic stem (ES) cells,
and that Chd1 regulates ES cell self-renewal and reprogramming efficiency in induced
Pluripotent Stem (iPS) cells (Gaspar-Maia et al., 2009). Moreover, we recently found
that Chd1 promotes an elevated transcriptional output by RNA Polymerases | and I,
and is required for the survival and growth of the E5.5 epiblast (Guzman-Ayala et al.,

2015).

In this study, we investigated the role of Chd1 in the endothelial-to-hematopoietic
transition. We report that endothelial-specific deletion of a conditional Chd1 allele using

Tie2-Cre results in a block in definitive hematopoiesis. Lack of Chd1 in endothelial cells
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results in embryonic lethality by E15.5 due to a complete failure of definitive
erythropoiesis, and subsequent anemia that is incompatible with development to term.
We further show that, while intra-aortic hematopoietic clusters develop in the mutant
AGM at E10.5 at a normal frequency and express intermediate markers of
differentiation, these clusters do not mature into blood lineage cells in vitro or in vivo.
The transcriptome of the mutant endothelium is largely unchanged but lacks activation
of a set of genes highly enriched for hematopoietic and growth functions. Interestingly,
we found that emerging hematopoietic progenitors undergo an elevation in global
transcriptional output that is dependent on Chd1. On the other hand, deletion of Chd1
specifically in hematopoietic cells using Vav-Cre has no phenotype, indicating that Chd1
is not required for hematopoietic survival or function after the endothelial-to-
hematopoietic transition. Taken together, these results define a narrow but critical
window in which a Chd1-driven elevation in transcriptional output is essential for the
developmental transition from endothelium to definitive hematopoiesis in the mouse

embryo.
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Results

Endothelial-specific deletion of Chd1 results in embryonic lethality

Given the difficulty in using commercial antibodies to detect Chdi1 by
immunostaining, we assessed Chd1 expression using a mouse line carrying a B-
galactosidase reporter knocked into the endogenous Chd1 locus (Chd1-%%) (Guzman-
Ayala et al., 2015). These results revealed that Chd1 is broadly though not uniformly
expressed at mid-gestation (Figure S1A). The expression of Chd1 is higher in
mesodermal tissues, with low to undetectable expression in the neural tube and
intestinal epithelium. In particular, we noticed that Chd1 is expressed in endothelial cells
throughout the embryo, including the lung vasculature, the intramedullary blood vessels
of the spinal cord, and the ductus venosus in the FL (Figure S1B). We therefore sought

to assess the potential role of Chd1 in the endothelium and its derivatives.

Chd1™~ embryos arrest at E5.5-6.5 due to a defect in epiblast survival and
proliferation (Guzman-Ayala et al., 2015), necessitating the use of conditional gene
deletion strategy to assess the roles of Chd1 post-gastrulation. Mice carrying a floxed
allele of Chd1 (Chd1™") (Guzman-Ayala et al., 2015) were crossed to a transgenic
mouse line that expresses Cre recombinase under the control of the Tie2 promoter
(Tie2-Cre; Figure S2A), so as to delete Chd1 specifically in the endothelium (Braren et
al., 2006). To verify recombination efficiency of Tie2-Cre, we included in our breeding
scheme a Cre reporter allele, Ai14 (Madisen et al., 2010). This reporter consists of a red

fluorescent protein tdTomato (tdT) under a ubiquitous CAG promoter, inserted in the
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Rosa26 locus, and preceded by a loxP-flanked STOP cassette. We achieved a high
percentage of recombination within the endothelium population (CD31%) with Tie2-Cre,
with 76% of E9.5 (n=28) and 84% of E10.5 (n=27) CD31" cells expressing tdTomato
(Figure S2B). Mutant embryos carry the Tie2-Cre; Chd1"™~ genotype, and the loss of
Chd1 in these embryos was validated using qRT-PCR and microarrays (Figures S2C,
S2D and see below). As controls, we use Tie2-Cre; Chd1™** embryos (“CreHet”), in
which Cre induces a heterozygous state for Chd1 in the endothelium. There is no
significant difference in recombination efficiency between CreHet control and mutant
embryos (Figure S2B). Embryos at E11.5 display extensive recombination and red
fluorescence in the endothelium throughout the embryo and in the yolk sac as expected

(Figures S2E and S2F).

Chd1 mutant pups cannot be recovered at birth, indicating that Chd1 plays an
essential role in the endothelium (n=123 pups from 23 litters, p<0.0001, X*test) (Table
1). CD31 immunostaining of E10.5 yolk sac reveals similar branching of blood vessels
between mutants and controls (Figure S2F), suggesting that early endothelial patterning
is not affected by the loss of Chd1. In addition, mutants at E13.5 have normal beating
hearts (data not shown) and no discernible defects in the development of the four
chambers (Figure S3A), indicating that heart development is unaffected by endothelial
Chd1 ablation. Mutant embryos are morphologically distinguishable at E13.5 from
littermate controls, appearing paler and exhibiting hemorrhage and edema (Figure 2A).
By E15.5, most mutant embryos are resorbed (n=60 embryos from 9 litters, p=0.021, X?

test). Hemorrhage and edema are characteristic of lymphatic defects, and we verified
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that the prominent bilateral hemorrhage around the forelimbs in E13.5 mutant embryos
is a result of blood accumulation in dilated jugular lymph sacs and other lymphatic
vessels (Figure S4). Unlike endothelial Chd71 mutants, embryos with mutations that
disrupt the blood-lymphatic separation survive to the perinatal period (Cheng et al.,
1995; Saleque et al., 2002; Turner et al., 1995; Uhrin et al., 2010; Wang et al., 2000).
Moreover, mutations in regulators of the EHT, such as Runx1 (Srinivasan et al., 2007),
Gata2 (Lim et al., 2012) and B-catenin (Ruiz-Herguido et al., 2012), display lymphatic
phenotypes similar to those seen in Chd1 mutants. This is likely due to a requirement of
intact platelet function for proper separation of blood and lymphatic circulatory systems
(Uhrin et al., 2010). Therefore, we conclude that the lymphatic system defects are not
the primary cause of lethality of Chd1 mutants, and may be secondary to a role in

hemogenesis.

Endothelial Chd1 mutants die from severe anemia

Mutant embryos at E11.5 show no signs of the edema and hemorrhage typical of
lymphatic defects, but already tend to be paler than controls, particularly in the yolk sac
(Figure S3B). As the FL is a major erythropoietic organ from E10 until shortly before
birth (Baron et al., 2012), we isolated FLs from E13.5 embryos. Mutant E13.5 FLs are
significantly paler and smaller compared to those of littermate controls (Figure 2B). The
cellularity of mutant FLs is reduced to about 18% of the level of CreHets [average of 1.6

x10° cells in mutants (n=8), relative to an average of 8.8 x10° cells in CreHets (n=9),
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p<0.0001] (Figure 2C). We used flow cytometry to analyze E13.5 FLs for Kit, a marker
for definitive erythroid progenitors at this stage (Fraser et al., 2007; Isern et al., 2011).
While almost half of CreHet FL cells are Kit" (48.8%, n=8), mutants show a severe
reduction of Kit* progenitors where only 20.0% of FL cells are Kit" (n=18, p<0.0001)
(Figures 2D and 2E). FLs harvested from E11.5 embryos have a similar reduction in Kit*
cells, indicating that blood progenitors are reduced as early as E11.5 (Figures 2D and

2F).

To functionally test for FL erythropoietic activity, we evaluated E13.5 FL using
colony-forming unit-erythroid (CFU-E) assays by seeding equal numbers of FL cells into
methylcellulose containing only erythropoietin. CFU-Es are reduced in mutants to 28.5%
of the level in CreHets (n=9 mutants vs n=14 CreHets, p<0.0001, Figure 3A). This
decrease prompted us to evaluate immature erythroid progenitors (burst-forming unit-
erythroid, BFU-E) using additional growth-promoting cytokines (IL3, IL6 and SCF/Kitl).
BFU-Es are greatly reduced in mutants, to 32.1% of the level in CreHets (n=12 mutants
vs n=12 CreHets, p<0.0001, Figure 3B). In contrast, we did not observe significant
differences between mutants and CreHets in the number of multi-lineage colonies (CFU-
GM and CFU-GEMM) (Figures 3C and 3D). These results indicate that Chd7 mutant
FLs are not only greatly reduced in total cell number, but are also depleted of erythroid

progenitor cells when equal numbers of cells are assessed.

To determine the cause of the reduced erythroid population, we examined the
cell cycle profile of E13.5 FL cells by the incorporation of 5-ethynyl-2’-deoxyuridine

(EdU). While almost half of the cells in control FLs are in S phase (47.8%, n=11), only
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18.0% of the cells in mutant FLs (n=3) are in S phase, indicating a reduced proliferation
capacity in the mutants (Figures 3E and 3F). To determine if the remaining erythrocytes
present in the E13.5 mutant FL are predominantly of the primitive or definitive lineage,
we conducted gRT-PCR for globin genes that are differentially expressed between the
two lineages (Kingsley et al., 2006). We found that mutant Ter119* erythrocytes had
higher levels of primitive globin expression (¢-globin, ey-globin and BH1-globin) and
reduced expression of B1-globin, which is associated with definitive erythrocytes (Figure
3G). This result indicates that mutants have a higher ratio of primitive to definitive
Ter119" erythrocytes in the FL compared to CreHet controls. Taken together, we
conclude that endothelial Chd1 mutants experience anemia due to a failure in definitive

erythropoiesis.

Definitive hematopoiesis is impaired in Chd1 mutants

The strong reductions in total FL cellularity and erythropoiesis in the mutants led
us to explore potential defects in hematopoietic progenitors. We found that the
percentage of Ter119™ Kit* Sca1* hematopoietic stem and progenitor cells (HSPCs) is
reduced by 3-fold in E13.5 mutant FLs, from 3.0% in CreHets (n=8) to 0.9% in mutants
(n=18, p<0.0001) (Figures 4A and 4B). Importantly, this reduction in HSPCs is present
as early as E11.5, where control FLs had 1.7% Ter119~ Kit* Scal* HSPCs (n=10)
compared to 0.4% in mutants (n=15, p<0.0001) (Figures 4A and 4B). Thus, HSPCs are

reduced in endothelial Chd1 mutants, both in absolute number and relative frequency.
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Whereas the FL is the site of HSPC expansion and differentiation, the
endothelium of the AGM at E10.5 is a source of definitive hematopoietic progenitors via
an endothelial-to-hematopoietic transition (de Bruijn et al., 2000). To determine if the
depletion of HSPCs in the FL can be traced back to defective AGM hematopoiesis, we
assessed the emergence of intra-aortic hematopoietic clusters in E10.5 AGMs. Confocal
imaging of mutant AGMs revealed the presence of intra-aortic clusters that express
known HSPC markers Runx1 (n=4) and Kit (n=2) (Figures 5A and S5). Mutants also
had no significant difference in the number of hematopoietic clusters compared to
CreHets (Figure 5B, n=6). These data suggest that Chd7-deficient hemogenic
endothelium is capable of forming hematopoietic clusters in the AGM. However,
hematopoietic clusters in mutant AGMs show signs of apoptosis, as indicated by
staining for cleaved caspase-3, which was not detected in any of the clusters examined
in CreHet AGMs (Figure 5C). To determine if the apoptosis seen in mutant
hematopoietic clusters could affect the maturation of hemogenic endothelium into
HSPCs, we examined E11.5 AGM CD31" endothelial cells for hemogenic activity. Flow
analyses revealed that the proportion of Kit" CD45 cells (early cluster cell markers)
within the CD31" endothelial population in the AGM at E11.5 is similar between mutants
and CreHet controls. However, there is a significant reduction in Kit" CD45" cells (HSPC
markers) in the mutants compared to CreHet controls (Figures 5D and 5E), suggesting

a potential failure in the maturation to CD45* HSPCs in Chd1 endothelial mutants.

To functionally assess the EHT potential in the mutants, we evaluated the ability

of E10.5 AGMs to differentiate into myeloid and lymphoid cells in vitro. Methylcellulose
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colony assays revealed that mutant AGMs yield an average of 24.9 colonies (n=8) vs
142.7 colonies in CreHets (n=6) (Figure 5F), indicating that mutants have more than 5-
fold reduction in myeloid potential than CreHets. To test for lymphoid lineage
differentiation potential, we cultured E10.5 AGMs on OP9-DL1 stromal cells, which have
previously been shown to support T lymphocyte differentiation in vitro (Schmitt et al.,
2004). While AGMs taken from CreHet embryos can differentiate into CD45" TCRB* T
lymphocytes in vitro, mutant AGMs are strongly impaired in the generation of CD45"
blood cells in this culture system (Figure 5G), in agreement with data in vivo (Figures 5D
and 5E), and do not show evidence of TCRB expression (Figure 5H). Taken together,
these results indicate that the endothelial-to-hematopoietic transition is initiated in the
mutant AGM, but the maturation into HSPCs is defective, resulting in hemogenic

clusters that undergo apoptosis.

Transcriptional profiling of the Chd7 mutant endothelium reveals an

early loss of the hematopoietic program

To assess the transcriptional consequences of Chd1 loss in endothelial cells, we
conducted global gene expression analyses of CD31* endothelial cells isolated from
whole E10.5 embryos. Four biological replicates each of CreHet and mutant E10.5
CD31* tdTomato* cells were processed for microarray analyses. We found that only a
small number of genes are affected in the mutants: 196 genes, at p<0.01 and a log2

fold-change of 0.4 or more (Figure 6A). Thus, the vast majority of the transcriptional
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program of the E10.5 endothelium is unaffected in the mutants. Significantly more
genes are down-regulated (156 genes) than up-regulated (40 genes) in the mutant
endothelium (Figure 6B), consistent with previous reports that mouse Chd1 associates
with the promoters of active genes and serve as a positive regulator of transcription

(Gaspar-Maia et al., 2009; Guzman-Ayala et al., 2015).

Gene ontology analysis revealed that the set of genes down-regulated in the
mutants is remarkably enriched for functions in hematopoiesis and the immune system
(Figures 6C and 6D). We analyzed this dataset further using an unbiased gene set
enrichment analysis (GSEA) (Subramanian et al., 2005) and observed similar
enrichments for immune-related functions (Figure S6A). In addition, we identified very
significant enrichments for genes regulated by Gata2 and Runx1-Runx1t1 (Figures S6B
and S6C), and both of these transcription factors are key regulators of the emergence of

HSPCs (Chen et al., 2009; de Pater et al., 2013).

Our results are in agreement with three recent studies showing that the
emergence of HSPCs is regulated by immune/inflammatory response (Espin-Palazén et
al., 2014; Li et al.,, 2014; Sawamiphak et al., 2014). In one of the studies, Li and
colleagues carried out expression profiling of CD31" Cdh5* Esam® Ly6a-GFP* Kit*
hematopoietic cluster cells (HCCs) compared to endothelial cells (ECs). Interestingly,
Chd1 is a member of “Cluster 1”, which includes the genes identified by Li et al. as up-
regulated in HCCs (Figure S6D) (Li et al., 2014). Further analysis of the gene

expression data segregated via the Li et al. subsets revealed a specific loss of HCC-
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associated genes and a corresponding enrichment of EC-associated genes in Chd1-

deficient endothelium (Figure 6E).

The lower detection of hematopoiesis genes in mutant CD31" endothelial cells
could be due to reduced levels of expression per cell, or reduced numbers of early
hematopoietic cells that are still CD31*. The latter possibility is more likely, given the
lower numbers of CD31* Ter119™ Kit" CD45" cells in E10.5 mutants (Figures 5D and
5E). Taken together, our results indicate that Chd1 is essential for the establishment of
an HSPC-associated transcriptional sub-program in cells emerging from the E10.5
endothelium, potentially by promoting their survival and expansion. This transcriptional
sub-program is anticipated to be a useful resource for the discovery of novel markers or

regulators of definitive hematopoiesis in future studies.

Chd1-dependent elevation in transcriptional output in emerging

HSPCs

We recently found that Chd1 promotes an elevated transcriptional output
essential for optimal self-renewal of ES cells and growth of the epiblast (Guzman-Ayala
et al., 2015). ES cells are known to be in a state of hyper-transcription, with a global
elevation of transcriptional output per cell (Efroni et al., 2008). We found that Chd1™~ ES
cells express lower levels of most mRNAs, intergenic transcripts and ribosomal RNA on
a per-cell basis, and these defects are associated with reduced recruitment of RNA Pol

Il to active genes (Guzman-Ayala et al., 2015). Thus, Chd1 promotes global
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transcriptional amplification of both mRBNAs and rBNA, in a manner similar to that
reported for Myc (Lin et al., 2012; Nie et al., 2012). Interestingly, we noticed that genes
validated as Myc targets, as well as ribosomal protein genes, are preferentially down-
regulated in Chd1 mutant CD31* samples (Figures 7A, 7B and S7). These results raised
the question of whether the levels of transcriptional output are increased in emerging
HSPCs. prompted us to explore the levels of transcriptional output in emerging HSPCs.
This is a challenging question to answer, given the rare nature of these cells, and has

not to our knowledge been addressed before.

We examined the global nascent RNA transcription levels of E11.5 AGM cells by
incorporation of 5-ethynyl-uridine (EU), and found that tdTomato™ CD31* Kit™ structural
endothelial cells maintain a similar RNA transcriptional output as tdTomato™ CD31~ Kit™
non-endothelial cells in control AGMs (Figure 7C). Remarkably, tdTomato* CD31* Kit"
hematopoietic cluster cells in CreHet AGMs exhibit an elevated rate of nascent RNA
synthesis, incorporating on average 75.3% more EU per cell when compared to
tdTomato™ CD31" Kit™ structural endothelium (Figures 7C and 7D, n=7 CreHets). This
increase is also observed in tdTomato® CD45" cells, with an average of 79.2% higher

EU incorporation per cell compared to tdTomato* CD31" Kit™ cells (Figures 7C and 7D).

We next examined Chd1 mutant AGM cells, and found that mutant tdTomato™
CD31™ Kit™ and tdTomato* CD31" Kit™ cells have normal levels of global transcriptional
output compared to the corresponding sub-populations in the CreHet AGM (Figure 7E).
Thus, the deletion of Chd1 does not appear to affect the global transcriptional output of

structural endothelium. However, the elevated transcriptional output observed in CreHet
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tdTomato™ CD31" Kit" cells is significantly suppressed in mutant cells (35.8% compared
to tdTomato® CD31" Kit™ cells, p=0.0077, n=4 mutants) (Figures 7C, 7D and 7E). The
increase in transcriptional activity in tdTomato™ CD45" cells is similarly suppressed in
the mutants (41.3% compared to tdTomato™ CD31" Kit™ cells, p=0.0134) (Figures 7C,
7D and 7E). Taken together, these results indicate that the differentiation of CD31" Kit™
endothelium to CD31* Kit" hematopoietic cluster cells and CD45" blood cells in the
E11.5 AGM coincides with an elevation in total nascent transcriptional output, and this

increase is Chd1-dependent.

Chd1 is not required for blood development after HSPC specification

The data above are consistent with a requirement for Chd1 in the transition of
endothelial cells into HSPCs. However, it remained possible that the defects observed
were due to a role of Chd1 after HSPC specification (Figure 5A). To determine whether
Chd1 is required for hematopoietic development after the endothelial-to-hematopoietic
transition, we deleted Chd1 specifically in hematopoietic cells using Vav-Cre (de Boer et
al., 2003). This Cre line is active in HSPCs and their progeny in the embryo proper as
early as E11 (Padron-Barthe et al., 2014). In contrast to the deletion of Chd1 within the
endothelial compartment, normal Mendelian ratios of live pups were observed at birth
upon hematopoietic-specific deletion (Table 1). Vav-Cre mutant embryos do not display
any signs of fetal liver anemia (data not shown), and the size of mutant E13.5 FLs is

comparable to that of littermate controls (Figure 8A). Consistent with these
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observations, Vav-Cre mutant FL cells show no defect in erythroid development in
methylcellulose culture assays (CFU-E) (Figure 8B). Moreover, an analysis of peripheral
blood composition of control and mutant mice at 1 year of age revealed complete

recombination of the Chd1™*

allele at the genomic DNA level (Figure 8C) but no
significant differences in all of the major blood populations examined, namely CD11b*
GR-1* SSC" granulocytes, CD11b* GR-1* SSC™ monocytes, CD11b* GR-1~
macrophages, CD19" B cells, TCRB" CD4"* T cells, TCRB* CD8" T cells, and TCRB~
NK1.1* NK cells (Figure 8D, n=6 mutants vs n=6 CreHets). Taken together, these

results indicate that Chd1 is not required for hematopoietic development and

homeostasis after HSPC specification.
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Discussion

Recent studies traced the origin of the adult hematopoietic system to a small
number of hemogenic endothelial cells found associated with mid-gestational arteries.
However, the low percentage of endothelial cells that differentiates into hematopoietic
cells and the technical difficulty in isolating these hemogenic clusters results in limited
material available for analysis. Consequently, very little is known about how the
endothelial-to-hematopoietic transition occurs in vivo, and only a few genes or
pathways, including Runx1 (Chen et al., 2009), Gata2 (de Pater et al., 2013), Notch
signaling (Kumano et al., 2003), and the Wnt/B-catenin pathway (Ruiz-Herguido et al.,
2012), have been implicated in this process. Our study documents that Chd1 is the first
chromatin remodeler shown to be essential for the emergence of HSPCs from the
endothelium. We further define the specific temporal window of requirement for Chd1
and identify a transcriptional sub-program associated with HSPCs and cellular growth
that is lacking in Chd1 mutants. Finally, we identify an elevation in transcriptional output
during the transition of endothelium to hematopoietic progenitors, and this elevation is
Chd1-dependent. These results indicate that chromatin remodeling is key to emergence
of HPSCs from the endothelium, and provide insight into the underlying molecular

mechanisms.

Intra-aortic hematopoietic clusters form in the Chd1 mutant AGM and express
Runx1 and Kit, but the mutant clusters show signs of apoptotic cell death and a failure

to mature into CD45" hematopoietic cells. These results place the function of Chd1
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downstream of the requirement for Wnt/B-catenin activity (Ruiz-Herguido et al., 2012)
and upstream of the activation of CD45. These data indicate that the earliest definitive
hematopoietic progenitors form in Chd1 mutants but fail to expand in numbers and
instead are lost by apoptosis. While Chd1 is not required for subsequent differentiation
of HSPCs and steady-state maintenance of the adult hematopoietic system, it remains

possible that Chd1 plays a functional role upon acute infection, regeneration or aging.

Note that Chd1 is not required for baseline levels of transcription to occur, as
evidenced by our analysis of transcriptional output in structural endothelium (Fig. 7), and
the fact that both Chd1 mutant endothelium and Vav-Cre induced mutant hematopoietic
cells develop normally. Our results indicate that Chd1 drives an elevated transcriptional
output that is specifically required for survival and expansion of HSPCs emerging from
the endothelium. There are about 400-500 Kit" cells in the dorsal aorta at E10.5 (Chen
et al.,, 2009), and only a subset of these are HSPCs (Boisset et al.,, 2014; Li et al.,
2014). The fact that HSPCs arise from such a rare fraction of the endothelium and need
to rapidly give rise to the entire definitive blood system is expected to generate a high
demand for cellular growth pathways, including transcription and translation. Cell
doubling times of as low as 8 hours have been described for fetal erythroblasts (Paul et
al., 1972), and we see a decrease of cell cycle entry in Chd1 mutants within the fetal
liver cell compartment which is comprised of a large subset of erythroblasts (Figure 3F).
The higher expression of Chd1 in HSPCs (Li et al., 2014) and the data demonstrating
that Chd1 is required for the up-regulation of HSPC-associated genes, Myc targets,

ribosomal protein genes and overall transcriptional output during the endothelium-to-
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hematopoietic transition, all support the model that cellular growth pathways dependent
on Chd1 are key to HSPC survival and expansion (Figure 9). Chd1 is required for Myc-
driven hyper-proliferation in mammary cells (Kessler et al., 2012), and both Chd1 and
Myc promote a globally elevated transcriptional output in ES cells (Guzman-Ayala et al.,
2015; Lin et al., 2012; Nie et al., 2012). At the biochemical level, Chd1 removes the
promoter-proximal nucleosomal barrier and facilitates the engagement of RNA Pol i
with elongation (Skene et al., 2014). In addition to enhancing the expression of RNA Pol
Il genes, Chd1 is also a direct regulator of the output of ribosomal RNA (Guzman-Ayala
et al., 2015). Of note, deficiencies in ribosomal protein genes can cause anemia and
other blood disorders (Teng et al., 2013). It will therefore be of interest to assess the
transcriptional and protein output of HSPCs at the single-cell level. The recent
development of tools to enrich for different cellular fractions along the transition between
endothelium and HSPCs (Li et al., 2014), and to perform ChIP-seq with low numbers of
freshly collected embryonic cells (Sachs et al., 2013), paves the way for the dissection
of the chromatin and transcriptional reprogramming events that lead to the emergence
of HSPCs. These studies may in turn inform the development of improved methods to
generate HSPCs in vivo or expand them ex vivo for applications in Regenerative
Medicine. Moreover, it will be of interest to explore whether modulations of global
transcriptional output also have a regulatory role in other stem cell systems, in particular

those with rapidly expanding progenitor cells during normal development or cancer.
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Figure 2. Deletion of Chd1 in the endothelium leads to fetal liver anemia and

lethality at mid-gestation.
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Figure 2. Deletion of Chd1 in the endothelium leads to fetal liver anemia and

lethality at mid-gestation.

(A) Representative images of CreHet control and mutant embryos at various embryonic
stages. Mutant embryos appear normal at E11.5, but are pale and exhibit hemorrhage

and edema by E13.5. Mutants are resorbed by E15.5.

(B) Representative image showing dissected FLs from a litter of E13.5 embryos. The
three mutant livers (circled in white) are paler and smaller compared to littermate

controls.

(C) E13.5 FLs from mutant embryos are significantly smaller than from controls. n=5

litters. Error bars indicate s.e.m..

(D) Representative flow plots show that mutant FL contains fewer Kit" progenitors at

E11.5 and E13.5 compared to controls.

(E) Quantification of Kit" cells at both E11.5 and E13.5. E11.5: n=7 litters. E13.5: n=8

litters. Error bars indicate s.e.m..
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Figure 3. Failure of definitive erythropoiesis in Chd1 mutants.

A

CFUs per 20K cells

B Cc
CFU-E from E13.5 FL BFU-E from E13.5 FL CFU-GM from E13.5 FL
40 n.s.
o N “
3 8 30
X X
o =]
S N 20
[ o
Q. o
3 3 10
'™ w
o 3]
0
WT Het CreHet Mut WT Het CreHet Mut WT Het CreHet Mut
(n=6) (n=13) (n=14) (n=9) (n=9) (n=14) (n=12) (n=12) (n=9) (n=14) (n=12) (n=12)
F
CreHet Mut S phase
©149.9 »111.0 . 8 -
: ] 2 6 T
o) 8
i 2.
k]
10t ® 2
i 629 11.5 I___Ll
A WT  Het CreHet Mut
> (n=2) (n=7) (n=2) (n=3)
DAPI
a-globin in Ter119* cells B-globin in Ter119* cells
@ ]
g 4 " g
g s e B
2 2
g, 8
g g
o CH)
:1C1 ‘ \ [l ¢
2 2
s AL 1L 1T s
x Ctrl Mut Ctrl Mut © Ctrl Mut Ctrl Mut Ctrl Mut Ctrl Mut
a al/a2 ey BH1 p1 B2

% of live cells

D
CFU-GEMM from E13.5 FL
8 n.s.
®
g
X
&
g
12
e
o
WT Het CreHet Mut
(n=9) (n=14) (n=12) (n=12)
G0-G1 phase
80 o
60
40
20 ‘ \ ‘ \
o T T T
WT Het CreHet Mut
(n=2) (n=7) (n=2) (n=3)

41



Figure 3. Failure of definitive erythropoiesis in Chd1 mutants.

(A) CFU-E colony counts from 20,000 FL cells per E13.5 embryo seeded, in duplicates.

n= 5 litters. Error bars indicate s.e.m..

(B-D) BFU-E, CFU-GM and CFU-GEMM colony counts from 20,000 FL cells per E13.5

embryo seeded, in duplicates. n=6 litters. Error bars indicate s.e.m..

(E) Representative flow plots show reduced EdU incorporation in mutant FL at E13.5.

(F) Quantification showing a strong reduction of FL cells in S phase and a
corresponding increase of cells in GO-G1 phase in mutant FL. n=2 litters. Error bars

indicate s.e.m..

(G) gRT-PCR of sorted Ter119* cells from E13.5 FLs show an increase of primitive
erythroid globins and a reduction of definitive erythroid globins. n=8 control and 5

mutant embryos from 3 litters. Error bars indicate s.e.m..
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Figure 4. Chd1 mutant FLs are deficient in Ter119™ Kit* Sca1* hematopoietic stem

and progenitor cells.
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Figure 4. Chd1 mutant FLs are deficient in Ter119™ Kit* Sca1* hematopoietic stem

and progenitor cells.

(A) Representative flow plots show a loss of Ter119™ Kit* Sca1™ cells in mutant E11.5

and E13.5 FLs.

(B) Kit" Sca1* HSPCs are significantly reduced in mutant compared to control FL at both

E11.5 and E13.5. E11.5: n=7 litters. E13.5: n=8 litters. Error bars indicate s.e.m..
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Figure 5. Chd1 mutant AGM contains intra-aortic hematopoietic clusters that do

not mature to blood cells in vivo and in vitro.

Runx1

A

CreHet

Mut

CreHet

Mut

E11.5 CreHet
9.71

10° =

3

0 10 104 10

SR ak R LT N S

S

E11.5 Mut
14.5

10° =

CD45

Total CFUs from E10.5 AGM

250: "

wT
(n=8)

CreHet
(n=6)

Mut
(n=8)

Het
(n=7)

G

CD45* cells from OP9-DL1 cultures

% of cells

100:

WT Het
(n=10) (n=4)

0.56

£z3

CreHet
(n=8)

Mut
(n=3)

H

TCRB

B
Hematopoietic clusters in AGM
84 n.s.
£ o o - ——
=
=}
© £ 44
w— O
g g
= 7
0 T T
CreHet Mut
(n=6) (n=6)
Kit* CD45- Kit* CD45*
20 n.s.
& 5 x>
E " - T E’ A T
s =3
2™ %o
Sz 524 I
5 ° 6
® ®
" CreHet  Mut CreHet  Mut
(n=13)  (n=19) (n=13)  (n=19)
E10.5 CreHet E10.5 Mut _
o 4 19.4| '+ 0.69

CD45

45




Figure 5. Chd1 mutant AGM contains intra-aortic hematopoietic clusters that do

not mature to blood cells in vivo and in vitro.

(A) Intra-aortic clusters in the E10.5 AGM show proper expression of Runx1 and CD31,

and the absence of arterial marker Sox17.

(B) Mutant AGMs show similar numbers of hemogenic clusters compared to CreHets.

n=6 mutants and 6 CreHets from 3 litters.

(C) Intra-aortic clusters in mutant E10.5 AGMs stain positive for cleaved caspase-3
(cCasp3), a marker for apoptosis, which is not detected in clusters from CreHet AGMs.

n=3 mutants and 2 CreHet embryos.

(D) Representative flow plots of Ter119™ CD31* cells show a loss of Kit" CD45" cells in

E11.5 mutant AGMs.

(E) CD31" Ter119™ cells from mutant E11.5 AGMs contains a comparable Kit® CD45~
population, but show a significant reduction of Kit" CD45" cells compared to CreHets. n=

7 litters.

(F) Total CFU colony counts from E10.5 AGM, in duplicates. n=4 litters.

(G) Mutant AGMs are highly defective in the generation of CD45" cells when co-cultured

with OP9-DL1 stromal cells. n=4 litters.

(H) Representative flow plots show that mutant AGMs do not give rise to CD45" TCRB*

T cells when co-cultured with OP9-DL1 stromal cells.
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Figure 6. Reduced expression of hematopoietic and growth genes in the E10.5

Chd1 mutant endothelium.
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Figure 6. Reduced expression of hematopoietic and growth genes in the E10.5

Chd1 mutant endothelium.

(A,B) Microarray analysis comparing 4 biological replicates each of CreHet and mutant
endothelium at E10.5 shows a mild mis-regulation of gene expression. Cut-off of p <

0.01 and I logFC | > 0.4 is depicted.

(C) DAVID Gene Ontology analysis shows that immune-related categories are
significantly enriched in the set of genes down-regulated in the Chd1 mutant
endothelium. Similar results were obtained when all differentially expressed genes were

used.

(D) GO enrichment analysis shows that GO terms fall into 4 main clusters. Thickness of
connecting lines represents the number of shared genes underpinning the two

connected terms.

(E) GSEA for gene clusters identified by Li et al. as differentially expressed between
hematopoietic cluster cells (HCCs) and endothelial cells (ECs) shows that HCC-
upregulated genes are preferentially decreased and EC-upregulated genes are
preferentially increased in Chd1 mutant endothelium. (PMID: 25395663) NES: net

enrichment score. FDR: false discovery rate.
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Figure 7. Chd1 is required for elevated RNA transcription in the

hemogenic

endothelium.
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Figure 7. Chd1 is required for elevated RNA transcription in the hemogenic

endothelium.

(A) GSEA for genes up-regulated by Myc and whose promoters are bound by MYC, via
phylogenetic comparison and ChIP in P493 cells (PMID: 14519204) reveals a
preferential loss of Myc targets in Chd71 mutant endothelium. NES: net enrichment

score. FDR: false discovery rate.

(B) GSEA for genes listed in KEGG Pathway for “Ribosome” reveals a preferential

down-regulation in Chd1 mutant endothelium.

(C) Normalized histograms of EU incorporation reveal distinct levels of nascent

transcriptional output between different sub-populations in the E11.5 AGM.

(D) Both CD31* Kit" and CD45" cells incorporate higher levels of EU compared to
CD31* Kit™ endothelium in controls. This increase is significantly suppressed in mutant

cells. Error bars indicate s.e.m..

(E) Normalized histograms of EU incorporation reveal that mutant cells have levels of
transcriptional output similar to controls in CD31" Kit' E11.5 AGM endothelium but are
defective in the up-regulation of nascent RNA transcription in CD31" Kit" and CD45"

cells.

Note that all cells in the EU incorporation analyses of (C)-(E) are also tdTomato®, i.e.

derived from the Tie2/Cre-marked lineage, with the exception of CD31~ Kit™ cells.
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Figure 8. Hematopoietic-specific Chd1 mutants are viable and phenotypically

normal.
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Figure 8. Hematopoietic-specific Chd1 mutants are viable and phenotypically

normal.

(A) Fetal livers from mutant embryos generated using Vav-Cre contain similar cell

numbers to littermate controls. n=6 litters. Error bars indicate s.e.m..

(B) CFU-E colony counts for mutant livers appear comparable to those from controls.

n=2 litters. Error bars indicate s.e.m..

(C) Intact Chd1™* allele is undetectable in the peripheral blood of Vav-Cre adult

animals. Error bars indicate s.e.m..

(D) Peripheral blood from mutant mice and CreHet controls shows comparable blood
populations at one year of age. n=6 CreHet and 6 mutants from 6 litters. Error bars

indicate s.e.m..
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Figure 9. Model for the role of Chd1 in transcriptional output and emergence of

HSPCs.
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Figure 9. Model for the role of Chd1 in transcriptional output and emergence of

HSPCs.

The expression of Chd1 and the levels of nascent transcriptional output are increased in
hematopoietic progenitors relative to endothelium. Deletion of Chd1 from the
endothelium allows the formation of hematopoietic clusters, but these have reduced
levels of transcriptional output, fail to expand and are lost by apoptosis. See text in

Chapter 2 for details.
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Figure S1. Chd1 is broadly expressed in the mid-gestational mouse embryo.
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Figure S1. Chd1 is broadly expressed in the mid-gestational mouse embryo.

(A) Whole-mount X-gal staining of Chd1* embryos indicates a broad expression of

Chd1in E11.5 and E13.5 embryos.

(B) Chd1-*°* is expressed in the endothelium in various tissues in the E13.5 embryo,
including in the lungs, intramedullary blood vessels in the spinal cord (black arrows),

and in the ductus venosus in the FL. Scale bar represents 100 pm.

56



Figure S2. High recombination efficiency and normal development of the

vasculature in endothelial Chd7 mutants.
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Figure S2. High recombination efficiency and normal development of the

vasculature in endothelial Chd7 mutants.

—/flox

(A) Mouse breeding scheme used to generate Tie2-Cre; Chd1 mutant embryos. 1 in

4 embryos are expected to be of the mutant genotype.

(B) Tie2-Cre is an efficient Cre deletor line, achieving 76% recombination in E9.5 CD31*
cells, and a significantly higher 84% at E10.5 (p<0.0001). Recombination efficiency is
not significantly different between CreHet controls and mutants at either stage. Error

bars indicate s.e.m..

(C,D) gqRT-PCR analyses document the loss of Chd1 expression in CD31" tdTomato*

cells at E9.5, E10.5 and E11.5, and in E13.5 Ter119™ FL cells.

(E) tdTomato reporter marks the extensive Cre recombination within the embryonic

vasculature in E11.5 embryos.

(F) Whole-mount immunofluorescence of E10.5 CreHet and mutant yolk sacs shows a

normal endothelial network.
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Figure S3. Normal heart development but evidence of anemia in endothelial Chd1

mutants.
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Figure S3. Normal heart development but evidence of anemia in endothelial Chd1

mutants.

(A) 4-chamber heart view transverse sections of CreHet and mutant hearts at E13.5

show no visible defects in heart chamber formation.

(B) Yolk sacs of mutant E11.5 embryos appear anemic immediately after removal from

the decidua.

60



Figure S4. Endothelial Chd71 mutants display blood within lymphatic vessels.
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Figure S4. Endothelial Chd1 mutants display blood within lymphatic vessels.

Immunohistochemical staining of Lyve1 marks lymphatic vessels (arrows) that appear
collapsed or open but devoid of blood cells in CreHet control. These vessels are

enlarged and filled with blood cells in endothelial Chd1 mutants.
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Figure S5. Chd1 mutant hemogenic clusters express Kit.
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Figure S5. Chd1 mutant hemogenic clusters express Kit.

Intra-aortic clusters in the E10.5 mutant AGM show proper expression of Kit in Chd1

mutants.
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Figure S6. Hematopoietic and growth genes are down-regulated in Chd1 mutant

endothelium.
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Figure S6. Hematopoietic and growth genes are down-regulated in Chd1 mutant

endothelium.

(A) GSEA for genes annotated with the GO term “Immune Response”.

(B) GSEA for genes up-regulated in G1ME cells upon knockdown of Gata2 by RNA..

(PMID: 19620289)

(C) GSEA for genes down-regulated in normal hematopoietic progenitors by Runx1-

Runx1t1 fusion. (PMID: 17898786)

(D) Microarray data from Li et al. show an elevated expression of Chd1 in hematopoietic

cluster cells (HCC) compared to endothelial cells (EC).

NES: net enrichment score. FDR: false discovery rate.

66



Figure S7. Myc target genes and translation-related genes are down-regulated in

Chd1 mutant endothelium.
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Figure S7. Myc target genes and translation-related genes are down-regulated in

Chd1 mutant endothelium.

(A) GSEA for genes up-regulated by adenoviral expression of Myc in HUVEC cells.

(PMID: 11983916)

(B) GSEA for genes involved in peptide chain elongation as annotated in the Reactome

Pathway Database.
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1flox/flox

Table 1. Genotypes of offspring obtained from crossing Chd mice with

Tie2-Cre or Vav-Cre

: Genotypes
Cre Ilge Stage L1_'tc;tal % Mut
use (Litters) WT Het CreHet  Mut
E11.5 132 (18) 28 33 39 32 24.2
E13.5 119 (16) 28 27 35 29 24 .4
Tie2-Cre
E15.5 60 (9) 16 18 21 5 8.3
Postnatal 123 (23) 54 33 36 0 0
Vav-Cre Postnatal 165 (19) 48 38 47 32 19.4
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Chapter 3

Materials and Methods
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Mice

Tie2-Cre (Braren et al., 2006), Vav-Cre (de Boer et al., 2003), Ai14 tdTomato reporter
(Madisen et al., 2010) and Chd1 mutant mice (Guzman-Ayala et al., 2015) have been
previously described. These mice were all backcrossed for at least eight generations
onto a C57BL/6 genetic background. Care and use of mice were in accordance with the
guidelines of the University of California, San Francisco (UCSF) Institutional Animal
Care and Use Committee (IACUC). Conceptuses were generated from timed matings.

Detection of the vaginal plug was considered as embryonic day (E) 0.5.

B-galactosidase staining

E13.5 embryos were fixed in 4% paraformaldehyde overnight, followed by serial
overnight incubations in 10%, 20% and 30% sucrose, and frozen in Tissue-Tek OCT
Compound (Sakura Finetek, 4583). 30 pm cryosections were obtained (Leica
Biosystems CM3050S) and mounted on glass slides. Cryosections were incubated
overnight at 37°C in X-gal staining solution [5 mM KsFe(CsFeKsNg), 5 mM
KsFe(CsFeKysNg*3H20), 0.5 mg/ml X-gal in X-gal buffer (5mM EGTA, 2mM
MgCl>+6H20, 0.02% NP40, 0.01% deoxycholate in DPBS)]. Cryosections were
counterstained with Nuclear Fast Red (Vector Labs), mounted with PolyMount
(Polysciences) and imaged using the ScanScope XT slide scanner (Aperio

Technologies).
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Flow cytometry and cell sorting

Whole embryos, FLs, or AGMs were dissected and dissociated to single cells by
treating with 1 mg/ml Collagenase Type IV (Gibco) and 0.8 mg/ml DNase |
(Worthington) for 10 min at 37°C. Cells were incubated with fluorescently labeled
antibodies for 60 min at 4°C, washed, and analyzed on a LSR Il (BD Biosciences) or
sorted on a FACSAria Il (BD Biosciences). For cell cycle analyses, dissociated single
cells were incubated in 10 uM EdU for 1 hour, followed by fixation and EdU detection
using Click-iT EdU Flow Cytometry Kit (Molecular Probes) following the manufacturer’s
instructions. For total nascent RNA transcription analyses, dissociated single cells were
incubated in 1 mM EU for 1 hour, followed by fixation and EU detection using Click-iT
RNA Imaging Kit (Molecular Probes) following the manufacturer’s protocol for flow
cytometry. Data were analyzed using FlowJo software (Tree Star). Antibodies and

conjugates are listed in Table S1.

RNA Isolation and Quantitative RT-PCR

Total RNA were isolated from sorted cells using Arcturus PicoPure RNA Isolation Kit
(Applied Biosystems) or RNeasy Plus Micro Kit (Qiagen). cDNA was generated using
High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems) and qRT-PCR
reactions were performed in triplicates using the SYBR FAST ABI Prism 2X gqPCR
Master Mix (Kapa Biosystems) and ran on a ViiA 7 Real-Time PCR System (Applied

Biosystems). Relative abundance of mRNAs was calculated using the ViiA 7 software
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by normalization to Gapdh, Ubb, and Rpl7 mRNA levels. Primer sequences are listed in

Table S2.

Hematopoietic progenitor assays

CFU assays were performed using Methocult M3434 (Stem Cell Technologies), while
BFU-E assays were performed using Methocult M3334 (Stem Cell Technologies). Cells
were plated in duplicates in 35mm culture dishes according to the manufacturer’s
instructions. Plates were incubated at 37°C in a humidified chamber under 5% CO..
Hematopoietic colonies were counted with an inverted microscope at day 3 of culture.
OP9-DL1 T-lymphoid differentiation assays were performed as described (Holmes and
Zaniga-Pflucker, 2009). Dissected AGMs were dissociated into single-cell suspension
prior to culture with OP9-DL1 cells. Co-cultures were passaged every 5-7 days for 5

weeks, and then harvested for flow cytometry analysis.

Immunofluorescence

E10.5 embryos were fixed in 2% paraformaldehyde solution overnight and frozen in
Tissue-Tek OCT Compound (Sakura Finetek, 4583). 20-40 ym cryosections were
obtained (Thermo Scientific Micron, HM550) and mounted. Slides were dried for 1 hr at
room temperature, washed with PBST (0.5% Tween or Triton-X100) and incubated in
blocking buffer (PBST, 1% BSA, 5% donkey serum) for 1 hr. Primary antibodies were
incubated at 4°C overnight or room temperature for 6 hrs in blocking buffer. Slides were
washed with PBST and incubated with the secondary antibody for 2 hrs, washed,

stained with 2 ug/ul DAPI and mounted in Vectashield (H-1400). Images were captured
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on a Leica SPE Confocal Microscope and compiled using Imaris 7.6 (Bitplane; Belfast,
UK) software. Hematopoietic clusters were quantified by analyzing 5 serial 40 pym
cryosections immediately caudal to the forelimb bud in each embryo. Clusters were
defined to be groups of 4 or more DAPI* cells associated with the endothelial layer that

stain positively for CD31 and Runx1. Antibodies used are listed in Table S1.

Microarray analysis

Whole genome gene expression analysis was performed on CD31" tdTomato® cells
sorted from 4 littermate pairs of CreHet and mutant embryos. Total RNA was extracted
using Arcturus PicoPure RNA Isolation Kit (Applied Biosystems), amplified with Ovation
PicoSL WTA System V2 (NuGEN), labeled with Encore BiotinlL Module (NUGEN) and
hybridized to MouseRef-8 v2.0 Expression BeadChip (lllumina) at the UCLA
Neuroscience Genomics Core. Gene expression data were quantile normalized and
sample heterogeneity was assessed in R with the SampleNetwork function (Oldham et
al., 2012). Batch normalization was conducted using ComBat (Johnson et al., 2007) with
embryo genotype as a covariate. Statistical testing was performed on log2-transformed
data using the Bioconductor package linear models for microarray data (limma).
Differentially expressed genes were identified by using thresholds of p < 0.01 and log2
fold change > 0.4 and are listed in Table S3. Microarray data have been deposited in
NCBI's Gene Expression Omnibus and are accessible through GEO Series accession
number GSE62796. Gene ontology analysis was conducted using DAVID (Huang et al.,
2009), and the output was fed into Enrichment Map (Merico et al., 2010) for enrichment

analysis using a cut-off of p < 0.001, FDR < 0.01 and overlap coefficient of 0.6. Gene
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set enrichment analysis (GSEA) was performed as described (Subramanian et al.,

2005).

Statistical analyses

All data are presented as mean + s.e.m. and calculated using Prism 6 software
(Graphpad). Chi-square tests were used to test for statistical significance in litter sizes.
When comparing mutants to the other three genotypes, statistical significance was
assessed using a one-way ANOVA followed by Tukey’s multiple comparison tests.
Unpaired two-tailed t tests were used when comparing between two categories. *, p <

0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001
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Supplemental Table S1. List of antibodies used in this study.

Antibody
Anti-Goat
Secondary

Anti-Rabbit
Secondary

Anti-Rat
Secondary

Anti-Rat
Secondary

CD117 (Kit)
CD117 (Kit)
CD11b

CD19

CD31 (PECAM-1)
CD31 (PECAM-1)

CD31 (PECAM-1)

CD4
CD45 (LCA)
CD45 (LCA)
CD45 (LCA)
CD45 (LCA)

CD8

Cleaved
Caspase-3

Company Catalog Host Isotype Clone Conjugate
Invitrogen A21447 Donkey N.A. Alexa 647
Invitrogen A21206 Donkey N.A. Alexa 488
Invitrogen A21208 Donkey N.A. Alexa 488
Invitrogen A21209 Donkey N.A. Alexa 594
BioLegend 105812 Rat IgG2b, k 2B8 APC
BD
. 553352 Rat IgG2b, k 2B8 N.A.
Pharmingen
BioLegend 101216 Rat IgG2b, k M1/70 PE-Cy7
BioLegend 115530 Rat IgG2a, k 6D5 APC-Cy7
BioLegend 102506 Rat IgG2a, k MEC13.3 FITC
BioLegend 102418 Rat IgG2a, k 390 PE-Cy7
BD
. 553370 Rat IgG2a, k MEC13.3 N.A.
Pharmingen
BioLegend 100548 Rat IgG2a, k RM4-5 BV605
BioLegend 103116 Rat IgG2b, k 30-F11 APC-Cy7
BioLegend 103122 Rat IgG2b, k 30-F11 Alexa 488
BioLegend 103114 Rat IgG2b, k 30-F11 PE-Cy7
. PerCP-
BioLegend 103132 Rat IgG2b, k 30-F11 Cy5.5
. PerCP-
BioLegend 100733 Rat IgG2a, k 53-6.7 Cy5.5
Cell Signaling 9661 Rabbit Asp175 N.A.
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Supplemental Table S1. List of antibodies used in this study. (cont’d)

Antibody

Ly-6A/E
(Sca-1)
Ly-6G
(Gr-1)

NK1.1
Runx1,2,3
Sox17
TCRB
TER-119

TER-119

Company Catalog

BioLegend 108108

BD

L 553127
Biosciences

BioLegend 108708
Abcam Ab92336
R&D Systems AF1924
BioLegend 109212
BioLegend 116228

BioLegend 116208

Host Isotype

Rat IgG2a, k
Rat IgG2b,
Mouse IgG2a, kK
Rabbit IgG

Goat IgG

Armenian Hamster
IgG

Rat IgG2b,

Rat IgG2b,

Clone Conjugate

D7 PE

RB6-8C5 FITC

PK136 PE

EPR3099 N.A.

Q9H6I2 N.A.

H57-597 APC

PerCP-
TER-119 Cy5.5
TER-119 PE
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Supplemental Table S2. List of qRT-PCR primers used in this study.

Gene
Ubb

L7

GAPDH

Fabpi-200

Fabpi-500

Chd1-flox allele

Chd1 exon15-16

C-globin

al/a2-globin

gy-globin

BH1-globin

B1-globin

B2-globin

T M DTN D 71E§

O M 3o T

D M 1| M

D M IV M OV M IO M O M| 0T

Sequence
GCGGTTTGTGCTTTCATCAC

GGCAAAGATCAGCCTCTGCT
AGCGGATTGCCTTGACAGA
AACTTGAAGGGCCACAGGAA
AGGTCGGTGTGAACGGATTTG
TGTAGACCATGTAGTTGAGGTCA

TGGACAGGACTGGACCTCTGCTTTCCTAGA
TAGAGCTTTGCCACATCACAGGTCATTCAG
CCTCCGGAGAGCAGCGATTAAAAGTGTCAG
TAGAGCTTTGCCACATCACAGGTCATTCAG

CGGAACCGAAGTTCCTATTCCGAAGTTCCT
CCGCCTACTGCGACTATAGAGATATCAACC
CAAGGAGCTTGAGCCATTTC
TGGTGGTTTAATGAGGTAGCAA

TGGATTCTGTGTGGGACTAAGGC
GGGCTTGGTGGGACTGTAAGG
GCACAACCCAGCCCCAGAAT
ACACGCCCTTGGAGCAGTTC
CCAGACTTGCCATCATGGTGA
TCACCACCAACCTCTTCAACAT
GGACAGGTCTTCAGCCTCTTGA
CAGATGCTTGTGATAGCTGCCT
CACCGAAGCCTGATTCCGTAGA
GAAGCAAATGTGAGGAGCAACTGA
TGGTTGTCATCTCTGAAGCCTCAC
CTGCCCACTCTGTCCTCTCTGA
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