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Abstract

Hematopoietic stem cells (HSCs) and lineage committed hematopoietic progenitor cells (HPCs)
undergo profound shifts in gene expression during neonatal and juvenile stages of life. Temporal
changes in HSC/HPC gene expression underlie concomitant changes in self-renewal capacity,
lineage biases and hematopoietic output. Moreover, they can modify disease phenotypes. For
example, childhood leukemias have distinct driver mutation profiles relative to adult leukemias,
and they may arise from distinct cells of origin. The putative relationship between neonatal
HSC/HPC ontogeny and childhood blood disorders highlights the importance of understanding
how, at a mechanistic level, HSCs transition from fetal to adult transcriptional states. In this
perspective piece, we summarize recent work showing that the transition is uncoordinated and
imprecisely timed. We discuss implications of these findings, including mechanisms that might
enable neonatal HSCs and HPCs to acquire adult-like properties over a drawn-out period of time,
in lieu of precise gene regulatory networks. The transition from fetal to adult transcriptional
programs coincides with a pulse of type I interferon signaling that activates many genes
associated with the adult-like state. This pulse may sensitize HSCs/HPCs to mutations that drive
leukemogenesis shortly after birth. If we can understand how developmental switches modulate
HSC and HPC fate after birth — both under normal circumstances and in the setting of disease-
causing mutations — we can potentially reprogram these switches to treat or prevent childhood
leukemias.

Introduction

Blood disorders are among the most common causes of death due to disease in

children in developed countries (1, 2). They can be inherited (e.g. hemoglobinopathies,
immunodeficiencies and bone marrow failure syndromes) or acquired (e.g. idiopathic
aplastic anemias and leukemias/lymphomas). Key pathologies of each disease emerge
against a backdrop of transcriptional and epigenetic changes, within hematopoietic stem and
progenitor cells, that occur normally during childhood and potentially modify the disease
phenotypes. To fully understand the mechanisms that underlie childhood blood disorders, we
must also understand the mechanisms that underlie neonatal and juvenile blood ontogeny.
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Properties of immature blood progenitors — including hematopoietic stem cells (HSCs),
multipotent progenitors (MPPs) and lineage committed hematopoietic progenitor cells
(HPCs) — change considerably between fetal and adult stages of life (3). For example, fetal
HSCs reside in the liver and divide frequently without losing self-renewal capacity (4-7).
In contrast, adult HSCs reside in the bone marrow, divide infrequently and exhaust their self-
renewal capacity after several division cycles (3, 8-12). Fetal and adult HSCs have distinct
lymphoid, myeloid and erythroid lineage biases (13-15). Most fetal HSCs regenerate
myeloid and lymphoid compartments with similar efficiencies in transplantation assays

(a balanced output), whereas many adult HSCs regenerate only the myeloid compartment
(a myeloid-biased output) (13). Some innate immune cells (e.g. peritoneal B1 B cells

and y8 T cells) arise almost exclusively from fetal HSCs (16-19). Phenotypic MPP and
HPC subpopulations also have distinct lineage outputs during fetal and adult stages (20,
21). These observations suggest that hematopoietic progenitors must undergo considerable
transcriptional and epigenetic reprogramming between birth and adulthood.

We are just now beginning to understand how HSCs/HPCs lose fetal identity, and acquire
adult identity, as they transition through neonatal and juvenile stages of development

(22). In this perspective piece, we will summarize emerging concepts that help explain

how fetal progenitor cells transition to adult-like states. Furthermore, we will outline
several fundamental questions, and potential answers to these questions, that require further
investigation.

Fetal origins of postnatal hematopoietic cells

Sites of hemopoiesis change through the course of fetal development. The earliest blood
forming cells are born in the yolk sac around 3-4 weeks gestation in humans and embryonic
day (E)7.5 in mice (23-26). These primitive erythroid progenitors provide blood during
early stages of embryogenesis, but they cannot engraft adult mice, and they do not
contribute to lifelong hematopoiesis (27-31). The yolk sac subsequently gives rise to
erythroid-myeloid progenitors (EMPs) and lymphoid restricted progenitors (23, 32-34).
EMPs help sustain embryonic hematopoiesis (34), but with notable exceptions — e.g., tissue
resident macrophages and microglia — their progeny do not persist beyond birth (35, 36).
Definitive hematopoiesis follows next, beginning at 4-5 weeks gestation in humans and
E10.5 in mice (27, 28, 37-41). During this period, HSCs with long-term multilineage
repopulating activity arise from hemogenic endothelium located in the dorsal aorta, near

the aorta-gonad-mesonephros, as well as from arteries within the placenta (27, 28, 37-42).
Distinct, committed progenitor populations may emerge from the hemogenic endothelium,
in parallel (43, 44). Definitive HSCs migrate from the aorta to the placenta and liver

where their numbers expand considerably (5, 45-48). In mice, the functional HSC numbers
(defined by limiting dilution transplantation assays) expand in the liver from less than 100 to
~1000 between E12.5 and E15.5 (47-49). By late gestation, HSCs, MPPs and HPCs begin to
seed the bone marrow which then serves as the primary hematopoietic organ (47, 50).

Elegant lineage tracing experiments have confirmed that postnatal progenitors arise from
fetal hematopoietic progenitors rather than a separate anlage. Rodewald and colleagues
used a Tie2-CreER allele to label HSCs, via a Cre-inducible yellow fluorescent protein
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(YFP) reporter, as they emerged from the aorta-gonad-mesonephros at E10.5 (51). The
authors confirmed YFP expression in HSCs, but not more committed progenitor populations,
immediately after Cre activation. The YFP-expressing HSCs persisted after birth and gave
rise to differentiated blood cells even in adulthood. In a follow-up paper, the same group
used genetic barcoding to show that fetal HSCs give rise to adult HSCs and HSC-derived
blood cells in 9- to 11-month-old mice (52). Similar results were seen by lineage tracing
fetal progenitors with a Scl-CreER transgene (53). Thus, fetal HSCs can give rise to neonatal
HSCs, adult HSCs and committed adult progenitors.

McKinney-Freeman and colleagues used a different strategy to quantify contributions of
fetal progenitors to adult hematopoiesis. They induced Cre-mediated recombination of

a Confettireporter allele at E7-8.5, E8.5-11.5 and E11.5-14.5 (54, 55). The Confetti

allele expressed mutually exclusive green, yellow, red or cyan fluorescent proteins as a
consequence of stochastic rearrangement. For each age of induction, the authors were able
to infer the number of fetal progenitors that gave rise to adult hematopoietic progenitors
based on mouse to mouse variation in color distributions (i.e., variation increases as the
number of fetal progenitors decreases). They concluded that ~600 fetal progenitors sustain
lifelong hematopoiesis. Similar numbers of unique clones contributed to adult hematopoiesis
irrespective of whether recombination was induced at E7-8.5, E8.5-11.5 or E11.5-14.5 (55).
This surprising level of stability contrasts with transplantation data showing that fetal HSC
numbers increase ~10-fold between E12.5 and E15.5 (47-49). The cause of this of the
discrepancy remains unclear, but it suggests that not all fetal HSCs are fated to contribute to
postnatal hematopoiesis.

Separate lineage tracing experiments have confirmed that some fetal HSCs make only
limited contributions to postnatal hematopoiesis. Beaudin, Forsberg and colleagues used a
FIk2-Cre allele, and a Cre-inducible Tomato to green fluorescent protein (GFP) reporter
allele, to lineage trace FlkZ-expressing progenitors at different stages of development (19).
The authors found that all adult HSCs expressed the Tomato reporter, rather than GFP, and
thus had no history of F/k2-Cre expression (19, 56). In contrast, approximately 20% of E14
fetal HSCs expressed GFP. GFP-positive HSCs could repopulate lethally irradiated mice,
indicating that they were bona fide HSCs, yet they disappeared after birth. GFP-positive
HSCs cycled more rapidly than GFP-negative HSCs, they displayed lymphoid bias, and they
contributed disproportionately to fetal-derived Bla B-cell and -y8 T cell populations (19).
These observations confirmed that fetal HSC subpopulations can have distinct fates, and
only a fraction of all fetal HSCs give rise to the adult HSC pool. It is not clear why F/k2-
expressing HSCs disappear from the bone marrow after birth. Nevertheless, the persisting
HSCs must undergo profound transcriptional and epigenetic reprogramming between birth
and adulthood to account for changes in proliferation rate, hematopoietic output, lineage
biases and leukemogenic potential.
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Fetal and adult HSCs have distinct transcriptomes that account for

differences in self-renewal and lineage differentiation

Several papers have compared transcript profiles and gene dependencies of fetal and adult
HSCs (22, 57-61). For the most part, the studies focused on fetal and adult states, with little
emphasis placed on the neonatal period. Nevertheless, they have provided important insights
into how mechanisms of HSC self-renewal and lineage commitment change over time.

Fetal regulators.

Fetal HSCs express genes that encode transcription factors (e.g. Sox7and Arid3a)

and RNA binding proteins (e.g. Lin28b, 1gf2bp1, 1gf2bp2 and lgf2bp3) that promote
self-renewal and fetal lymphocyte production. L/n28band lgf2bp1-3all enhance HSC
self-renewal when ectopically expressed in adult HSCs (22, 61, 62). Furthermore, Lin28b
can reprogram adult progenitors to produce fetal B and T cells, and it promotes erythroid
cell production at the expense of myeloid cell production (15, 61-64). Sox17is required for
fetal HSC self-renewal (6), and ectopic SOX17 expression can induce other fetal transcripts
in adult HSCs (7). HmgaZ enhances HSC self-renewal without altering fetal lineage biases
(61). Arid3apromotes fetal B cell production (62, 65). Downregulation of these genes after
birth likely contributes to reduced self-renewal activity and loss of fetal B cell potential in
adult HSCs.

Adult regulators.

Several transcription factor-encoding genes are more highly expressed in adult HSCs than in
fetal HSCs. These include Cebpa, Egri, Esrl, Sox6, KIf9, Nfiaand Bhlhe41 (22, 57, 58, 66).
Cebpa and Egrl both promote HSC quiescence (66, 67). £sr1 promotes HSC proliferation
during pregnancy (68). Roles for several other transcription factors in self-renewal and
HSC/HPC lineage commitment have yet to be described. Indeed, there remains a significant
gap between our understanding of which transcription factors are differentially expressed
during HSC/HPC ontogeny and how they account for fetal- and adult-specific fates.

Genes with temporally stable gene expression patterns but dynamic functions.

Not all genes with age-specific functions are differentially expressed through HSC ontogeny.
For example, several epigenetic regulators are required to sustain HSCs after birth, but not
before. These include Eed, Kat8 Mof, KmtZal MII1 and Ash1/(69-72). Fetal hematopoiesis
proceeds normally in the absence of these genes until late gestation (Kat8) or shortly

after birth (Eed, KmitZa, Ash1l). At that point, HSCs lose self-renewal capacity, and
hematopoiesis collapses (69—72). These phenotypes are intriguing for two reasons. First,

the encoded proteins place chromatin marks that one would expect necessary at all stages

of life. Second, the hematopoietic collapse observed shortly after birth likely coincides with
the transition from fetal to adult regulatory programs. This would push the onset of the
transition earlier than previously thought.
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Murine HSCs have long been thought to transition from fetal- to adult-like states between

3 and 4 weeks after birth (73, 74). This conclusion has been based on observations of

HSC proliferation and repopulating activity in lethally irradiated mice. In one of the earliest
papers on this topic, Bowie, Eaves and colleagues evaluated repopulating activity as a
function of cell cycle stage. Until 3 weeks after birth, repopulating activity was evident

in G1/S/G2/M fractions of the fetal liver or bone marrow; from 4 weeks onward, it was
evident primarily in the GO fraction (73). In a follow-up paper, the same group showed

that 3-week-old HSC numbers expanded after transplantation at rates similar to fetal HSCs,
whereas 4-week-old HSC numbers expanded at rates similar to adult HSCs (13, 74). Finally,
several groups have shown that HSCs lose Bla potential around 3-4 weeks after birth (16,
17, 64, 75). These findings all argue for an abrupt postnatal transition, but most of the
assays generated categorical outputs (e.g., repopulation vs. no repopulation) that would

not necessarily resolve gradual changes in HSC and HPC identity. Recent innovations —
including improved HSC/HPC surface marker phenotypes, single cell RNA-seq (SCRNA-
seq) and low-input chromatin profiling techniques — have made it possible to revisit neonatal
HSC ontogeny to better assess when the transition starts, whether it is gradual or abrupt, and
how transcriptional changes are coordinated (22, 76-79).

Our lab recently performed an extensive series of SCRNA-seq and epigenome profiling
assays to characterize the transition from fetal to adult transcriptional states in both HSCs
and HPCs (22). We found that approximately one third of the transcriptome changes as
HSCs and HPCs transition from fetal to adult stages of life. These changes recapitulate
differences between fetal and adult HSCs that were previously described at the population
level (57, 58, 60, 61). However, the single cell resolution provided several new insights.

. The transition from fetal to adult identity is gradual rather than precipitous.
We used a technique called quadratic programming to assign identity scores to
individual HSCs and HPCs at various stages after birth. The scores quantified
how adult-like each HSC/HPC was based on its transcriptome, and they allowed
us to resolve whether HSCs/HPCs convert gradually or abruptly from fetal to
adult transcriptional states. We found that the transition is gradual. Individual
HSCs/HPCs had similar adult identity scores at each age, and the scores
increased gradually over time rather than precipitously at one specific age. Direct
measurements of HSC proliferation rates also revealed a gradual transition to
quiescence.

. The transition reflects poorly coordinated changes in heterochronic gene
expression. Neonatal HSCs and HPCs showed extensive cell to cell variation
with regard to heterochronic gene expression (Figure 1). This variation was not
simply due to dropout associated with the sSCRNA-seq technique (i.e., failure to
detect expressed transcripts). Heterochronic genes (i.e., those whose expression
changed over time) did not coalesce into regulatory networks; rather, the changes
appeared stochastic. The probability that an HSC would express a given adult
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identity gene, or inactivate a given fetal identity gene, increased gradually

over time. These observations suggest that heterochronic genes and enhancers
function autonomously from one another rather than as part of robust networks,
and changes in gene expression do not reflect a coordinated response to precisely
timed stimuli.

. The transition begins before birth. By birth, HSCs had begun to activate adult
identity genes and inactivate fetal identity genes. These transcriptional changes
were evident both in liver and bone marrow HSCs. Thus, fetal HSCs begin
transitioning to adult identity much earlier than previously appreciated in mice,
irrespective of where they localize. Note that we are not disavowing a role for
organ- and age-specific niches in shaping HSC/HPC fate. However, the data
show that activation of adult transcriptional programs during late gestation is
niche-independent.

. The transition coincides with a pulse of type I Interferon (IEN) signaling. A
large percentage of adult identity genes are type | IFN targets. These genes were
activated during late gestation, between E16 and E18, both in HSCs and HPCs
(Figure 1). This was the only precisely timed switch that we identified over the
course of neonatal HSC ontogeny. Its implications are discussed in greater detail
below.

. The transition superimposes an adult enhancer landscape onto the pre-existing
fetal enhancer landscape. Consistent with prior studies, we found that HSC and
HPC epigenomes undergo extensive remodeling between fetal and adult stages
of life (21, 60, 80). When we evaluated neonatal HSCs and HPCs, we observed
uncoordinated changes in chromatin accessibility that mirrored changes in gene
expression. The enhancers bound several transcription factors that exhibited
stable, rather than variable, expression across neonatal development. This raises
the question of how stage-specific enhancer activity is achieved. Interestingly,
enhancers near adult identity genes were commissioned through the course of
development, but fetal enhancers were not decommissioned. Thus, fetal gene
inactivation does not require epigenome remodeling.

These observations provide an important conceptual framework for understanding neonatal
HSC and HPC ontogeny, but the underlying mechanisms that drive the neonatal transition
remain poorly defined, particularly with regard to how the transition is initiated and timed.
While more studies are needed, we offer potential explanations in the ensuing sections.

The timing problem

Several lines of evidence show that HSCs and other progenitors convert gradually from
fetal- to adult-like states (22), but this raises questions as to how the gradual transition

is hard-wired into cis-regulatory elements of the genome. Conventional examples of cell
state changes do not offer much guidance on this point. For example, when embryonic or
somatic stem cells differentiate, enhancers and super-enhancers activate lineage-specifying
transcription factors, and positive feedback loops reinforce change in cell identity (81-84).
Regulatory elements that might drive alternate lineage-specific programs are instead stably
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and heritably repressed via epigenetic alterations, including DNA methylation and repressive
histone modifications (83). These changes yield robust, precipitous changes in cell identity.
Neonatal HSC ontogeny does not adopt such circuitry. The transition from fetal to adult
transcriptional states is uncoordinated, a majority of temporally dynamic enhancers do not
qualify as super-enhancers, and the transition unfolds over weeks rather than minutes or
hours (22). Fetal enhancers and promoters remain competent to drive gene expression after
birth, even as transcription ceases (22). So, how might neonatal HSCs monitor and respond
to the passage of time in lieu of a robust, precise gene regulatory network?

We propose that the timing problem is easily solved by the stochastic nature of the circuit.
Transcription at individual loci is inherently stochastic, and it manifests as discrete bursts of
MRNA synthesis that vary according to burst size (i.e., the number of transcripts generated
per burst) and burst frequency (i.e., the number of bursts in a given unit of time) (85).

Live imaging of individual loci, and more recently single cell RNA-seq, have shown

that promoter elements generally control burst size, whereas enhancer elements control
burst frequencies (86, 87). Stronger enhancers generate higher burst frequencies, and high
cooperativity between strong enhancers can eliminate bursting altogether (87). One would
expect that temporal changes in gene expression should follow similar rules. Thus, the noisy,
uncoordinated changes in gene expression that we observed across neonatal HSC/HPC
ontogeny likely reflect input from relatively weak enhancer elements.

Weak enhancers should cause adult identity gene expression to initiate over a drawn-out
period of time, particularly if the enhancers act independently of one another rather than as
part of a robust gene regulatory network (Figure 2). In a completely uncoordinated system,
every heterochronic gene will behave as an isolated unit, and its expression will reflect a
probabilistic rather than deterministic outcome. The likelihood that a given adult identity
gene will be expressed at a given age, and in a given HSC, will depend on two factors:

1) the probability that its cis-regulatory elements will bind available transcription factors,
and 2) the stability of the regulatory complexes. In this probabilistic system, key pioneering
transcription factors are present at relatively constant levels throughout the neonatal period.
Enhancers with high affinity binding sites become active earlier in life, and in a larger
percentage of HSCs, than enhancers with low affinity binding sites. Thus, evolution can
tune the rate at which HSCs progress from fetal to adult transcriptional states, and the order
in which heterochronic genes become active across the population, by “sub-optimizing”
enhancer elements (Figure 2). Of note, this model assumes that once an enhancer is
pioneered, it becomes relatively stable, therein strengthening the enhancer and increasing
burst frequencies. This step prevents enhancers from settling into equilibria between active
and inactive states, and it keeps the arrow of developmental time moving forward. This
assumption is consistent with stable changes in enhancer accessibility that take place during
neonatal HSC/HPC ontogeny (22).

Spatial regulatory programs in developing model organisms offer precedent for enhancer
sub-optimization. Using Ciona intestinalis as a model, Levine and colleagues showed that
an Orthodentical homeobox (Otx) enhancer requires suboptimal ETS and GATA sites to
restrict Otx expression within the embryo, and binding site optimization caused ectopic
Otx expression (88). In a subsequent paper, the same group showed that syntax (the
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order, orientation and spacing of binding sites within an enhancer) can further modulate
enhancer activity (89). We propose that analogous mechanisms may control the timing
of heterochronic gene expression within neonatal HSCs. In other words, evolution may
optimize enhancers to drive adult genes early in neonatal development, or it may sub-
optimize enhancers to delay adult gene expression.

There are caveats to the model that we propose. First, as noted above, several transcription
factors exhibit fetal- or adult-specific patterns of expression (57-59, 89). These transcription
factors almost certainly shape age-specific HSC and HPC fates, even if their role in timing
the neonatal transition is not clear. Second, the system requires at least one chronic stimulus
to initiate and sustain the transition from fetal to adult identity. Type | IFN signaling, serves
as one potential stimulus. Type | IFN levels peak during late gestation and then persist at
low levels after birth (far below levels observed in the context of an infection) (22). Weak,
chronic IFN signaling gradually induces adult identity gene expression. Third, mechanisms
must exist to inactivate fetal identity genes after birth despite sustained expression of most
hematopoietic transcription factors. As noted above, we have found that fetal enhancers
remain accessible and primed after birth, and they do not acquire repressive histone marks,
even as gene expression declines. So, what explains the decline in fetal gene expression?

One of the most well-characterized switches in neonatal hematopoiesis, human globin
switching, illustrates the key role that transcriptional repressors can play in inactivating
fetal gene expression. Enhancers at the globin locus control region interact with the y-globin
promoter before birth and the p-globin promoter after birth (90, 91). These enhancers bind
transcription factors, such as SCL and GATAL, that regulate erythroid gene expression

at all stages of ontogeny (92). To execute the switch from y- to B-globin expression, a
transcriptional repressor, BCL11A, binds to the y-globin promoter to displace NF-Y and
recruit the NuRD repressor complex (93, 94). BCL11A translation is, in turn, inhibited

by LIN28B prior to birth (95). Similar mechanisms may suppress other fetal genes during
neonatal and adult stages of life, though additional studies are needed to identify candidate
repressors and to understand how the interactions are timed.

Sterile inflammatory signaling and neonatal HSC/HPC identity changes

The transition from fetal to adult HSC/HPC identity begins before birth in mice, and

it coincides with a pulse of type I IFN (IFNa and IFNB) signaling that the persists

at somewhat lower levels after birth (22). These cytokines induce adult gene expression
programs in both HSCs and HPCs, they cause the HPC population to expand shortly
before birth, and they promote Major Histocompatibility Complex-1 expression in several
progenitor populations (59). Type | IFN sensitizes HPCs to the FLT3 Internal Tandem
Duplication (FLT3'TD) mutation as its receptor, IFNAR, is required for FLT3!TP-driven HPC
expansion and target gene expression (22). This likely explains an intriguing phenomenon
— FLT3'TD promotes acute myeloid leukemia initiation after birth, but not before (58).

It is still not clear how type | IFN reprograms neonatal HPC fate, though the question

has potential implications for neonatal immunity, lifelong blood production and childhood
leukemogenesis.
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The stimulus for late gestation IFNa/p production remains unclear, as well. The switch

is activated even in germ free mice (22). This indicates that it reflects a normal, sterile
developmental program rather than a response to infection. IFNa./p production does not
localize to the liver or to other hematopoietic organs, and the cytokines do not circulate
systemically in the mother (22). Instead, they are produced in the fetal skin, even under
germ free conditions (22, 96). Skin undergoes an important transition between E16 and
E18 in that it loses capacity for scarless healing (97, 98). This raises the intriguing
possibility that normal, microbe-independent changes in the developing skin can promote
adult transcriptional programs in HSCs and HPCs. Further studies are needed to more
precisely identify the cells that express type | IFN (in the skin or elsewhere), and to identify
the mechanisms that drive IFN expression.

The role of type | IFN during late gestation contrasts with its role in hematopoiesis at other
stages of ontogeny (99). During mid-gestation, type | IFN promotes HSC emergence from
the dorsal aorta (100, 101). In adulthood, type I IFN signaling promotes HSC proliferation
and emergency megakaryopoiesis (102-104). IFN signaling has also drawn expanding
scrutiny for its role in clonal hematopoiesis, HSC exhaustion and malignant transformation
(10, 99). Thus, the late gestation/perinatal switch adds to a growing list of roles for type |
IFN signaling in normal and abnormal hematopoiesis.

Neonatal HSC/HPC ontogeny and childhood leukemia initiation

The heterogeneity that we observed in neonatal HSC/HPC transcriptomes and epigenomes
may help suppress rates of leukemic transformation in children. We, and others, have
previously shown that pediatric leukemia driver mutations have different effects on HSC
and HPC fates at different ages (58, 105-110). For example, the MLL-ENL fusion protein
induces acute myeloid leukemia more efficiently during neonatal stages of development than
during fetal or adult stages (106, 111). The CBFA2T3-GLIS2 fusion similarly transforms
fetal HSCs/HPCs more efficiently than adult HSCs/HPCs (107). In both cases, normal
developmental programs can determine whether a progenitor is competent to activate crucial
effector genes that initiate leukemogenesis. The transcriptional and epigenetic heterogeneity
that we observed among postnatal progenitors predicts that even at a permissive age, not
every progenitor will have the requisite epigenetic landscape or transcriptional profile to
support leukemia initiation (22). This may limit the number of cells that can give rise to a
leukemia at any given neonatal or juvenile stage of life, and it may help explain why certain
leukemogenic mutations occur far more commonly in the general population than leukemia
itself (112). If we can understand which programs convey susceptibility to leukemogenic
mutations, we can potentially target and re-program these vulnerabilities.

The late gestation type | IFN pulse may be one switch that potentiates leukemic
transformation after birth. Childhood infection patterns have been shown to correlate with
susceptibility to some subtypes of acute lymphoblastic leukemia (112), and as noted above,
IFN signaling potentiates FLT3!TD target gene expression (22). These observations raise the
question of whether type | IFN establishes or sustains cells of origin for a range of pediatric
leukemias. Furthermore, it raises the question of whether pediatric leukemias hijack normal
type | IFN-driven programs. Further studies are needed to test whether type I IFN promotes
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pediatric leukemia initiation, and to identify other developmental switches that may promote
or suppress transformation.

Closing thoughts

We are just beginning to understand how HSCs and HPCs transition from fetal to adult
transcriptional states, and a number of important questions remain. Foremost among these,
we need to better understand the enhancer logic that drives the transition. What are the
transcription factors? What are the enhancers? How do they interact with one another to
create a gradual switch? How do they reinforce fetal, neonatal or adult lineage biases? How
do they help initiate pediatric leukemias? In addition, it will be important to characterize
changes in the liver and bone marrow niches that may shape neonatal HSC ontogeny,

and it will be important to characterize non-transcriptional changes that may contribute

to age-specific HSC/HPC fates. Finally, it will be important to characterize the fetal to
adult transition as it occurs in humans. Human blood development begins much earlier

in gestation than in mice, and it unfolds over a much longer period of time period. This
raises the question of whether developmental switches, such as the type | interferon pulse,
are conserved in humans. This question is central to ongoing efforts to model childhood
leukemia initiation, and other childhood blood disorders, in relevant developmental contexts.
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Highlights
. Neonatal HSCs undergo uncoordinated transcriptional reprogramming
. Reprogramming can be loosely timed through enhancer sub-optimization
. Type | interferon signaling promotes the transition from fetal to adult identity
. Neonatal transcriptional programs can shape childhood leukemogenesis
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Figure 1. The transition from fetal to adult transcriptional states is poorly coordinated and
imprecisely timed in HSCs and HPCs.

Individual cells are represented as circles, with heterochronic genes represented as boxes.
Each gene converts from fetal (green) to adult (purple) states through the course of neonatal
development, and each cell maintains a similar ratio of genes in fetal- and adult-like states.
However, there is widespread variation among HSCs and HPCs as to which genes are active.
This model predicts that all HSCs and HPCs will arrive at adult-like transcriptional states in
synchrony, but the path that each cell takes to get to that point will vary.
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Figure 2. Enhancer sub-optimization can delay heterochronic gene expression after birth.
This schematic outlines a proposed explanation for the uncoordinated changes in adult

identity gene expression observed in neonatal HSCs and HPCs. Pioneering transcription
factors are present at similar levels throughout late fetal, neonatal and juvenile stages

of development. These may include transcription factors associated with the type | IFN
response. Interactions between each pioneering transcription factor and its enhancer are
stochastic and shaped by the degree to which each enhancer is optimized or sub-optimized.
Enhancers with moderately avid binding sites will, on average, bind the transcription factor
at an earlier age than those with very low affinity sites. Once bound, the pioneering factor
recruits co-factors and remodels nearby chromatin to stabilize gene expression and keep the
arrow of developmental time moving forward.
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