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SUMMARY

Fetal and adult hematopoietic stem cells (HSCs) have distinct proliferation rates, lineage biases, gene
expression profiles, and gene dependencies. Although these differences are widely recognized, it is not clear
how the transition from fetal to adult identity is coordinated. Here we show that murine HSCs and committed
hematopoietic progenitor cells (HPCs) undergo a gradual, rather than precipitous, transition from fetal to
adult transcriptional states. The transition begins prior to birth and is punctuated by a late prenatal
spike in type I interferon signaling that promotes perinatal HPC expansion and sensitizes progenitors to
the leukemogenic FLT3ITD mutation. Most other changes in gene expression and enhancer activation are
imprecisely timed and poorly coordinated. Thus, heterochronic enhancer elements, and their associated
transcripts, are activated independently of one another rather than as part of a robust network. This simplifies
the regulatory programs that guide neonatal HSC/HPC ontogeny, but it creates heterogeneity within these
populations.

INTRODUCTION

Hematopoiesis is sustained by multipotent hematopoietic stem

cells (HSCs) and lineage-committed hematopoietic progenitor

cells (HPCs) (He et al., 2009; Laurenti and Göttgens, 2018).

Definitive HSCs arise during mid-gestation from the aorta-

gonad-mesonephros (AGM) (Medvinsky and Dzierzak, 1996;

North et al., 2002). They migrate to the fetal liver and then, ulti-

mately, the bone marrow, where they persist throughout life

(Mikkola and Orkin, 2006; Waas and Maillard, 2017). Fetal and

adult HSCs have several fundamentally different properties.

Fetal HSCs divide frequently and exhibit extensive self-renewal

capacity (Copley and Eaves, 2013; He et al., 2011; Kim et al.,

2007; Morrison et al., 1995). Adult HSCs divide infrequently

and exhibit reduced self-renewal capacity relative to fetal

HSCs (He et al., 2009; Pietras and Passegué, 2013). Fetal and

adult HSCs have distinct lymphoid, myeloid, and erythroid line-

age biases (Benz et al., 2012; Mold et al., 2010; Rowe et al.,

2016), with some innate immune cells (e.g., peritoneal B1a cells)

arising almost exclusively from fetal HSCs (Barber et al., 2011;

Beaudin et al., 2016; Ghosn et al., 2012; Hardy and Hayakawa,

1991). Thus, HSC self-renewal and differentiation mechanisms

change across ontogeny.

As evidence of these changes, fetal and adult HSCs have

different gene expression profiles, and they require different

transcription factors and epigenetic regulators to maintain self-

renewal capacity. For example, the transcription factor SOX17

is required to maintain fetal HSCs, but not adult HSCs, whereas

ETV6 and GFI1 are required to maintain adult, but not fetal HSCs

(Hock et al., 2004a, 2004b; Kim et al., 2007). Likewise, the epige-

netic regulators BMI1, EED, and ASH1L are required to maintain

adult, but not fetal HSCs (Jones et al., 2015; Park et al., 2003; Xie

et al., 2014). Fate-mapping experiments have shown that adult

HSCs arise from a sub-population of fetal HSCs rather than an

independent, non-HSC precursor (Beaudin et al., 2016; Göthert

et al., 2005; Samokhvalov et al., 2007). Thus, fetal HSCs must

undergo transcriptional and epigenetic reprogramming as they

transition to adult-like states.

Murine HSCs are generally thought to transition from fetal- to

adult-like states between 3 and 4 weeks after birth, based on ev-

idence showing that they become quiescent during this time

period (Bowie et al., 2006, 2007). The transition is thought to
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be regulated by a cell-intrinsic program driven, at least in part,

by increasing C/EBPA expression (Ye et al., 2013). At about

3–4 weeks after birth, HSCs also become dependent on

ASH1L and the tumor suppressor PTEN to enforce quiescence

and maintain long-term self-renewal capacity (Jones et al.,

2015; Magee et al., 2012). Prior studies have shown that at the

population level, neonatal HSCs gradually downregulate fetal

gene expression programs, and they gradually upregulate adult

gene expression programs (Copley et al., 2013; Porter et al.,

2016). However, it is not clear whether, at a single-cell level,

the transition is bi-modal, like a switch, or gradual, like a rheostat.

Furthermore, it is not clear howHSCs record developmental time

so that they can transition from fetal to adult states on cue.

Single-cell RNA sequencing (scRNA-seq) provides an effec-

tive tool for mapping state changes in HSCs and other

progenitors. The technique has been used previously to map

the differentiation trajectories of adult hematopoietic progenitors

(Giladi et al., 2018; Nestorowa et al., 2016; Olsson et al., 2016;

Paul et al., 2015; Velten et al., 2017). These studies showed

that the transcriptomes of differentiating progenitors change

continuously, as cells become more lineage restricted, rather

than precipitously at specified branchpoints of the hematopoiet-

ic hierarchy. The epigenomes of differentiating blood cells

also evolve in a continuous manner (Buenrostro et al., 2018;

Lara-Astiaso et al., 2014). By analogy, these observations raise

the question of whether the transcriptomes of developing

HSCs change continuously over time or precipitously at speci-

fied ages.

We used scRNA-seq, ATAC-seq (assay for transposase-

accessible chromatin with high-throughput sequencing), and

ChIP-seq (chromatin immunoprecipitation sequencing) to char-

acterize the transcriptional and epigenomic landscapes of

HSCs and HPCs as they transit the neonatal period. We found

that the transition from fetal to adult identity is gradual rather

than bi-modal, and individual neonatal HSCs/HPCs co-express

fetal and adult transcripts. Both HSCs and HPCs begin transi-

tioning to an adult-like transcriptional state even before birth,

well before HSCs become quiescent. Furthermore, temporal

changes in gene expression appear to be driven by imprecisely

timed, uncoordinated changes in enhancer activity rather than a

robust, precisely timed gene regulatory network. As a conse-

quence, at any given neonatal age, individual HSCs (and

HPCs) express different repertoires of fetal and adult transcripts.

Against this backdrop of uncoordinated transcriptional

changes, we did observe a precisely timed spike in type I inter-

feron (IFN) target gene activation just before birth. IFNs alpha

and beta (IFNa and IFNb) emanate from the skin, and potentially

other distal organs, rather than local sources in the liver or bone

marrow, and they are expressed even under germ-free condi-

tions. IFN signaling promotes perinatal expansion of the HPC

population while sparing HSCs. It reinforces an adult transcrip-

tional program in both HSCs and HPCs, and it sensitizes post-

natal progenitors to the leukemogenic FLT3-internal tandem

duplication (FLT3ITD) mutation. Altogether, these observations

provide a timeline, and an overarching framework, that

describes howHSCs andHPCs transition from fetal to adult tran-

scriptional states. Furthermore, they implicate type I IFN

signaling as a key developmental switch during perinatal and

postnatal HSC/HPC ontogeny.

RESULTS

Neonatal HSCs and HPCs Undergo a Gradual,
Synchronous Transition from Fetal to Adult
Transcriptional States
To test whether the transition from fetal to adult identity is

gradual or bi-modal, we performed scRNA-seq on HSCs and

HPCs harvested at embryonic day (E) 16.5, postnatal day (P) 7,

P14, and 8 weeks after birth (Figure 1A; Figure S1A). We ex-

pected that P7 and P14 progenitors would cluster with either

the fetal or adult progenitors if the transition is bi-modal, or

they would cluster separately if the transition is gradual (Fig-

ure 1B). Cells were clustered using Seurat, after regressing out

unwanted variables such as cell cycle stage, and visualized us-

ing t-distributed stochastic neighbor embedding (t-SNE) (Fig-

ures 1C and 1D; Figures S1B–S1E; Table S1). Fetal, postnatal,

and adult HSCs coalesced into three discrete clusters, as did

theHPCs (Figures 1C and 1D). These patterns weremost consis-

tent with a graded transition.

To better quantify the extent to which P7 and P14 progenitors

resemble fetal or adult progenitors, we used quadratic program-

ming to assign adult identity scores to each cell. The output from

this computational method was a fraction, between 0 and 1, that

represented the degree to which each cell resembled either the

initial (in this case fetal) or final (in this case adult) stage of the

transition (Biddy et al., 2018; Kong et al., 2020; Treutlein et al.,

2016). Scores were initially based on genes that distinguished

fetal and adult progenitors in both the current dataset and previ-

ously published, whole-population data (McKinney-Freeman

et al., 2012; Porter et al., 2016) (Tables S2 and S3). Adult identity

genes were significantly enriched for type I IFN targets (Fig-

ure S1F). Many fetal identity genes promoted self-renewal in

prior studies or in our own transplantation assays (e.g.,

Hmga2, Igf2bp1, Igf2bp2, Igf2bp3, Mecom; Figures S1G and

S1H). When we used the curated lists to compute adult identity

scores for each cell, we found that at each age, HSCs and

HPCs were progressively more adult-like, and less fetal-like,

than cells at the preceding ages (Figures 1E–1H). There was no

apparent bi-modal switch. Identity scores did not predict the

cell cycle status of HSCs at any given age (data not shown),

consistent with the fact that cell cycle genes were explicitly re-

gressed out of the analysis.

We next tested whether an unsupervised analysis would simi-

larly reveal gradual, linear changes in HSC/HPC identity. We

calculated adult identity scores using the entire list of expressed

genes, rather than a select list. This recapitulated the linear tran-

sitions observed with the select identity genes (Figures S2A and

S2B). We next calculated predicted expression values for each

gene on the basis of the identity score for each cell, and we

measured the degree to which actual gene expression varied

from the predicted value. We identified two major groups of

genes, one that was highly variable over time and drove the

change in adult identity scoring and another that was relatively

static (Figures S2C and S2D). From each group, we randomly

selected 214 genes (HSCs) or 115 genes (HPCs) to match the

size of the non-randomly selected gene sets. We then calculated

adult identity scores and repeated the process 100 times, aver-

aging the scores. We observed a gradual transition toward adult

HSC identity over time, particularly when highly variable genes
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were sampled (Figure 1I). The transition was more subtle than

was evident with non-randomly selected fetal and adult identity

genes, but it nevertheless demonstrated gradual, linear, global

reprogramming of HSC transcriptomes with age. We observed

a similar trend for HPCs (Figure S2E). The selected fetal and adult

identity gene lists therefore reflect more extensive temporal

changes in neonatal HSC/HPC transcriptomes.

One limitation of quadratic programming is that it assumes a

linear transition, so it could overlook transient, neonate-specific

transcriptional programs. To address this possibility,we used iter-

ative clustering and guide-gene selection (ICGS) to perform an

unsupervised analysis of fetal, neonatal, and adult HSC gene

expression (Olsson et al., 2016). ICGS should capture clusters

of transiently expressed genes, yet HSCs did not cluster

Figure 1. The Transition from Fetal to Adult HSC/HPC Identity Is Gradual

(A) Overview of scRNA-seq experiments.

(B) scRNA-seq can resolve an asynchronous, bi-modal transition from a synchronous, graded transition.

(C and D) Postnatal HSCs/HPCs cluster separately from fetal and adult HSCs/HPCs.

(E–H) Adult identity scores for HSCs (E and F) and HPCs (G and H); p < 0.0001 for all comparisons.

(I) Adult identity scores on the basis of randomly selected genes from groups that exhibited low or high variability.

(J) ICGS analysis of the HSC scRNA-seq time course. The heatmap illustrates four clusters of cells with Reactome pathway analysis of the guide genes shown to

the right.

(K) Twenty-four-hour BrdU incorporation in HSCs at the indicated ages. Error bars show SD.

*p < 0.05, **p < 0.01, and ****p < 0.0001 by one-way ANOVA and Holm-Sidak post hoc test. See also Figures S1 and S2 and Tables S1, S2, and S3.
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according to age. Instead, the clustering was guided by expres-

sion of genes associated with DNA replication and cell division

(Figure 1J, clusters 1, 2, and 4) and type I IFN target gene expres-

sion (cluster 3). This clustering pattern argues against a discrete

transition (or a series of discreet transitions) from fetal to adult

identity. It did implicate type I IFN signaling as a potential temporal

regulator, but there was no one specific age at which the clus-

tered genes appeared to become active or inactive. Changes in

gene expression coincidedwith a gradual decline in HSC prolifer-

ation (Figure 1K). Altogether, the data show that HSCs undergo a

gradual, sustained transition from fetal to adult transcriptional

states rather than an abrupt bi-modal transition. This raises the

question of howsuch a transition could be coordinated and timed.

Temporal Changes in HSC/HPC Gene Expression Are
Imprecisely Timed andPoorly Coordinated at theSingle-
Cell Level
Gradual changes in temporal identity could arise through a few

different mechanisms. One possibility is that precise regulatory

networks allow cells to mark time intrinsically and execute coor-

dinated, stage-specific changes in gene expression (Figure 2A).

A second possibility is that extrinsic cues guide temporal

changes in gene expression, again in a coordinated manner. A

third possibility is that HSCs and HPCs activate adult identity

genes, and inactivate fetal identity genes, in an uncoordinated

manner (Figure 2B). In this model, the pace of development is

determined by the stochastic likelihood that individual genes

Figure 2. Fetal Identity Genes Are Inactivated, and Adult Genes Are Activated, in an Uncoordinated Manner

(A) Schematic overview of a coordinated transition from fetal to adult identity. As cells become older, individual genes or enhancers (shown as arrows) convert

from a fetal-like to an adult-like state. The changes are uniform and precisely timed.

(B) Schematic overview of an uncoordinated transition. As cells become more adult-like, individual genes convert from a fetal-like to an adult-like state non-

uniformly.

(C and D) Expression of Igf2bp2 and Cpne2 as a function of adult identity scores.

(E and F) The fraction of Igf2bp2-expressing HSCs/HPCs declines with age, and the fraction Cpne2-expressing HSCs/HPCs increases with age.

(G and H) WGCNA for genes that are differentially expressed during HSC-to-HPC differentiation, with correlation coefficients indicating modular patterns of co-

expression.

(I and J) Fetal and adult identity genes do not exhibit patterns of co-expression.

See also Figure S3.
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Figure 3. Neonatal HSC/HPC Epigenome Remodeling Is Gradual and Uncoordinated

(A and B) ATAC-seq analysis of HSCs and HPCs at the indicated ages. Temporal changes in aggregate peak heights were gradual for both adult (A) and fetal

(B) peaks.

(C) ATAC-seq (red), H3K4me1 (green), and H3K27ac (purple) peaks for enhancers that map within 100 kB of adult identity genes. Most enhancers were either

more accessible in adult HSCs/HPCs relative to fetal HSCs/HPCs (A > F) or exhibited no change in accessibility.

(D) Representative tracks for the adult identity gene Cpne2, including a putative intron 1 enhancer (box).

(legend continued on next page)
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will convert from a fetal- to an adult-like state rather than sequen-

tial temporal cues. The circuit is simpler because it does not

require precisely timed interactions between the constituent

genes, but it is noisy.

To distinguish between these potential models, we evaluated

the expression of individual fetal and adult identity genes as a

function of the adult identity score. We found that changes in

gene expression were not precisely timed in individual cells.

Fetal genes, such as Igf2bp2, Hmga2, and Arid3a, were ex-

pressed not only in fetal HSCs/HPCs but also in a subset of cells

with high adult identity scores (Figure 2C; Figures S3A and S3B).

Likewise, adult genes, such as Cpne2, H2-Q7, and Sdsl, were

expressed not only in adult HSCs/HPCs but also in a subset of

cells with low adult identity scores (Figure 2D; Figures S3C and

S3D). At each tested age, individual HSCs (andHPCs) expressed

different combinations of fetal and adult identity genes, but the

ratios of adult to fetal transcripts were similar (Figures 2E and

2F; Figures S3E–S3I). These patterns are consistent with amodel

in which a majority of fetal identity genes are turned off, and a

majority of adult identity genes are turned on, independently of

one another rather than as part of a tightly coordinated, precisely

timed developmental program.

To further assess the degree to which heterochronic genes are

coordinately regulated, we adapted weighted gene co-expres-

sion network analysis (WGCNA) for use with scRNA-seq data.

WGCNA can identify modular patterns of gene co-expression

that are most evident when cells undergo highly coordinated

state changes. For example, WGCNA successfully identified

modules of genes that were co-expressed during HSC-to-HPC

differentiation (Figures 2G and 2H). This indicated that the tech-

nique is sensitive enough to detect correlations among tran-

scripts within the single-cell dataset. However, in contrast to

the differentiation paradigm, WGCNA failed to identify strong

correlations among fetal or adult identity genes during postnatal

HSC/HPC development (Figures 2I and 2J). This suggests that

gradual, temporal changes in HSC/HPC gene expression are

less tightly coordinated at the single-cell level than the changes

that accompany differentiation.

Neonatal Epigenome Reprogramming Is Gradual and
Discordant
We next tested whether HSC and HPC epigenomes also un-

dergo gradual, discordant changes during neonatal develop-

ment. We used ATAC-seq (Buenrostro et al., 2015) and

ChIPmentation (Schmidl et al., 2015) to identify chromatin re-

gions, and enhancer elements, that gain or lose accessibility

between fetal and adult stages of HSC/HPC development. We

then evaluated ATAC-seq peak heights at P7, P14, and P21.

We observed a gradual transition from fetal- to adult-like chro-

matin accessibility patterns that was apparent even by P7 (Fig-

ures 3A and 3B). We identified 1,230 putative enhancers—

ATAC-seq peaks with overlapping histone 3, lysine 4 monome-

thylation (H3K4me1) peaks—that mapped within 100 kB of adult

identity genes. Of these, 271 enhancers were active in adult

HSCs/HPCs on the basis of histone 3, lysine 27 acetylation

(H3K27ac) (Figures 3C–3E), and they converted gradually from

fetal to adult ATAC-seq profiles (Figure 3F). The adult enhancers

were enriched for ETS, RUNX, AP-1, and IRF binding motifs (Fig-

ure 3G). Only�20%met criteria as super-enhancers (Figure 3H).

Analysis of previously described ChIP-seq data (Komorowska

et al., 2017; Wilson et al., 2016) showed that the enhancers

bind to well-characterized hematopoietic transcription factors

(Figure 3I), whichwere expressed, in most cases, at similar levels

at each age (data not shown). One explanation for this pattern is

that adult enhancers may harbor low-affinity binding sites for a

multitude of hematopoietic transcription factors. Rare, low-affin-

ity interactions between transcription factors could gradually,

and non-uniformly, activate individual enhancers.

To test whether adult enhancers are commissioned uniformly

or non-uniformly, we evaluated the heights of individual ATAC-

seq peaks in HSCs/HPCs at E16.5, P7, and P14, relative to adult

heights. A uniform transition should yield bi-modal changes in

individual peak heights; that is, if each enhancer changes uni-

formly in all cells (Figure 2A), then neonatal peaks will either be

completely fetal-like or completely adult-like (Figure 3J). A non-

uniform transition should yield varying peak heights that trend

incrementally toward adult heights over time; that is, if each

enhancer is accessible in some cells, but not others (Figure 2B),

then neonatal peaks will range between fetal and adult heights

(Figure 3J). The observed peak height changes were incremental

rather than bi-modal (Figures 3K and 3L). This observation is

most consistent with non-uniform, continuous epigenome re-

modeling rather than uniform, precisely coordinated epigenomic

changes. Altogether, the epigenetic analyses reinforce our

scRNA-seq observations. They favor a model in which adult

identity genes, and their associated enhancers, are activated

independently of one another rather than as part of a precisely

timed circuit.

Fetal-Specific Enhancers Remain Accessible and
Epigenetically Active in Adulthood
We next tested whether fetal enhancers are deactivated gradu-

ally, and non-uniformly, much as adult enhancers are activated.

Interestingly, enhancers near fetal identity genes remained

accessible in adulthood, and they exhibited only modest de-

creases in H3K4me1 and H3K27ac levels (Figures 4A–4E).

Several fetal identity genes, such as Hmga2 and Igf2bp2, had

qualitatively higher H3K4me1 levels throughout the gene bodies

at E16.5, compared with 8 weeks after birth (Figures 4F and 4G),

but the profiles of distal enhancer elements were remarkably

(E) Aggregate H3K4me1 and H3K27ac peaks for adult enhancers at the indicated ages.

(F) Histogram showing that accessibility of A > F enhancers increased gradually with age.

(G) HOMER analysis of adult enhancer elements. Parentheses indicate background.

(H) ROSE analysis of all enhancer elements and adult-specific enhancer elements, as determined by adult > fetal H3K27ac.

(I) Histograms indicating hematopoietic transcription factor binding at adult enhancer elements.

(J) A model for how aggregate ATAC-seq profiles can reflect uniform or non-uniform changes in chromatin remodeling.

(K and L) Heights for individual adult > fetal ATAC-seq peaks (K), or adult enhancers (L) with at least a 2-fold dynamic range, are shown normalized to the adult

peak height.
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similar at all ages. This raised the question of whether other

epigenetic mechanisms exist to suppress fetal gene expression

in the adult HSCs. To test this, we used ChIPmentation to assess

repressive histone 3, lysine 27 trimethylation (H3K27me3) at the

fetal and adult promoters and enhancers. Adult promoters and

enhancers had elevated H3K27me3 in fetal HSCs/HPCs, relative

to adult HSCs/HPCs, consistent with lower expression levels

(Figure 4H). In contrast, fetal promoters and enhancers had iden-

tical levels of H3K27me3 at both ages (Figure 4H). Again, the

data suggest that fetal enhancers and promoters remain epige-

netically competent to drive gene expression even in the adult

stage of development. We did observe strong enrichment for

BCL11A sites within the fetal promoters (Figure 4I). BCL11A

directly represses fetal hemoglobin promoters after birth (Liu

et al., 2018), and it may perform a similar function at other

fetal-specific loci. Regardless of the exact transcription factors

involved, the data show that neonatal HSC development is

accompanied by widespread commissioning of adult enhancer

elements but not concomitant decommissioning of fetal

enhancer elements.

TheTransition toAdult Transcriptional ProgramsBegins
Prior to Birth
We considered that the neonatal transition might commence

when HSCs migrate from the fetal liver to the bone marrow. To

test this possibility, we compared single-cell transcriptomes of

P0 liver and bone marrow HSCs with one another and with

HSCs harvested from the E16.5 liver and P7 bone marrow

Figure 4. Fetal Identity Gene Enhancers Remain Accessible and Primed in Adult HSCs and HPCs

(A) ATAC-seq (red), H3K4me1 (green), and H3K27ac (purple) peaks for enhancers that map within 100 kB of fetal identity genes.

(B–D) Aggregate H3K4me1 and H3K27ac levels in adult HSCs and HPCs.

(E) Aggregate ATAC-seq profiles for the same enhancers.

(F and G) The gene bodies of Hmga2 and Igf2bp2 have qualitatively higher H3K4me1 in fetal HSCs and HPCs (arrows).

(H) Aggregate histograms of H3K27me3 at promoters and enhancers associated with fetal and adult identity genes.

(I) HOMER analysis of fetal identity gene promoters.
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(Figure 5A; Figures S4A and S4B). If localization to the bone

marrow were to coincide with the onset of fetal-to-adult identity

changes, then P0 liver and bonemarrow HSCs would cluster ac-

cording to their location rather than their age (Figure 5A). Instead,

clustering and t-SNE visualization showed that P0 bone marrow

and liver HSCs formed a single cluster that was distinct from the

E16.5 and P7 HSCs (Figures 5B and 5C). We performed the

same analysis on E16.5, P0, and P7 HPCs (Figures 5D and 5E;

Figures S4C–S4H). Again, the P0 bone marrow and liver HPCs

clustered with one another rather than with the E16.5 and P7

HPCs (Figures 5D and 5E). Both P0 liver and bone marrow

HSCs (and HPCs) had adult identity scores that closely resem-

bled P7 HSCs (and HPCs) (Figures 5F and 5G). Thus, HSCs

and HPCs begin transitioning from fetal to adult transcriptional

programs before birth, irrespective of whether they are located

in the liver or bone marrow.

Late Prenatal Type I IFN Signaling Drives Adult HSC and
HPC Transcriptional Programs
In comparing bone marrow and liver HSCs/HPCs, we noted

higher expression of type I IFN target genes, including Irf7,

Ifit1, and Ifi27l2a, at P0 relative to both E16.5 and P7 (Figures

5H–5J; Table S4). This unexpected, coordinated spike in

gene expression contrasted with the more gradual, uncoordi-

nated changes that were observed for other fetal and adult

identity genes. It raised questions as to the precise age at

which IFN target gene expression increases in fetal HSCs and

how IFN signaling influences perinatal and postnatal gene

expression.

To determine when IFN target genes are induced, we per-

formed bulk RNA-seq on E14.5, E16.5, E18.5, P0, P7, P14,

and 8-week-old HSCs and E16.5, P0, P7, P14, and 8-week-old

HPCs. A large number of IFN- and inflammation-related genes

Figure 5. The Transition from Fetal to Adult Identity Begins Prior to Birth and Coincides with a Transient Pulse in Type I IFN Target Gene

Expression
(A) Overview of scRNA-seq profiles for location-dependent and location-independent transitions.

(B–E) P0 liver and bone marrow HSCs (B and C) and HPCs (D and E) cluster together and separate from both E16.5 and P7 HSCs/HPCs.

(F andG) Adult identity scores for E16.5 liver, P0 liver, P0 bonemarrow, and P7 bonemarrowHSCs andHPCs. ***p < 0.0001 relative to E16.5, two-tailed Student’s

t test.

(H) Reactome pathway analysis of genes expressed higher in P0 HSCs than E16.5 and P7 HSCs (false discovery rate [FDR] < 0.001).

(I and J) Percentages of HSCs and HPCs at each age with detectable Irf7, Ifit1, and Ifi27l2a expression.

See also Figure S4 and Tables S1 and S4.
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were induced between E16.5 and E18.5 in HSCs (Figures 6A–

6C). Most of these genes spiked in expression at E18.5 and

P0. Expression then persisted at slightly lower levels after birth.

Similar patterns were observed for HPCs (Figures S5A and S5B).

IFNa and IFNb protein levels were elevated by approximately

3-fold in the E18.5 liver, relative to E14.5 and E16.5 livers (Figures

6D and 6E), but maternal blood IFNa levels were very low at both

ages (Figure S5C). IFN target gene induction at E18 required the

IFNa/b receptor, IFNAR (Figures 6F and 6G). Altogether, these

data show that there is a spike in type I IFN signaling between

E16 and E18 that alters gene expression in both HSCs

and HPCs.

We next sought to identify the IFN source and stimulus. Pro-

gesterone signaling has been shown to suppress inflammation

in some contexts, and progesterone levels drop during late

gestation (Shah et al., 2019; Virgo and Bellward, 1974), but exog-

enous progesterone did not suppress INFa and IFNb levels at

E18 (Figures 6D and 6E). Fetal gut flora diversity expands

considerably between E16 and 18, raising the possibility that

this diversification stimulates IFN expression (Younge et al.,

2019). To test this possibility, we measured IFNa and IFNb levels

in germ-free mice at E14 and E18. We found that expression

increased at E18 even under germ-free conditions (Figures 6H

and 6I). Ifit1 and Irf7 expression increased in HSCs/HPCs har-

vested from germ-free mice (Figure 6J), and we did not observe

changes in HSC or HPC numbers under germ-free conditions

(Figures S5D and S5E). Altogether, the data show that late-

gestation IFN signaling arises as part of a normal, sterile devel-

opmental program rather than in response to changes in the

microbiome.

IFNa/b expression has previously been observed in the skin,

thymus, and spleen in murine and human fetuses, including un-

der germ-free conditions (Colantonio et al., 2011; Duc-Goiran

et al., 1994; Tovey et al., 1987). To identify a potential source,

we performed quantitative RT-PCR for pan-Ifna or Ifnb1 tran-

scripts, using cDNA from a variety of organs harvested at E14

and E18. We detected low-level expression of Ifna and Ifnb in

the E18 placenta and thymus, relative to the E14 liver. We de-

tected a high level of Ifna expression in the E18 skin (Figure 6K).

We were unable to detect Ifna/b expression in isolated hemato-

poietic populations (dendritic cells, liver monocytes, liver lym-

phocytes, thymocytes, or splenocytes; data not shown). The

data implicate the skin, and possibly other organs, as a non-local

IFN source.

As several lines of evidence have identified type I IFN

signaling as a developmental switch in neonatal HSCs, we

tested whether it regulates of adult identity gene expression.

We performed RNA-seq on P0 HSCs and HPCs from wild-

type and Ifnar�/� mice. Many adult identity genes were Ifnar

dependent, particularly in HPCs, but also to a lesser extent

in HSCs (Figures 6L and 6M; Figure S5F; Table S5). We there-

fore used scRNA-seq to test whether Ifnar deletion could blunt

adult transcriptional programs in P7 HPCs (Figure 6N; Figures

S5G and S5H). Identity scores were indeed more fetal-like,

and less adult-like, in Ifnar1�/� HPCs relative to wild-type

HPCs (Figure 6N). ATAC-seq profiles of Ifnar�/� HPCs were

also qualitatively less adult-like than those of wild-type HPCs

at P7 (Figure S5I), consistent with a delayed transition to adult

identity.

Type I IFN Signaling Drives HPC Expansion, and It
Enhances Major Histocompatibility I Gene Expression,
from Late Gestation Onward
We tested whether the prenatal IFN spike regulates perinatal and

postnatal hematopoiesis. We first measured HSC and HPC

numbers at E16 and P0. HSC numbers were similar in wild-

type and Ifnar�/� mice, at both E16 and P0 (Figure 7A). In

contrast, HPC numbers increased �3- to 4-fold between E16

and P0 in wild-type mice, but not in Ifnar�/� mice (Figure 7B).

Ifnar�/�HSCswere functional at both P0 and P14, as determined

by competitive transplants with 20 sorted HSCs (Figure 7C; Fig-

ures S6A–S6D). Bromodeoxyuridine (BrdU) incorporation was

similar in wild-type and Ifnar�/� HSCs at P7, indicating that the

transition to quiescence is not delayed in the absence of IFN

signaling (Figure S6E). Furthermore, Ifnar deletion did not cause

postnatal HSCs to retain fetal-like lineage biases, such as perito-

neal B1a B cell potential (Figure S6F). Thus, the late prenatal IFN

pulse promotes HPC expansion, but it does not alter HSC

numbers, proliferation or function.

As type I IFN signaling promotes HPC expansion, we tested

whether it also promotes expansion of other committed progen-

itor populations and whether the effects were age specific. We

analyzed HSC, multipotent progenitor (MPP), HPC-1, HPC-2,

pre-granulocyte-monocyte progenitors (pGMs), and granulo-

cyte-monocyte progenitor (GMP) frequencies using previously

described surface marker phenotypes (Oguro et al., 2013; Pronk

et al., 2007). MPPs and HPC-1s were significantly depleted in

Ifnar�/� mice from P0 onward (Figures 7E and 7F), as was the

lymphoid-biased FLK2+ HPC-1 (sometimes calledMPP4) subset

(Figure 7G). HPC-2s were less severely affected, and pGMs and

GMPswere either marginally expanded or not affected at all (Fig-

ures S6G–S6I). Thus, Ifnar deletion selectively impairedMPP and

HPC-1 expansion.

To further test whether IFN signaling regulates commitment

and gene expression in more committed progenitors, we per-

formed scRNA-seq on Lineage�c-kit+ progenitors from E16,

P0, P14, and adult wild-type and Ifnar�/� mice (Figure 7H; Fig-

ures S7A and S7B). Cells were clustered using Seurat and visu-

alized using uniform manifold approximation and projection

(UMAP) (Becht et al., 2018). We annotated clusters based on

expression of known lineage commitment genes (Figure 7H; Fig-

ure S7C). ICGS yielded very similar clustering results (Figures

S7D–S7F). Ifnar�/� progenitors were represented within all line-

age biased clusters (Figure 7I; Figures S7G and S7H). In fact,

Ifnar deletion did not enrich or deplete these populations relative

to the overall percentage of Ifnar�/� cells in each age group (Fig-

ure 7J). Thus, Ifnar deletion selectively depleted immature

MPPs/HPCs. One notable consequence of Ifnar deletion was

reduced expression of genes associated with major histocom-

patibility complex type I (MHC-I) antigen expression (e.g.,

H2-K1, H2-D1, B2m) across all progenitor clusters (Figure 7K;

Figures S7I–S7L; Table S6). MHC-I gene expression increases

with age in wild-type progenitors, but Ifnar deletion blunts the

change and potentially masks these progenitors from T cell-

mediated destruction. Altogether, the data show that type I IFN

signaling promotes adult transcriptional programs in both

HSCs and HPCs, it promotes late prenatal and postnatal HPC

expansion, and it promotes MHC-I expression that increases

during ontogeny.
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Figure 6. Type I IFN Signaling Spikes at E18 and Promotes Adult Identity Gene Expression

(A) IFN target gene expression in HSCs at indicated ages. n = 4.

(B) Irf7, Ifi27l2a, and Ifit1 expression.

(C) Biological process genes sets up in E18.5 or P0 HSCs relative to E16.5 (FDR < 0.001).

(D and E) IFNa and IFNb levels in fetal livers at E14.5, E16.5, and E18.5 (with or without progesterone). n = 4–10.

(F and G) Ifit1 and Irf7 expression in wild-type and Ifnar1�/� HSCs/HPCs at E14.5 and E18.5. n = 4–6.

(H) IFNa expression in E14 and E18 fetal livers from standard pathogen-free (SPF) or germ-free (GF) mothers. n = 5–10.

(I and J) Ifit1 and Irf7 expression in HSCs/HPCs from SPF and GF mice. n = 3 or 4.

(K) Expression of pan-Ifna and Ifnb1 in indicated tissues, normalized to E14 liver. n = 3.

(L) Percentage of Ifnar-dependent adult identity genes in P0 HSCs and HPCs.

(M) Ifnar-dependent adult identity genes (HPC-specific genes in purple, HSC/HPC genes in brown).

(N) Adult identity scores for P7 wild-type and Ifnar1�/� HPCs.

All error bars indicate SDs. *p < 0.05, **p < 0.01, and ***p < 0.0001; for (F) and (G), ##p < 0.001 for E18.5 wild-type HSCs/HPCs relative to E14.5 wild-type and

E18.5 Ifnar�/� HSCs/HPCs. All comparisons were made using one-way ANOVA with Holm-Sidak post hoc testing (D–J) or a two-tailed Student’s t test (N). See

also Figure S5 and Tables S1 and S5.
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Figure 7. Ifnar Deletion Impairs Perinatal HPC Expansion and MHC-I Expression, and It Prevents FLT3ITD-Driven HPC Expansion

(A and B) HSC and HPC numbers in E16 and P0, wild-type, Ifnar+/�, and Ifnar�/� livers. n = 5–9.

(C) Peripheral blood reconstitution from P0 wild-type and Ifnar�/� HSCs. n = 12–14.

(D–G) HSC, MPP, HPC-1, and FLK2+HPC-1 frequencies in wild-type and Ifnar�/� mice at E16, P0, P14, and 8 weeks old. n = 5–8.

(H) UMAP plots of Lineage�c-kit+ cells on the basis of scRNA-seq transcriptomes at E16, P0, P14, and 8 weeks old. Clusters are color coded on the basis of

expression of known lineage markers (see Figure S7C for the adult example).

(I) UMAP plots, as in (H), with color coding to indicate wild-type and Ifnar�/� cells.

(J) Normalized frequencies of Ifnar�/� cells in each lineage biased population.

(K) H2-D1 expression in wild-type and Ifnar�/� Lineage�c-kit+ cells at indicated ages.

(L and M) Hindlimb HSC/HPC-1 numbers in P14 Flt3 and Ifnar mutant mice. n = 8–13.

(N) Gene expression changes for Ifnar-dependent FLT3ITD targets. Genes involved in AML pathogenesis are indicated to the right.

All error bars indicate SDs. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA (A and B) or a two-tailed Student’s t test (D–G and K) with Holm-Sidak post

hoc testing. See also Figures S6 and S7 and Tables S1, S6, and S7.
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Type I IFN Signaling Sensitizes Postnatal HPCs to
FLT3ITD

Mechanisms of leukemogenesis change through the course of

neonatal developmental (Lopez et al., 2019; Okeyo-Owuor

et al., 2019; Porter et al., 2016), raising the question of whether

neonatal type I IFN signaling canmodulate sensitivity to leukemo-

genic mutations.We have previously shown that the Flt3ITDmuta-

tion induces HPC expansion and HSC depletion after birth, but

not before (Porter et al., 2016). To test whether neonatal IFN

signaling sensitizes HPCs to FLT3ITD, we generated compound

mutant Flt3ITD/+;Ifnar�/� mice and analyzed HSC and HPC

numbers at P14. Flt3ITD caused HSC depletion irrespective of If-

nar genotype, but FLT3ITD-driven HPC-1 expansion was

completely rescued in Ifnar�/� mice (Figures 7L and 7M). Prior

studies have shown that HPC-1s are the cells of origin for

FLT3ITD-driven acute myeloid leukemia (AML) (Mead et al.,

2013; Shih et al., 2015), and we therefore tested whether Ifnar

deletion altered FLT3ITD target gene expression in these cells.

Ifnar deletion rescued expression of a subset of FLT3ITD target

genes, including many that are not canonical IFN targets (Fig-

ure 7N; Table S7). Several of these genes have established roles

in AML pathogenesis (e.g.,Bcl2,Myc,Met,Csf1r, and Irf8). These

findings establish a role for type I IFN signaling not only in normal

hematopoiesis but also in FLT3ITD-driven malignant hematopoie-

sis. Normal temporal changes in IFN expression can determine

when in ontogeny HPCs become competent to transform.

DISCUSSION

Our data provide a model, and a timeline, that describes how

HSCs and HPCs transition from fetal to adult identities. The tran-

sition begins before birth, and it coincides with a spike in type I

IFN signaling. Interestingly, the transition does not require migra-

tion to the bone marrow, as neonatal liver and bone marrow

HSCs have indistinguishable single-cell transcriptomes. After

birth, heterochronic genes convert, slowly and non-uniformly,

from fetal- to adult-like expression patterns. In aggregate, this

causes a gradual shift toward adult HSC/HPC identities, but it

also results in extensive epigenetic and transcriptional heteroge-

neity during the neonatal transition period. We propose that the

uncoordinated nature of the circuit allows HSC development to

progress gradually with only limited guidance from sequential,

precisely timed cues.

The only precisely timed switch that we identified was a late

prenatal IFN pulse at E18.5. IFN signaling appears to function

differently in neonates than at other ages. During the earliest

stages of hematopoietic ontogeny, IFN promotes emergence

of HSCs from the AGM (He et al., 2015; Kim et al., 2016; Li

et al., 2014). During adulthood, acute type I IFN stimulation pro-

motes HSC proliferation andmegakaryocyte activation, whereas

chronic stimulation promotes HSC quiescence (Essers et al.,

2009; Haas et al., 2015; Pietras et al., 2014; Walter et al.,

2015). In neonates, IFN signaling had no effect on HSC numbers

or function. Instead, it promoted perinatal and postnatal expan-

sion of the HPC population, it reinforced an adult-like transcrip-

tional programwithin the HPCs (and to a lesser extent the HSCs),

and it drove expression of the MHC-I complex in all progenitor

populations. The latter finding suggests that fetal and neonatal

progenitors may be masked from T cell-mediated destruction

relative to older progenitors. This has potential implications for

idiopathic aplastic anemia, as it suggests that IFN signaling

could potentially be targeted to mitigate T cell-mediated HSC

and progenitor cell losses.

One intriguing finding from our epigenomic studies was that

most fetal enhancers are not decommissioned in adult progeni-

tors. Thus, the adult enhancer landscape appears to superim-

pose itself on the fetal landscape rather than replace it. Efforts

to reprogram adult progenitors to fetal-like states could benefit

from the fact that fetal enhancers remain primed and accessible.

However, the permissive chromatin state may also allow fetal

programs to be reactivated in adult hematopoietic malignancies.

For example, Dnmt3a-mutant murine progenitors can ectopi-

cally activate a fetal gene expression signature (Guryanova

et al., 2016). Likewise, IGF2BP1, 2, and 3 are ectopically ex-

pressed and functionally important in some human leukemias

(Elcheva et al., 2020; Palanichamy et al., 2016). Although it is

not clear how these programs are activated in leukemia cells,

our data raise the possibility that leukemiasmay co-opt fetal reg-

ulatory elements.

Our findings have implications for childhood leukemogenesis.

Mutations have age-specific effects on HSC/HPC fates, sug-

gesting that normal developmental switches can make cells

more, or less, competent to transform (Lopez et al., 2019; Magee

et al., 2012; Okeyo-Owuor et al., 2019; Porter et al., 2016). We

have now identified neonatal IFN signaling as a switch that sen-

sitizes HPCs to FLT3ITD. It will be interesting to test whether

IFNa/b signaling modulates age-specific responses to other

leukemogenic mutations, as well.

Limitations of Study
Our data raise the question of why additional developmental

switches were not identified and whether they would have

been identified if we could have surveilled single-cell transcrip-

tomes in their entirety. It is possible that with a deeper sampling

of the single-cell transcriptomes, additional switches and corre-

lations among heterochronic genes would emerge. However, a

lack of depth cannot, by itself, explain the patterns we observed.

Essentially every adult HSC identity gene was expressed in a

percentage of fetal HSCs, and essentially every fetal identity

gene was expressed in a percentage of adult HSCs (Figure 2;

Figure S3). This pattern generalized to a large percentage of ex-

pressed genes (Figure 1I; Figure S2). This is not compatible with

a precise developmental circuit wherein well-defined inductive

signals activate super-enhancers and feedforward loops to

enforce robust, uniform changes in HSC identity. The data are

more consistent with a model in which neonatal HSCs and

HPCs are exposed to chronic intrinsic and/or extrinsic stimuli

that gradually recruit and activate adult-specific enhancers.

The latter model predicts that over time, all HSCs/HPCs will

arrive at an adult-like state, but the path each cell takes to get

to that point will vary.

In addition, several questions need to be addressed in future

studies. For example, our data predict that adult enhancers

could be calibrated to activate earlier, or later, by altering affinity

for the transcription factors shown in Figure 3I. This has yet to be

tested. Likewise, we have not yet identified the transcription fac-

tors that limit fetal gene expression to the fetal stage despite

epigenetic competence in adulthood. Finally, the putative link
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between skin IFNa/b expression and HSC/HPC gene expression

changes needs to be functionally tested. These will be ad-

dressed in ongoing studies.
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CD45.2-AF700 Biolegend 109822; RRID: AB_493731

CD11b-APC Biolegend 101212; RRID: AB_312795

Gr-1-PE-Cy7 Biolegend 108416; RRID: AB_313381

B220-PercpCy5.5 Biolegend 103236; RRID: AB_893354

CD3-PE Biolegend 100206; RRID: AB_312663

CD117-Biotin Biolegend 135129; RRID: AB_2566721

CD117-Biotin Biolegend 105804; RRID: AB_313213

CD135-Biotin Invitrogen 13-1351-82; RRID: AB_466599

H3K4me1 Diagenode C15410194; RRID: AB_2637078

H3K4me3 Diagenode C15410003; RRID: AB_2616052

H3K27ac Diagenode C15410196; RRID: AB_2637079

H3K27me3 Diagenode C15410069; RRID: AB_2814977

Bacterial and Virus Strains

TetO-FUW-oct4 Brambrink et al., 2008 Addgene: #20323

Chemicals, Peptides, and Recombinant Proteins

Streptavidin-PE-Cy7 Biolegend 405206

Streptavidin-APC-Cy7 Biolegend 405208

Mojosort Streptavidin Nanobeads Biolegend 76447

Critical Commercial Assays

APC BrdU Flow Kit BD 51-9000019AK

RNeasy Plus Micro Kit QIAGEN 74034

MinElute Reaction Cleanup Kit QIAGEN 28204

Illumina Tagment DNA Enzyme and Buffer

(Small Kit)

Illumina 20034210

Sera-Mag Speedbeads Fisher 09-981-123

NEBNext High-Fidelity 2X PCR Master Mix NEB M0541S

VeriKine-HS Mouse IFN-a All Subtype ELISA Kit PBL 42115

VeriKine-HS Mouse IFN Beta Serum ELISA Kit PBL 42410

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Coomassie Plus (Bradford) Assay Kit Thermo 23236

Ampure XP SPRI Beads Beckman B23318

Chromium Single Cell 30 Library and Gel

Bead Kit v2

10x Genomics PN-120237

Chromium Single Cell 30 Chip kit v2 10x Genomics PN-120236

Chromium i7 Multiplex Kit 10x Genomics PN-120262

Deposited Data

ATAC-seq This paper GEO: GSE128758

RNA-seq This paper GEO: GSE128759

ChIPmentation This paper GEO: GSE128760

scRNA-seq This paper GEO: GSE128761

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:006965

Mouse: B6(Cg)-Ifnar1tm1.2Ees/J The Jackson Laboratory RRID:IMSR_JAX:028288

Mouse: B6.129-Flt3tm1Dgg/J The Jackson Laboratory RRID:IMSR_JAX:011112

Mouse: B6.SJL-Ptprca Pepcb/BoyJ The Jackson Laboratory RRID:IMSR_JAX:002014

Oligonucleotides

Primer for Ifnar1 genotyping: Forward (Common):

ACTCAGGTTCGCTCCATCAG

https://www.jax.org/Protocol?

stockNumber=028256&protocolID=27369

N/A

Primer for Ifnar1 genotyping: WT Reverse:

CTTTTAACCACTTCGCCTCGT

https://www.jax.org/Protocol?

stockNumber=028256&protocolID=27369

N/A

Primer for Ifnar1 genotyping: MUT Reverse:

GAACCTGAGGCTGTCGAAGG

https://www.jax.org/Protocol?

stockNumber=028256&protocolID=27369

N/A

Primer for qPCR: Ifna Forward:

CCCTCCTAGACTCATTCTGCA

Marro et al., 2019 N/A

Primer for qPCR: Ifna Reverse:

AGGCACAGGGGCTGTGTTTC

Marro et al., 2019 N/A

Primer for Flt3-ITD genotyping: Forward

(Common): TCTGGTTCCATCCATCTTCC

https://www.jax.org/Protocol?

stockNumber=011112&protocolID=27300

N/A

Primer for Flt3-ITD genotyping: WT Reverse:

AGGAAGTCGATGTTGGCACT

https://www.jax.org/Protocol?

stockNumber=011112&protocolID=27300

N/A

Primer for Flt3-ITD genotyping: MUT Reverse:

TGGCTACCCGTGATATTGCT

https://www.jax.org/Protocol?

stockNumber=011112&protocolID=27300

N/A

Actb Thermo Fisher Cat#4352663

Ifna (Mm03030145_Gh) Thermo Fisher Cat#4331182

Ifnb1 (Mm00439546_s1) Thermo Fisher Cat#4331182

Irf7 (Mm00516793_g1) Thermo Fisher Cat#4331182

Ifit1 (Mm00515153_m1) Thermo Fisher Cat#4331182

ATAC-seq and ChIPmentation primers Buenrostro et el., 2013 N/A

Recombinant DNA

TetO-FUW-EGFP This study N/A

TetO-FUW-IGFP2B1-2A-EGFP This study N/A

TetO-FUW- IGFP2B2-2A-EGFP This study N/A

Software and Algorithms

RStudio RStudio https://rstudio.com

Seurat v2/v3 (Butler et al., 2018, Stuart et al., 2019) https://satijalab.org/seurat/

Quadratic Programming (Treutlein et al., 2016; Biddy et al., 2018) https://cran.r-project.org/web/packages/

quadprog/index.html

ICGS2 (Venkatasubramanian et al., 2020) https://altanalyze.readthedocs.io/en/

latest/ICGS/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents and resources should be directed to and will be fulfilled by the Lead Contact, Jeffrey

Magee (mageej@wustl.edu).

Materials Availability
This study did not generate new unique reagents.

Data Availability
The datasets generated during this study are available at Gene Expression Omnibus, under GEO: GSE128758 (ATAC-seq), GEO:

GSE128759 (RNA-seq), GEO: GSE128760 (ChIPmentation), and GEO: GSE128761 (scRNA-seq).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed with C57BL/6 strain mice purchased from the Jackson Laboratory or bred (with Jackson Laboratory

founders) in the Magee lab colony. Ages are indicated in the text and figures; both sexes were used equivalently. For fetal studies,

timed pregnant C57BL/6 female mice were purchased from the Jackson Laboratory. Deliveries were coordinated so that all cells in

each independent experiment were harvested simultaneously, and the pregnant females were given several days to acclimate to the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CellHarmony (DePasquale et al., 2019) https://github.com/nsalomonis/

altanalyze/wiki/cellHarmony

CellRanger v2.1.0/v3.0.1 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

overview/welcome

Weighted correlation network analysis (WGCNA) (Langfelder and Horvath, 2008) https://hms-dbmi.github.io/scw/

WGCNA.html

STAR version 2.0.4b (Dobin et al., 2013) https://github.com/alexdobin/STAR

GAGE (Generally Applicable Gene-set Enrichment) (Luo et al., 2009) https://bioconductor.org/packages/

release/bioc/html/gage.html

Reactome (Joshi-Tope et al., 2005) https://reactome.org

limma/voom (Ritchie et al., 2015) https://www.bioconductor.org/

packages/release/bioc/html/limma.html

Spotfire Omics package Spotfire Omics package https://www.tibco.com/products/

tibco-spotfire

ATAC-seq and DNase-seq processing

pipeline, v0.3.3

(Kundaje et al., 2015) https://github.com/kundajelab/

atac_dnase_pipelines

AQUAS TF and histone ChIP-seq pipeline, v0.3.3 (Kundaje et al., 2015) https://github.com/kundajelab/

chipseq_pipeline

Bowtie2 Bowtie, v2.2.26 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

DiffBind DiffBind http://www.bioconductor.org/packages/

2.13/bioc/html/DiffBind.html

Irreproducible Discovery Rate (IDR) (Li et al., 2011) https://www.encodeproject.org/

software/idr

MACS2 MACS2, V2.1.0 https://github.com/macs3-project/MACS

Rank Ordering of Super Enhancers (ROSE) (Whyte et al., 2013) http://younglab.wi.mit.edu/super_

enhancer_code.html

HOMER (Heinz et al., 2010) http://homer.ucsd.edu/homer/motif

BD FACSDiva BD N/A

Flowjo v.10 Treestar N/A

GraphPad Prism v.8 GraphPad Software N/A

WashU Epigenome browser (Zhou et al., 2013) https://epigenomegateway.wustl.edu
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colony before they were euthanized. Ifnar1�/� – RRID:IMSR_JAX:028288 (Prigge et al., 2015), Flt3ITD – RRID:IMSR_JAX:011112

(Lee et al., 2007), and Rosa26M2-rTTA – RRID:IMSR_JAX:006965 (Hochedlinger et al., 2005) mice were obtained from the Jackson

Laboratory. Mice were housed in a standard pathogen free barrier facility, except for the germ free studies as indicated in the

text. For comparisons of germ free and standard pathogen-free housed mice, in vitro fertilizations were performed under sterile con-

ditions. Fertilized embryoswere then implanted into pseudopregnant germ free or standardmothers, on the same dayswith the same

embryo sources. Fetal livers were then analyzed at the indicated time points, in parallel. All procedures were performed according to

an IACUC approved protocol at Washington University School of Medicine. All mice were healthy and immune competent. All mice

were naive to prior procedures, drugs or tests. Cell lines were not used in these studies.

METHOD DETAILS

Flow cytometry
Bone marrow cells were obtained by flushing the long bones (tibias and femurs) or by crushing long bones, pelvic bones and

vertebrae with a mortar and pestle in calcium and magnesium-free Hank’s buffered salt solution (HBSS), supplemented with 2%

heat inactivated bovine serum (GIBCO). Fetal and P0 liver cells were obtained by macerating livers with frosted slides. Single cell

suspensions were filtered through a 40 mm cell strainer (Fisher). The cells were then stained sequentially, for 20 minutes each,

with biotin conjugated anti-CD117 (c-kit; 2B8) and then Streptavidin-conjugated paramagnetic beads (Biolegend). c-kit+ cells

were enriched by magnetic selection with an Automacs or LS magnetic columns (Miltenyi Biotec). Cells were stained for flow cytom-

etry using the following antibodies, all of which were from Biolegend except as indicated: CD150 (TC15-12F12.2), CD48 (HM48-1),

Sca1 (D7), c-kit (2B8), Ter119 (Ter-119), CD3 (17A2), CD11b (M1/70), Gr1 (RB6-8C5), B220 (RA3-6B2), CD4 (GK1.5), CD8a (53-6.7),

CD2 (RM2-5), CD45.1 (A20), CD45.2 (104), surface IgM (RMM-1), CD5 (53-7.3), CD21 (7E9), CD23 (B3B4), CD135 (eBioscience;

A2F10), CD105 (MJ7/18), CD41 (MWReg30), CD16/32 (93). Lineage stains for all experiments included CD2, CD3, CD8a, Ter119,

B220 and Gr1. Antibodies to CD4 and CD11b were omitted from the lineage stains because they are expressed on fetal HSCs at

low levels. The following surface marker phenotypes were used to define cell populations at all ages: HSCs (CD150+, CD48-, Line-

age-, Sca1+, c-kit+), HPCs (CD48+, Lineage-, Sca1+, c-kit+), MPP (CD150-, CD48-, Lineage-, Sca1+, c-kit+), HPC-1 (CD150-, CD48+,

Lineage-, Sca1+, c-kit+), HPC-2 (CD150+, CD48+, Lineage-, Sca1+, c-kit+), FLK2+ HPC-1 (CD135+, CD150-, CD48+, Lineage-, Sca1+,

c-kit+), pGM (Lineage-, Sca1-, c-kit+, CD150-, CD105-, CD16/32-) and GMP (Lineage-, Sca1-, c-kit+, CD150-, CD105-, CD16/32+).

Non-viable cells were excluded from analyses by 4’,6-diamidino-2-phenylindone (DAPI) staining (1 mg/ml). Flow cytometry was per-

formed on a BD FACSAria Fusion flow cytometer (BD Biosciences). Cells were double sorted to ensure purity.

Single cell RNA-seq library construction
For each independent experiment, HSCs and HPCs for all groups were isolated by flow cytometry at the same time, using identical

gating strategies, to minimize technical variation. For most groups, fifteen thousand HSCs or HPCs were double sorted into Phos-

phate Buffered Saline (PBS) with 0.1% Bovine Serum Albumin (BSA). Fewer cells were obtained from P0 bone marrow. Cell capture

was performed immediately after cell isolation using the 10x Genomics platform. Kits included the Chromium Single Cell 30 Library
and Gel Bead Kit v2 (PN-120237), Chromium Single Cell 30 Chip kit v2 (PN-120236) and Chromium i7 Multiplex Kit (PN-120262), and

they were used according to the manufacturer’s instructions as per the Chromium Single Cell 30 Reagents Kits V2 User Guide. The

entire sorted population was loaded per lane of the chip with a goal of capturing 10,000 single-cell transcriptomes. All samples within

a given experiment were processed in parallel, on the same day. Resulting cDNA libraries were quantified on an Agilent Tapestation

and sequenced on an Illumina HiSeq 3000. scRNA-seq data can be accessed from Gene Expression Omnibus (GSE128761).

ATAC-seq and Chipmentation
For ATAC-seq, HSCs or HPCs were double sorted into PBS + 0.1% BSA. For most assays, 50,000 cells were isolated, though only

30,000 cells could be obtained for P7 HPCs. At least 3 independent replicates were analyzed per time point and population. Cells

were processed, and libraries were generated, using themethod described byCorces et al. (Corces et al., 2017). Library amplification

was performed using barcoded primers as described by Buenrostro et al. (Buenrostro et al., 2013). After library amplification, frag-

ments were size selected with SPRI beads (Beckman Coulter) with ratios of 0.9x and 1.8x for right- and left-sided selection.

Sequencing was performed on a HiSeq2500.

For Chipmentation assays, 30,000 HSCs or HPCs were double sorted into PBS + 0.1% BSA. Chipmentation was performed as

described by Schmidl et al. (Schmidl et al., 2015). Sonication was performed with a Covaris E220 using empirically defined setting

(Peak incident power 105, duty factor 2%, cycles per burst 200, duration 840 s). ChIP-seq gradeH3K4me1, H3K27ac andH3K27me3

antibodies were purchased from Diagenode. Library amplification was performed using barcoded primers as described by Buenros-

tro et al. (Buenrostro et al., 2013). After library amplification, fragments were size selected with SPRI beads with ratios of 0.65x and

0.9x for right- and left-sided selection. Sequencing was performed on a HiSeq2500.

RNA-seq
For each replicate, ten thousand HSCs or HPCs were double sorted into PBS with 0.1% BSA. Cells were pelleted by centrifugation

and resuspended in RLT-plus RNA lysis buffer (QIAGEN). RNA was isolated with RNAeasy micro-plus columns (QIAGEN). RNaseq

libraries were generated with Clontech SMRTer kits, and sequencing was performed on a HiSeq3000.
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IFNa and IFNb ELISA
IFNa and IFNb levels were measured in fetal liver andmaternal serum by ELISA (PBL assay science, Mouse Interferon alpha and beta

ELISA kits). Fetal liver lysates were obtained by homogenizing liver fragments in a buffer of 100 mM Tris (pH 7.4), 150 mM NaCl, 1%

Triton X-100, 0.5% sodium deoxycholate, 1 mMEDTA, 1 mM EGTA. IFNa/b concentrations were normalized to total protein concen-

trations that were measured by Bradford assay (Coomassie Plus Bradford kit, Thermo Fisher).

Quantitative RT-PCR
For analysis of IFN target genes by quantitative RT-PCR, total RNA was isolated as described above using the QIAGEN RNAeasy

micro plus kit. For analysis of Ifna and Ifnb expression, the indicated organs were dissected and homogenized in Trizol reagent

(Thermo Fisher) with a tissue homogenizer. RNA was then isolated according to manufacturer protocol. cDNA was generated

with Superscript III reverse transcriptase (Thermo Fisher). Quantitative RT-PCR was performed with taqman probes specific to

each indicated target gene (Thermo Fisher) or with pan-Ifna primers (Marro et al., 2019) using iTaq Universal Prober or SYBR green

master mixes (Bio Rad). Expression values were normalized to Actb using the DDCT method.

Long-term repopulation assays and IGF2BP1/2 overexpression assays
Eight- to ten-week old C57BL/6Ka-Thy-1.2 (CD45.1) recipient mice were given two doses of 550 rad delivered at least 3 hours apart.

Wild-type or Ifnar�/� HSCs were isolated from the livers of P0 mice or the bone marrow of P14 mice (CD45.2). Twenty HSCs were

mixed with 300,000 competitor bone marrow cells per recipient and injected via the retroorbital sinus. To assess donor chimerism,

peripheral blood was obtained from the submandibular veins of recipient mice at the indicated times after transplantation. Blood was

subjected to ammonium-chloride lysis of the red blood cells and leukocytes were stained with antibodies to CD45.2, CD45.1, B220,

CD3, CD11b and Gr1 to assess multilineage engraftment. For IGF2BP-1 and�2 overexpression assays, coding sequences for each

protein were fused to EGFPwith a P2A linker and cloned in place of the Oct4 cDNA in the TetO-FUW-oct4 lentivirus backbone (Bram-

brink et al., 2008). HSCs were isolated from Rosa26M2-rTTA mice (Jackson Labs strain 006965). HSCs were transduced with lentivi-

ruses to express EGFP, IGF2B1-2A-EGFP or IGF2BP2-2A-EGFP proteins in the presence of doxycycline. Transduced cells were

transplanted with 300,000 wild-type competitor bone marrow cells as described above. Recipient mice were placed on doxycycline

chow prior to transplantation. HSC and HPC chimerism levels (%GFP+ cells) were measured in recipient bone marrow at 16 weeks

after transplantation.

BrdU incorporation assays
Bromo-deoxyuridine (BrdU; Sigma) was administered by IP injections (100mg/kg/dose) given every 8 hours beginning 24 hours prior

to bonemarrow or fetal liver harvest. HSCswere stained and enriched by c-kit selection as described above. BrdU incorporation was

measured by flow cytometry using the APC BrdU Flow Kit (BD Biosciences).

Assessment of B1a potential
P14 bone marrow cells were isolated from wild-type and Ifnar�/� littermates. The cells were stained for HSCs as described above,

and 100 HSCs were sorted into separate wells of a 96 well plate. Each well also contained 300,000 wild-type CD45.1 bone marrow

cells. The HSCs and competitor cells were transplanted into lethally irradiated CD45.1 recipient mice (two doses of 550 cGy sepa-

rated by 3 hours). The recipients were then euthanized to assess CD45.2+ peritoneal B1a chimerism at 8 weeks after transplantation.

Peritoneal washes were performed with staining media. Spleens and bone marrow were then isolated and stained as described

above. B1a B cells were defined within the peritoneal cell population as IgM+CD5+CD11b+. Spleen follicular B cells were defined

as B220+IgM+CD21+CD23-.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Comparisons
Group sizes and statistical tests are indicated in the text, with the exception of the bioinformatic analyses that are described below. In

all figures, error bars indicate standard deviations. Sample sizes and numbers of replicates are indicated in the figure legends. In all

cases inwhichmultiple comparisonsweremade, a Holm-Sidak posthoc test was used to correct formultiple comparisons. Amajority

of the comparisons of wild-type and Ifnar�/� progenitors were made prior to weaning/genotyping and were therefore performed in a

blinded fashion. All other comparisons (e.g., age-related comparisons) were unblinded.

Alignment, digital gene expression matrix generation and filtering
The Cell Ranger v.2.1.0 and v3.0.1 pipelines (10x Genomics) were used to process data generated from the 10x Chromium platform.

Digital gene expression (DGE) files were then filtered, as follows, for quality control. We first removed cells with a low number (< 200)

of unique detected genes. We then removed cells for which the total number of unique molecular identifiers (UMIs) (after log trans-

formation) was not within three standard deviations of themean. This was followed by removal of outlying cells with an unusually high

or low number of UMIs (greater than 3 standard deviations from the mean after log transformation). The removal step was performed

by fitting a LOESS curve (span = 0.5, degree = 2) to the number of UMIs with number of reads as the predictor. The same processwas

used to remove cells with unusually high or low number of genes, relative to the UMI counts. Finally, we removed cells in which the
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proportion of the UMI count attributable tomitochondrial genes was greater than 20%. Reads per cell, genes per cell andUMI per cell

are shown in Table S1.

Seurat and quadratic programming analyses
After filtering, the R package Seurat was used to normalize the DGE matrices, and to cluster and visualize cells (Butler et al., 2018).

Cell cycle scores were calculated for each cell using theCellCycleScoring function in Seurat. Metadata, such as cell cycle phase and

time point, were collected for each cell in addition to the expression data. We regressed out differences based on the number of

UMIs, proportion of mitochondrial UMIs, and cell cycle scores. Highly variable genes were then identified and used as input for

dimensionality reduction via principal component analysis. The resulting principal components, and the correlated genes, were

examined to determine the number of components to include in downstream analysis. These principal components were then

used as input to generate and visualize clusters using t-SNE and UMAP. When we compared data from independent experiments

to assess reproducibility, the data were integrated using canonical correlation analysis andmutual nearest neighbors with the Seurat

V3 pipeline (Butler et al., 2018; Stuart et al., 2019). Quadratic programming was used to calculate adult identity scores based on

expression of fetal and adult identity genes in each cell (Table S3). The identity genes were differentially expressed between the fetal

and adult HSC or HPC populations (Table S2), and they were also found to be differentially expressed in fetal-adult comparisons

described by either Porter et al. or McKinney-Freeman et al. (McKinney-Freeman et al., 2012; Porter et al., 2016). The R package

QuadProg was used to generate cell identity scores using methods that we have previously reported (Biddy et al., 2018; Kong

et al., 2020; Treutlein et al., 2016).

Random Gene Selection QP Analysis
The underlying assumption of quadratic programming is that each single-cell transcriptome is a linear combination of the reference

cell types, where the estimated coefficients labels the fractional identities toward each cell type (Biddy et al., 2018; Kong et al., 2020;

Treutlein et al., 2016). Let f = ½ffetal; fadult� be the identity scores for each cell; X = ½xfetal ; xadult� represented the reference transcriptome

matrix; and Y = ½ycell1; ycell2;.; ycelln� denoted the single-cell transcriptome. Then, we denoted the underlying model as

ycelli
=

2
664
ycelli ; gene1
ycelli ; gene2

«
ycelli ; genen

3
775= ffetal

2
664
xfetal; gene1

xfetal; gene2
«

xfetal; genem

3
775+ fadult

2
664
xadult; gene1

xadult; gene2
«

xadult; genem

3
775+

2
664
egene1
egene2
«

egenem

3
775

The linear model enabled us to calculate a ‘‘predicted’’ transcriptome profile based on the reference as bycelli = fXT . Thus, the devi-

ation of each gene for each cell between the real and predicted expression was calculated as egenej =
���ycelli ; genej � bycelli ; genej

���. The total
absolute deviation of each gene was computed as

Pn
i = 1

���ycelli ; genej � bycelli ; genej
���. Here, we first used the entire list of expressed genes to

calculate the fractional identity scores via quadratic programming, from which the ‘‘predicted’’ expression for each cell were then

computed. We further calculated the total absolute deviation for each gene. The distribution of the total absolute deviation was

observed to be bi-modal (Figures S2C and S6D). We divided the genes into two groups by manual selection of thresholds such

that the peaks in the distribution could be captured and separated (HSC: Group 1: total absolute deviation > 3500 (high variability);

Group 2: total absolute deviation < 2000 (low variability); HPC: Group 1: total absolute deviation > 5000 (high variability); Group 2: total

absolute deviation < 2000 (low variability). From each group, we randomly sampled 214 genes HSC and 115 genes for HPC and

calculated the adult identity scores using quadratic programming. We repeated this random sampling process 100 times and

averaged the identity scores.

Network construction via WGCNA
We performed weighted correlation network analysis using the R packageWGCNA (Langfelder and Horvath, 2008). ThoughWGCNA

was initially developed for analysis of bulk expression data, we adapted the approach for single cell analysis (https://hms-dbmi.

github.io/scw/WGCNA.html). For each age and cell type, differentially expressed genes were identified in Seurat. Pairwise correla-

tion, soft threshold, and adjacency matrices were computed and clustered using Ward’s method to identify modules of highly corre-

lated genes. The correlation heatmap was generated based on Pearson’s correlation matrix.

ICGS analysis
We performed Iterative Clustering and Guide-gene Selection (ICGS, version 2) analysis with the AltAnalyze toolkit (Venkatasubrama-

nian et al., 2020) following provided documentation (https://altanalyze.readthedocs.io/en/latest/ICGS/). In brief, with the 10x filtered

data matrix as input, ICGS (version 1) was used to iteratively identify guide genes. Dimensional reduction and initial clustering were

then performed using sparse non-negative matrix factorization (SNMF). Each cell cluster was re-evaluated based on the weight ma-

trix from SNMF, and highly correlated cluster-specific genes were identified. Clusters were refined using cluster fitness scores and

re-assigned using support vector machines. Comparisons of wild-type and Ifnar�/� progenitors were performed using ICGS2 in

conjunction with CellHarmony (DePasquale et al., 2019) via the AltAnalyze graphical interface. CellHarmony was used to integrate

and compare independent datasets from different treatments (wild-type and Ifnar�/�). Cells from the query were aligned/projected
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to the reference through k-nearest neighbor graph and community clustering within each dataset. With the alignment, cells from the

query were merged with the reference based on their correlation with their projecting cells. Integrated data was further projected and

visualized using UMAP.

RNA-seq analysis
Sequences were aligned to the mouse genome (Ensembl release 76 top-level assembly) using STAR version 2.0.4b (Dobin et al.,

2013). Linear modeling (limma/voom) was used to compare gene expression across samples (Ritchie et al., 2015). False discovery

rates were calculated using the Benjamini and Hochberg method. Pathway analysis was performed with Generally Applicable Gene-

set Enrichment (Luo et al., 2009) or Reactome (Joshi-Tope et al., 2005). Heatmaps for visualizing RNA-seq data were generated with

the Spotfire Omics package. RNA-seq data can be accessed from Gene Expression Omnibus (GSE128759).

ATAC-seq and ChIPmentation analysis
ATAC-seq reads were demultiplexed and mapped to mm10 using bowtie2. Peaks were identified and ChIP-seq coverage tracks

were generated with MACS2 using the ATAC-seq and DNase-seq processing pipeline developed by the Kundaje lab (https://

github.com/kundajelab/atac_dnase_pipelines, Version 0.3.3) (Kundaje et al., 2015). Consistency among replicates was assessed

based on Irreproducible Discovery Rates (Li et al., 2011). Differential binding peaks were identified with the R package DiffBind.

Signal tracks were visualized with the WashU Epigenome browser (Zhou et al., 2013).

ChIPmentation Reads were demultiplexed and mapped to mm10. Peaks were identified and ChIP-seq coverage tracks were

generated with MACS2 using the AQUAS TF and histone ChIP-seq pipeline with the ‘‘histone’’ option (https://github.com/

kundajelab/chipseq_pipeline, version 0.3.3) (Kundaje et al., 2015). Analysis of transcription factor binding sites was performed by

lifting previously published tracks from HPC-7 cells (Wilson et al., 2016) onto mm10. Analysis of super enhancers was performed

with Rank Ordering of Super Enhancers (Whyte et al., 2013). Transcription factor motif analysis was performed with HOMER (Heinz

et al., 2010).

ATAC-seq and Chipmentation data can be accessed fromGene Expression Omnibus (GSE128758 and GSE128760, respectively).
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