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ABSTRACT

Knowledge of human fetal blood development and how it differs from adult is highly
relevant for our understanding of congenital blood and immune disorders as well as
childhood leukemia, the latter known to originate in utero. Blood production during
development occurs in waves that overlap in time and space adding to heterogeneity, which
necessitates single cell approaches. Here, a combined single cell immunophenotypic and
transcriptional map of first trimester primitive blood development is presented. Using CITE-
seq (Cellular Indexing of Transcriptomes and Epitopes by Sequencing) the molecular profile
of established immunophenotypic gated progenitors was analyzed in the fetal liver (FL).
Classical markers for hematopoietic stem cells (HSCs) such as CD90 and CD49F were
largely preserved, whereas CD135 (FLT3) and CD123 (IL3R) had a ubiquitous expression
pattern capturing heterogenous populations. Direct molecular comparison with an adult bone
marrow (BM) data set revealed that HSC-like cells were less frequent in FL, whereas cells
with a lympho-myeloid signature were more abundant. Furthermore, an erythro-myeloid
primed multipotent progenitor cluster was identified, potentially representing a transient, FL-
specific progenitor. Based on the projection performed, up- and downregulated genes
between fetal and adult cells were analyzed. In general, cell cycle pathways, including MYC
targets were shown to be upregulated in fetal cells, whereas gene sets involved in
inflammation and human leukocyte antigen (HLA) complex were downregulated.
Importantly, a fetal core molecular signature was identified that could discriminate certain

types of infant and childhood leukemia from adult counterparts.
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Our detailed single cell map presented herein emphasizes molecular as well as
immunophenotypic differences between fetal and adult primitive blood cells, of significance
for future studies of pediatric leukemia and blood development in general.
INTRODUCTION

Knowledge of our fetal blood system can facilitate generation of transplantable hematopoietic
stem cells (HSCs) derived from pluripotent stem cells (PSCs) for future regenerative
medicine (Wahlster and Daley, 2016), but also increase our understanding of congenital
blood disorder and pediatric leukemia (Greaves, 2018).

Fetal and adult blood cells differ in cell cycle status, molecular profile as well as in
composition of progenitor cells, and take place in different niches depending on the stage of
embryonic development (Ivanovs et d., 2017; Kim et al., 2007; Roy et a., 2021; Yuan et al.,
2012). Moreover, some innate immune cells are formed almost exclusively during fetal life
(Ghosn et a., 2019). Much of our knowledge regarding embryonic and fetal hematopoiesis
has been translated from studies of the murine system, but accumulating reports of the human
counterpart complements the current model (Elsaid et al., 2020; Ivanovs et al., 2017). The
blood system emerges in waves and is initiated by HSC independent hematopoiesis, first in
the yolk sac and later aso in the Aorta-Gonad-Mesonephros region (AGM) region, where
immature erythroid and myeloid cells, critical for the growing embryo, emerge followed by
erythro-myeloid and lympho-myeloid progenitors (Boiers et a., 2013; Ghosn et al., 2019;
Ivanovs et a., 2017; Palis, 2016). At around day 27 (Carnegie stage (CS) 13) hematopoietic
stem and progenitor cells (HSPCs) emerge in the AGM, and later migrate to the fetal liver
(FL), where they mature and expand. The bone marrow (BM), the site of blood production in
adults, starts to be colonized at the end of the first trimester, but the FL remains an active
niche for hematopoiesis up until birth (lvanovs et a., 2017).

Direct comparisons between human fetal and adult hematopoiesis have been challenging. The
different waves and niches during development add to heterogeneity, and the sparsity of feta
samples makes studies in early development demanding, and differences are just beginning to
be explored (Boiers et a., 2018; Notta et al., 2015; Roy et al., 2021). Recent studies from
human FL hematopoiesis have shown that HSPCs become less proliferative with increased
gestational stage, an observation that has been linked to HSPCs entering the fetal BM niche
(Popescu et a., 2019; Ranzoni et al., 2020; Roy et al., 2021). Furthermore, HSPCs have been
suggested to go through a change in lineage output during development, from oligopotency
during fetal life to being dominated by mainly multi- or unipotent progenitors in adult (Notta
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et a., 2015) These temporal and spatial differences result in unknown heterogeneity calling
for single cell analysis at different time-points of ontogeny.

Here, the transcriptome and immunophenotype of single first trimester FL cells were
analyzed using CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by Sequencing)
(Stoeckius et a., 2017). In addition to demonstrating molecular changes of HSPCs related to
developmental stage, immunophenotypic markers like CD123 (IL3R), CD135 (FLT3) and
CD7 were observed to be more generally expressed, adding to heterogeneity when
performing conventional direct comparisons based on immunophenotype. Using a nearest
neighbor approach, FL HSPCs were directly compared to adult BM (Dhapola et a., 2021).
This approach allowed for a comparison of progenitor composition within the fetal and adult
HSPC compartment. In this analysis, molecular lympho-myeloid progenitors were found to
be decreased from embryo to adult, whereas molecularly defined fetal HSCs were shown to
increase with age. Importantly, by comparing common molecular signatures across cell types
we could define a universal fetal core signature, with genes specifically up- or downregulated
in fetal cells compared to adult. By using a publicly available RNA-seq data set from Acute
Lymphoblastic Leukemia (ALL) patients (Gu et al., 2019), this fetal specific core signature
was found to be enriched in some cases of pediatric leukemias, thus enabling separation of
certain types of ALL based on the age of the patient.

Taken together, our combined single cell map highlights important molecular and

immunophenotypic differences in human fetal and adult primitive blood cell development.

RESULTS

A transcriptional map of primitive cellsfrom first trimester fetal liver

The emerging blood system is a complex mixture of cells from different niches and waves
acting simultaneously, generating a heterogeneity that necessitates the use of single cell
assays. In addition, immunophenotypic markers classically used to purify progenitors in cord
blood (CB) and adult BM may not be equally expressed during development. To address
these issues we analyzed FL HSPCs using CITE-seq, an unbiased, high-throughput single
cell RNA-seq method, wherein information of immunophenotype is estimated simultaneously
with the transcriptome, through oligo-barcoded tagged antibodies (antibody derived tags
(ADTs))(Stoeckius et al., 2017). Early FL samples were obtained from aborted fetuses at first
trimester, ranging in age from CS16 to 9 post-conceptional-weeks (pcw). HSPCs were
selected based on expression of CD45 and CD34, and for lack of mature lineage markers
(CD2, CD3, CD14, CD16, CD19, and CD235a) (Figure 1a and Sup. Figure 1a). The anaysis
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focused on CS22, where 6732 cells from two embryos were captured for further analysis after
quality control (see method section). Based on differentially expressed genes and molecular
profile, 11 distinct cell states were identified (Figure 1b-c). The UMAP built showed a HSC
cluster at the top, expressing genes like MLLT3 (protein AF9) and BST2, the latter shown to
be an activation-marker of HSCs in the murine system (Bujanover et al., 2018). Directly,
subsequent to HSCs, cells with a Multipotent Progenitor (M PP)-like signature were located,
followed by adistinct separation into a M egakaryocyte-Erythroid Progenitor axis (MEP, with
genes like GATAL and KLF1), a Granulocyte-Monocyte Progenitor axis (GMP; with MPO
and CEBPD) and a Lymphoid Progenitor axis (Ly-I/Ly-11). The lymphoid axis showed a
gradual maturation from Ly-I to Ly-11 with an increase in expression of IL7R and LTB among
others. The Ly-1I cluster was molecularly more primed towards the B lineage, expressing
genes like JCHAIN and VPREBL (Figure 1c). The lymphoid clusters were located closest to a
cluster with a DC-Mono (Dendritic Cell-Monocyte) progenitor signature and furthest away
from the MEP axis. The Ly-IlI (Lymphoid Progenitor) was primed towards the T lineage
with expression of GATA3 and CD3D among others, but contained less than 60 cells, as did
the DC-I (Dendritic cell precursor) cluster.

To further investigate relatedness between the clusters, samples were pseudo-bulked and
Principal Component Analysis (PCA) performed (see method section). The MPP-I and MPP-
Il were clustered together in the vicinity of HSCs as expected, whereas the Ly-Il was
positioned further away from the multipotent and myeloid clusters than Ly-I (Figure 1d).
Thus, CITE-seq captured the molecular heterogeneity in early blood development and
different progenitor populations could be defined based on expression of lineage-associated

genes.

Expression of immunophenotypic mar ker s diver ge through development

Next, the oligo-tagged antibodies (ADTs) were used to interrogate the conventional
immunophenotypic populations within the HSPC compartment (Figure 2a). The HSC cluster
expressed CD90 and CD49F, and lacked expression of CD38, al in agreement with markers
used in conventiona purifications of the HSC population (Figure 2b) (Majeti et a., 2007;
Notta et a., 2011). Furthermore, CD201 (EPCR), a marker shown to define fetal HSCs, was
also distinctly expressed in the molecular HSC cluster (Subramaniam et al., 2019). The
comparatively immature lymphoid cluster (Ly-1) expressed CD10 and CD45RA, but was low
in CD38 expression, indicative of Lympho-Myeloid Primed Progenitors (LM PPs) (Doulatov
et al., 2010), whereas the relatively more mature lymphoid cluster (Ly-Il) in addition to
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CD10 and CD45RA, expressed CD38, corresponding to a Common Lymphoid Progenitor
(CLP) phenotype (Doulatov et a., 2010). This cluster aso had distinct expression of
interleukin 7 receptor (117R), known to mark CLP in the murine system (Kondo et al., 1997).
The MEP cluster was positive for CD71 as expected (Figure 2b) (Mori et a., 2015; Notta et
al., 2015). However, CD7, CD123 (IL3R) and CD135 (FLT3), the latter two markers
traditionally used to define GMPs and Common Myeloid Progenitors (CMPs) (Doulatov et
a., 2010; Manz et a., 2002), showed a broader expression pattern. The CD135 had a general
surface abundance seen in all cell clusters, while CD123 was seen in myeloid as well as
lymphoid clusters. CD7, on the other hand, was generally seen in the progenitor clusters, but
low in the HSC cluster (Figure 2b).

To define progenitor populations multiple surface markers are commonly used in
combination. Thus, the ADT information was utilized to perform conventional
immunophenotypic gating (Sup. Figure 1b). Molecular HSCs, MPPs, LM PPs and MEPs were
well captured by the conventional adult immunophenotype, whereas CMPs and GMPs
showed high heterogeneity as measured by the number of molecular clusters and their
relative proportions captured within each immunophenotype (Figure 2c and Sup. Figure 1c).
HSC gating (combining both CD90 and CD49F) resulted in over 50% purity of the molecular
HSC cell state, and LMPPs defined as CD34"'CD38 CD45RA" yielded more than 60% of
cells belonging to the Ly-1 molecular state (Doulatov et a., 2010; Notta et al., 2011). On the
other hand, immunophenotypic GM Ps were heterogenous and 16% to 21% (using CD123 or
CD135 gating respectively) of the cells molecularly belonged to the Ly-I1 lymphoid cell state
(Figure 2c and Sup. Figure 1c)(Doulatov et al., 2010; Manz et a., 2002).

Conventional CLPs are typically defined based on expression of CD10, a marker also
associated with priming towards the B cell lineage (Doulatov et al., 2010; Galy et a., 1995).
Using this gating strategy, most of the captured cells were indeed part of a lymphoid
transcriptional cluster, however amost 60% of the cells belonged to the lympho-myeloid Ly-
| cell state, likely due to issues discriminating the cells based on CD38 expression. Therefore,
we investigated whether other gating strategies could identify a transcriptionally more pure
lymphoid cell state. In CB, CD7 has been shown to enrich for lymphoid progenitors, in
combination with CD38 negativity (Hoebeke et al., 2007). However, CD7 surface expression
measured with the ADT antibody was virtually absent in the CD38 negative fraction (Figure
2b). We therefore investigated if CD7 could capture a lymphoid cell state in the CD38
positive fraction. In the analysis, utilizing CD7 in combination with CD38 and CD45RA,
22% of the Ly-II cluster cells were captured, but more than 20% cells belonged to the GMP
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or DC-Mono cluster. Thus, this CD7" ‘CLP-like’ population was heterogenous and mainly
lympho-myeloid, in agreement with earlier study (Hoebeke et al., 2007). Next, IL7R, a
marker that defines CLP in the murine system (Kondo et al., 1997), was utilized to
investigate if it could define a more molecularly pure lymphoid cell state during fetal life.
Importantly, when combining IL7R with CD45RA and CD38 almost 80% of the cells
captured belonged to the Ly-11 cell state, and the remaining cells were defined as Ly-I. Thus,
IL7R was by far the best surface marker to capture the Ly-ll cell state during early
development (Figure 2c).

To further investigate the heterogeneity between the immunophenotypic defined populations,
aPCA plot of pseudo-bulked samples was made (Figure 2d and Sup Figure 1d). The CD10"
CLP population laid between the LMPP and the IL7R" CLP, as our previous analysis
indicated, whereas the ‘ CLP' gated on CD7 was located between GMP and CD10" CLP. The
myeloid CMP and MEP progenitors clustered differently depending on if CD123 or CD135
was utilized to define the population (Figure 2c and Sup Figure 1c). Next, the
immunophenotypic populations were plotted together with the molecularly defined clusters
from Figure 1d. Here, the immunophenotypic gated HSCs, MPPs, LMPPs and IL7R'CLP
mapped to corresponding molecularly defined clusters, as well as MEP defined with CD123.
The myeloid GMP and CMP populations were heterogeneous as expected from previous
analysis, and the MEP and CMP molecular signatures differed depending on the gating
strategy used (Figure 2d-e and Sup Figure 1d-€).

Thus, conventional immunophenotypic markers characterizing HSCs and LMPPs are largely
conserved in the embryo, whereas immunaophenotypic myeloid progenitors were molecularly

heterogenous, but also markedly different depending on gating strategy used.

Projection analysis defines a fetal-specific multipotent cluster with erythro-myeloid
signature

Next, the fetal cells were directly compared with our adult BM data set of HSPCs, analyzed
with CITE-seq in a similar way and using the same platform as the fetal cells (Sommarin et
al., 2021) (Figure 3a and Sup Figure 2a). First, the pseudo-bulked immunophenotypic gated
populations from fetal and adult were compared using PCA. PC1 separated the samples on
developmental stage, which accounted for 53% of the variance (Sup Figure 2b). PC2 vs PC3
showed high heterogeneity between different progenitor types, developmenta stage as well
as the immunophenotypic markers used to define the progenitors, which makes

immunophenotypic comparisons over ontogeny difficult. To preserve heterogeneity within
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the sample, but at the same time compare cells from different developmental stage and niche,
arecently published nearest neighbor projection approach was used (Dhapola et a., 2021). A
reference map was built, and the investigated cells mapped onto the reference, thus only
molecular differences within the reference sample were considered. Cell composition can be
determined and compared between samples based on the mapping and importantly, cell cycle
effects were removed before the reference map was constructed. First using FL CS22 HSPCs
as reference, 36% of the cellsin adult BM mapped to the fetal HSC cluster, whereas only 7%
belonged to this cluster in the FL CS22 sample. On the other hand, only 6% of the adult cells
mapped to the lympho-myeloid Ly-I cluster, compared to 15% belonging to the Ly-I cluster
in CS22 (Figure 3b-c). Thus, molecularly defined HSCs were enriched in adult BM
compared to CS22 FL, whereas the Ly-I transcriptional cell state was reduced. Furthermore,
MPP-I, which represents about 17% of the CS22 FL cells, were hardly detectable in the BM
sample (2% of tota cells). To narrow down the time window in development when these
changes in cell states occurred, CB from the same data set as the adult BM, was analyzed,
generating similar results as adult BM (Figure 3b-c) ((Sommarin et al., 2021). Next, two
more embryonic time-points were analyzed from first trimester; CS16, and 9pcw (143 and
1139 cells analyzed respectively, each stage two donors). Here, 6 and 13% respectively of the
fetal cells mapped to MPP-I, identifying MPP-I as a fetal specific cell state. These new
analyses also confirmed that molecularly defined fetal HSCs increased with age from 1% at
CS16 to 36% in adult BM, whereas Ly-I decreased from 27% in CS16 to about 6% in adult
BM. At CS16, most cells mapped to lineage committed cell states in agreement with an
active production of progenitors at this stage (Figure 3b-d).

Next adult BM was used as a reference, and FL cells from CS16 to 9 pcw were investigated.
Intriguingly, amost no FL cells mapped to the adult HSC clusters and few to the more
primitive MPP clusters, whereas the more mature MPP-I11 was enriched in the CS22 and
9pcw developmental stages. Furthermore, MEP-1 was enriched in all stages of the FL, and at
CS16 there was an increase of DC-I, corresponding to the DC-Mono cluster in the FL CS22
map (Sup. Figure 2b-d). The fetal specific MPP-I mainly mapped to MPP-I11 on the adult
BM map (Sup. Figure 2e). Thus, transcriptionally defined adult HSCs were virtually absent
in first trimester FLs.

To further narrow down the fetal specificity of the MPP-I cell state, we used a recently
published data set that included samples from first and second trimester FL, as well as fetal,
pediatric and adult BM (Roy et al., 2021). Mapping these data onto our CS22 UMAP showed
enrichment of MPP-I in the early FL sample, while the fetal, pediatric and adult BM were


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474425; this version posted December 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

amost completely depleted of the MPP-I cell state. Furthermore, there was a decrease in the
proportion of MPP-I cell state from 8% to 3% from first to second trimester FL (Sup Figure
2f).

Next, differentially expressed genes among primitive clusters (HSC, MPP-1 and MPP-I1)
were identified within CS22. In general, the MPP-I cell state appeared to be closely related to
the HSC and MPP-II clusters, but with an upregulation of histone and heat shock related
genes, amongst others (Figure 3e, Sup. table 1). Unfortunately, none of the ADT-antibodies
were specific for the MPP-I, thus no surface marker in the panel could be used to purify the
population (data not shown). The gene clusters identified were also investigated for lineage
affiliation using CellRadar, a method where a gene set can be compared to public data of
sorted hematopoietic populations (see method section). The clusters mainly associated with
MPP-| (C4 and C6) showed an enrichment of an erythro-myeloid signature (Figure 3e-f). To
further characterize MPP-I, Gene Set Enrichment Analysis (GSEA) was used, focusing on
hallmark gene sets, where MPP-| differs from both HSCs and MPP-11 (Liberzon et a., 2015;
Subramanian et al., 2005). The significant gene sets of MPP-1 were MY C targets, MTORC1
signaling as well as unfolded protein response and oxidative phosphorylation compared to
both fetal HSCs and MPP-I1, respectively, indicative of a more active metabolic state (False
Discovery Rate (FDR) < 0.05 for all) (Figure 3g). Taken together, these data indicate that the

MPP-I cluster harbors transient, FL specific erythro-myeloid primed multipotent progenitors.

Cluster specific differential gene expression analysis defines a fetal-specific gene
signature

The projection analysis performed identified clear differences in the composition of cell
states and how it changes with developmental age. Furthermore, this analysis offers a unique
possibility to directly compare gene expression differences between fetal and adult
counterparts of the same cell types. Thus, to further understand how fetal and adult cell-types
differ, the projected adult cells were compared to their fetal counterparts using DEseq2
(Figure 4a). Here, the differential gene expression analysis is performed on the whole set of
genes, enabling identifications of differences in proliferation states. Thisisin contrast to the
projection analysis, where cell cycle effects are removed to avoid interference in cell
classification. Additionally, the clusters were pseudo-bulked, as with the immunophenotypic
samples, and PCA performed (Sup. Figure 3a-b). Like the immunophenotypic samples, PC1
separated the clusters based on developmental stage. PC2 and PC3 separated samples
depending on progenitor type and stage, where adult GMP, DC-Mono and Ly-II clustered


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474425; this version posted December 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

further away from MPPs than fetal corresponding clusters, maybe indicative of these adult
progenitors being more differentiated than their fetal counterparts (Sup. Figure 3b). In
general, adult populations had more genes upregulated compared to fetal cells, and most
differentialy expressed genes were observed in HSCs (Figure 4b and Sup. Figure 3c). To
investigate whether the transcriptional changes related to specific groups of genes, GSEA
using hallmark gene sets was performed (Subramanian et al., 2005) focusing on gene sets
involved in proliferation, apoptosis and immune system processes (Liberzon et al., 2015).
Overall, pathways involved in proliferation were enriched in fetal progenitors, whereas gene
sets involved in inflammation and immune system processes were downregulated, in
agreement with an earlier study (Roy et a., 2021). The fetal specific MPP-I cells had only
about 130 adult counterparts making the analysis less robust but showed upregulation of
MY C targets in the fetal MPP-I, as was also detected when comparing it with the fetal HSC
and MPP-11 clusters (Figure 3g and Figure 4c).

Next, a Venn diagram was used to identify universal fetal specific up- and downregulated
genes. A core set of 25 up- and 100 downregulated genes were identified (fold change >|2|
and an adjusted p-value of <0.05, gender related genes were excluded in the subsequent
analysis) (Figure 4d and Sup. Figure 3d). Among the top 25 upregulated genes LIN28B,
HMGAZ2, IGF2BP1 and IGF2BP3 were found, all part of the LIN28B-let7 axis known to be
involved in self renewal of fetal HSCs in the murine system (Copley et al., 2013) (Figure 4d).
Delta like gene 1 (DLK1) was also increased in al fetal populations, a gene shown to be a
negative regulator of HSC formation in the mouse embryo (Mirshekar-Syahkal et al., 2013).
CHD7, an epigenetic remodeler known to interact with RUNX1 and inhibit differentiation,
was increased in all populations compared to adult (Hsu et al., 2020). Furthermore CD7, was
more generally expressed among fetal progenitors, as was also seen at the protein level with
the ADT marker (Figure 2b). Among downregulated genes human leukocyte antigen (HLA)
complex of both class | and class Il dominated, demonstrating a reduced antigen presenting
capacity of the fetal immune system. DNTT (DNA nucleotidylexotransferase), known to
induce diversity in the immunoglobulin chain in lymphoid progenitors, was aso
downregulated as expected in the fetal cells (Li et al., 1993). We also noticed that Homeobox
(HOX) gene clusters were differently expressed in fetal and adult HSPCs, where HOXB
genes were in genera higher expressed in fetal and HOXA higher expressed in adult primitive

clusters (Figure 4e).
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Thus, by directly comparing fetal and adult counterparts from our projection analysis a fetal
specific core signature was identified with genes specifically up- or downregulated in first
trimester FL compared to adult counterparts (Figure 4f).

Thefetal gene signature differ entiates between pediatric and adult ALL

By investigating neonatal blood spots and through twin studies, translocations giving rise to
ALL in children could be backtracked to birth and an in-utero origin (Greaves, 2018). One
guestion is if aremnant of the fetal signature can be detected in the pediatric leukemic cells.
To investigate this, we first analyzed expression of the upregulated fetal core genes in a
publicly available RNA-seq data set of an induced (I) PSC model of ETV6-RUNX1 (TEL-
AML1) (Boiers et al., 2018). Differentiation of IPSCs to the B cell lineage recapitulates fetal
lymphopoiesis and indeed many of the universal upregulated fetal genes were expressed in
the IPS derived hematopoietic progenitors, as well as in the primary fetal progenitors
investigated, but not in adult BM progenitors. The fetal genes were also to a large extent
detected in the hematopoietic progenitors analyzed from the ETV6-RUNX1 expressing IPS
cells (Figure 5a).

Next, using a publicly available RNA-seq data set with almost 2000 B-ALL patient samples,
we aimed to investigate if the fetal core signature could be identified in B-ALLs of known in
utero origin (Gu et a., 2019). Asdifferent RNA-seq methods were used in the study, B-ALL
with different driver mutations of interest were selected, pooled and batch corrected (Sup
Figure 4a). First, Mixed Lineage Leukemia gene (MLLY/KMT2A) fused with AF4 (AFF1)
t(4;11) was investigated. MLL-AF4 is an initiating mutation that almost exclusively gives
riseto B-ALL and is found in many different age groups, including infants, for whom a clear
in utero origin has been demonstrated (Gale et a., 1997). A PCA plot was generated using
the fetal core signature (all fetal up- and downregulated genes identified in primitive,
lymphoid and myeloid progenitors; atotal of 257 up and 526 down, gender associated genes
were removed in the analysis) (Figure 4d and Sup Figure 3d). Intriguingly, the PC1 showed
distinct separation based on age, discriminating between pediatric and adult samples (Figure
5b and Sup Figure 4b). A heatmap of the top 50 differentially expressed genes on PC1
identified a difference in expression of HOXA9 and HOXA10 between infants and adult,
where most infants had lower expression of these HOX genes. HOXA3, HOXA5 and HOXA7
were also expressed at low levels in infants, as well as in some adult MLL-AF4 fusion ALL
(Figure 5¢c and Sup Figure 4c). Indeed, a correlation has been observed between HOXA

10
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expression, prognosis and age in an earlier study, investigating HOX gene expression in ALL
compared to normal progenitors (Starkova et a., 2010).

Next, more subtypes of ALL were investigated using the same fetal core signature. The PC1
again correlated with age, where a clear association was seen with ETV6-RUNX1 and
hyperdiploid ALL, the two most frequent cytogenetic abnormality in children (Greaves,
2018), though for some of these leukemia types there were almost no adult patients
represented in the material. In contrast, the adult associated translocation BCR-ABL, showed
amost no spread along PC1 (Bernt and Hunger, 2014)(Figure 5d and Sup Figure 4d-e).
Thus, in some subtypes of leukemia associated with children and in utero origin, part of a
fetal core signature remains in the leukemic cells. The data have the potential to explain
differences in pediatric and adult leukemia carrying similar driver mutation, potentially

important for prognosis and therapy response.

DISCUSSION

The hematopoietic system is a paradigm hierarchical organization of tissues. The structure
has been built on careful immunophenotypic isolation and characterization of progenitors,
which has formed the foundation of the hematopoietic hierarchy of today in both mouse and
human (Jacobsen and Nerlov, 2019; Seita and Weissman, 2010). Recent developments in
single cell omics have alowed for further purification and analysis of molecular
heterogeneity, and with these findings the hematopoietic hierarchy can be regarded as a
continuum rather than a step wise hierarchical organization (Laurenti and Gottgens, 2018;
Velten et a., 2017). Until recently these studies have mainly investigated adult
hematopoiesis, but more reports looking into human blood development are rapidly emerging
(Jardine et al., 2021; Popescu et a., 2019; Ranzoni et al., 2020; Roy et a., 2021). So far these
studies mainly focused on molecular heterogeneity, and it has until now been unclear to what
degree the immunophenotype of CB and adult BM progenitors translate to early FL. Within
this study we interrogated FL. HSPCs using single cell RNA-seq, relying on CITE-seq to aso
capture immunophenotype together with the transcriptome. By focusing on early primitive
hematopoiesis and by using CITE-seq the whole HSPC population could be interrogated and
the relative proportions of all CD34 positive populations compared across developmental
time-points, hereby also capturing the immunophenotype, enabling a unique view of the
classically defined progenitors.

While most of the conventional markers of HSPCs (CD90, CD45RA, CD71 and IL7R)
showed good correlation to the transcriptionally defined clusters, markers of GMPs and
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CMPsi.e, CD123 and CD135 (FLT3) were more generally expressed. This was even more
apparent when utilizing the ADTs to perform immunophenotypic gating, which showed
substantial molecular heterogeneity within GMPs and CMPs. The discrepancy in expression
of surface markers during development thus may add to molecular heterogeneity in
comparisons based on immunophenotype. Our data also shows that gating with CD123 or
CD135 respectively for myeloid progenitors (CMP and MEP) captures molecularly
heterogenous cell types (Figure 2c and Sup Figure 1c) (Doulatov et a., 2010; Manz et al.,
2002). This also applies for the lymphoid surface markers, where CD10, mainly captured the
lympho-myeloid cluster Ly-I, whereas our data revealed that IL7R in combination with CD38
and CD45RA could capture the Ly-11 cell state with high purity in the embryo. This was
opposite as to what was seen in adult where the popul ation captured by CD10 comprised 70%
Ly-Il cells vs 43% when using IL7R (data not shown and (Sommarin et al., 2021)). Thus,
CITE-seq detects molecular heterogeneity within immunophenotypic progenitors, but also
identifies surface markers that are preserved throughout development.

An advantage with high-throughput single cell RNA-seq methods is that there is no need to
pre-select populations based on immunophenotype. Instead, a broad selection of cells can be
investigated, like in our case HSPCs. However, difficulties remain when cells from different
stages and niches are compared. Earlier studies have merged different stages onto the same
analysis, relying on batch correction to enable sample integration (Jardine et a., 2021;
Popescu et al., 2019; Roy et al., 2021). However, when merging cell populations from
different stages onto the same analysis, the developmental differences may take over and
heterogeneity within the sample itself may be lost. The projection approach used herein
allows for signals responsible for lineage determination to be kept, and additionally, by
removing cell cycle effects through regression, avoiding differences in cell cycle status from
disrupting the cluster definitions (Dhapola et al., 2021). By mapping the test cells onto the
reference map, only molecular differences that separate the reference cells will be
investigated. From this analysis, cdl state differences over development could also be
captured. As expected, major changes in cell states during development could be observed,
with HSCs being increased with age, while the relative fraction of lymphoid progenitors (Ly-
| and Ly-lIl) were decreased, in agreement with an earlier study (Roy et a., 2021).
Furthermore MPP-I was found to be aimost exclusively a fetal cell state, suggesting that this
population could constitute a fetal specific progenitor population, arising from a HSC
independent wave. The MPP-I cells displayed an erythro-myeloid gene signature, while

maintaining a primitive gene program. Future studies are likely to investigate whether this
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population represent the erythro-myeloid progenitor described in mouse developmental
hematopoiesis, originating in the yolk sac prior to definitive HSC formation (Ghosn et al.,
2019; Pdlis, 2016).

Further analysis of the molecular differences between the FL and adult BM using differential
gene expression analysis showed substantial ontogeny-dependent transcriptional differences.
By utilizing the projection analysis to define molecularly similar cells, comparisons without
interfering signals caused by differences in heterogeneity could be performed. This analysis
showed that the HSCs experienced most transcriptional differences related to age. GSEA
analysis grouped these differences into increased proliferation and reduction in inflammation
compared to adult, in agreement with a recent study (Roy et al., 2021). Also, expression of
HLA complex of both class | and class |1 are reduced in the fetus. HLA-B was found reduced
in HSCS/MPPs in an earlier study, but we demonstrate a reduction of several different HLA
classes in fetal HSPCs, all indicative of a reduced antigen presenting ability of fetal cellsin
general (Popescu et al., 2019).

The projection analysis of FL CS22 onto adult BM reference aso revealed substantial
molecular differences between molecular HSCs in FL and adult BM. The molecular FL
HSCs mainly projected to adult BM MPP-I and MPP-I11, but not to the adult HSC molecular
clusters, even though cycling factors had been removed in this analysis. Thus, our data shows
that multiple factors differ fetal and adult HSCs from each other, of general interest to be able
to generate transplantable HSCs from differentiated PSCs in the future (Wahlster and Daley,
2016).

Childhood B-ALL has in many cases been shown to have a fetal origin (Greaves, 2018), and
the leukemic cells could potentially retain expression of fetal specific genes or lack
expression of adult specific genes (Symeonidou et a., 2021). By comparing the up- and
downregulated genesin fetal and adult cellsin each cluster, a core set of genes linked to fetal
or adult identity were identified. These genes, together with genes linked to fetal and adult
primitive, lymphoid and myeloid identity, were used to investigate childhood leukemia from
publicly available data of almost 2000 B-ALL samples with different cytogenetic
abnormalities (Gu et a., 2019). The fetal core signature correlated in same cases with age of
the patient, and for MLL-AF4 it was clear that HOXA genes were downregulated in many
infants compared to adult, in agreement with an earlier study, where a correlation was
observed between lower expression of HOXA genes, poor prognosis and young age (Starkova
et a., 2010). Of note in our fetal-adult data set HOXA genes were specifically lower
expressed in fetal HSCs compared to adult (Figure 4e).
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Our study links immunophenotype with transcriptome at the single cell level, providing a
unique map of human fetal blood development. Comparison to adult hematopoiesis gives
insight into how the hematopoietic progenitor compartment changes with development. A
fetal core signature with universal up- or downregulated genes depending on developmental
stage could be identified, a gene set that could be used to separate certain types of B-ALL
samples based on age. The importance of the fetal core genes in the formation of the pre-
leukemic clone in utero and in leukemia progression and development in general remains to

be explored.
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FIGURE LEGENDS

Figurel

A transcriptional map of primitive cellsfrom first trimester fetal liver

a) Schematic presentation of data in the figure. b) UMAP of cellular states within LIN
CD45'CD34" FL cells at CS22 (2 donors analyzed) c) Bead plot of differentially expressed
genes between clusters, where the size of the circle is the fraction of cells with expression and
the color represents the z-scored mean expression. d) Cells from the different cell statesin b)
were pseudo-bulked and PCA performed showing top 500 variably expressed genes. PC1 vs
PC2 is shown to the left and PC2 vs PC3 to the right. Cluster name and color code label to
the right.

Figure2

Expression of immunophenotypic mar ker s diver ge through development

a) Schematic presentation of data in the figure. b) FL CS22 UMAPs of ADT expression of
single surface markers used for gating conventional cell populationsin HSCPs, red represents
high expression and blue low. ¢) Conventional immunophenotypic populations were gated
using multiple ADT markers. Transcriptional cell states captured for each population are
shown within the contours on the FL CS22 UMAP. Pie charts show percentage of the
different molecular clusters within each immunophenotypic gated progenitor. Colors
represent the cluster colors, defined in Figure 1b. d) PCA of ADT gated cell population of
top 500 variably expressed genes. Cells were pseudo-bulked for the analysis (see method
section). €) Combined PCA of ADT gated cell populations and the clusters defined in Figure
1d, showing top 500 variably expressed genes.

(HSCEP*F:  CD34'CD38'CD45RA'CD90'CD49F"; MPP:  CD34'CD38'*CD45RACD90; LMPP:
CD34'CD38'*'CD45RA'CD90; CMP: CD34'CD38'CD10'CD45RACD123", GMP: CD34'CD38'CD10

CD45RACD123" MEP: CD34'CD38'CD10'CD45RACD123; CLP®Y: CD34'CD38'CD45RACD10",
CLP®": CD34'CD38'CD45RA'CD7*, CLP""?: CD34'CD38"CD45RAIL7R")

Figure3

Projection analysis defines a fetal specific multipotent cluster with erythro-myeloid
signature

a) Schematic presentation of data in the figure. b) Projection of FL CS16, FL 9pcw, CB and
adult BM on the FL CS22 UMAP, size of dots represents mapping-score and color of dots

represents FL derived clusters as in Figure 1b. c¢) Quantification of classified cells in all
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mapped developmental stages (FL CS16 143 cells, FL 9pcw 1139 cells, CB 6984 cells, adult
BM 4905 cells). d) Classification of adult BM derived clusters on FL CS22. Colors represent
FL CS22 derived clusters, and the x-axis represents BM derived clusters (see also Sup Figure
2a). e) Hierarchical clustering of primitive cell populations in FL CS22 (HSC, MPP-I and
MPP-I1) with genes defining the primitive populations. The genes were divided into 9
clusters (color coded). f) Cellradar plots of gene clusters in e (cluster names and color coded
according to Figure 3e). g) GSEA using selected hallmark gene sets. MPP-I compared to
HSC and MPP-I1 respectively. Color code according to NES (Normalized Enrichment Score)
value; red; enriched in MPP-1, blue; downregulated in MPP-1. Selected gene sets with FDR

g-value of <0.05 are shown.

Figure4

Cluster specific differential gene expression analysis defines a fetal specific gene
signature

a) Schematic presentation of data in the figure. b) Number of up- and downregulated genes
comparing adult BM cells mapping to the different FL clusters. Red bars; upregulated genes,
blue bars; downregulated genes, adjusted p-value of <0.05. ¢) GSEA using hallmark gene
sets involved in proliferation, selected pathways and immune processes, red; upregulated,
blue; downregulated gene sets according to NES value. Selected gene sets with FDR g-value
of <0.05 are shown. d) Venn diagrams of upregulated genes in FL compared to adult BM
defined by fold change >2 and an adjusted p-value of <0.05 for each population. €) Heatmap
of HOX gene expression per cluster in FL and adult BM. f) Heatmap of LIN'CD45'CD34"
adult BM (red) and FL (blue) cells, with cells displayed on the x-axis and fetal core genes on

the y-axis.

Figure5

Fetal gene signatur e differentiates between pediatric and adult ALL

a) Heatmap based on FPKM values, displaying some of the universal fetal specific
upregulated genes in a public available data set from an IPS model expressing ETV6-
RUNXZ1. FL (CS17-22) and adult BM are shown as controls. Top rows describe the different
sample types and cell types (‘HSC-like’, IL7R" progenitor and proB). b) PCA of MLL-AF4
(KMT2A-AFF1) using the fetal gene signature, colors represent age groups. (red; 0-2 years,
green; 2-16 years, turquoise; 16-40 years and purple; >40 years. PC1 vs age (years). C)
Heatmap of the top 50 genes marking the highest and lowest values of PC1. Samples were
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hierarchically clustered into 3 groups, based on their gene expression. Top rows describe
gender and age and to the right gene names are shown (Red label; upregulated in fetal cells,
Blue label: upregulated in adult cells) d) PCA of B-ALL patient samples using the fetal gene
signature, colour coded based on cytogenetic abnormality. PC1 vs age of patients. Colors
describe translocation status with; red; BCR-ABL1, orange; ETV6-RUNX1, dark green;
high hyperdiploid, turquoise; KMT2A-AFF1 (MLL-AF4), blue; KMT2A-MLLT1 (MLL-
ENL), purple; KMT2A-MLLT3 (MLL-AF9) and pink; low hyperdiploid.
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SUPPLEMENTAL FIGURES

Sup. Figurel

Purification of primitive FL cellsand immunophenotypic gating using ADTs

a) Sorting strategy of CS22 LIN'CD45'CD34" FL cells. Viable cells (7-AAD’) were selected
based on size (scatter) and gated negative for mature lineage markers (CD3, CD235a).
Further gating is indicated in the figure. b) Gating of conventional immunophenotypic
populations using ADT signals. Top row CLP gating, middle row myeloid progenitors (CMP,
GMP, MEP) and bottom row primitive populations (HSC, MPP, LMPP). c) Conventional
immunophenotypic populations were gated using multiple ADT markers. Cell states captured
for each population are shown within the contours on the FL CS22 UMAP. Pie charts show
percentage of the different molecular clusters within each immunophenotypic gated
progenitor (colors represent the cluster colors, asin Figure 1b). d) PC2 vs PC3 of ADT gated
cell populations of top 500 variably expressed genes. Cells were pseudo-bulked for the
analysis. €) Combined PCA of ADT gated cell populations and the cell states defined in

Figure 1d, of top 500 variably expressed genes. PC2 vs PC3 are shown.
(HSC®P%:  CD34'CD38'CD45RA'CD90"; CMPP*:  CD34*CD38"'CD10 CD45RA CD135", GMPP™®
CD34'CD38'CD10 CD45RA'CD135"; MEP°**: CD34'CD38'CD10 CD45RA CD135)

Sup. Figure2

Projection of primitive FL and CB cells on adult BM reference

a) UMAP of LIN'CD45'CD34" adult BM cells with cluster annotations from (Sommarin et
al., 2021) b) PCA of pseudo-bulked immunophenotypic populations from FL CS22 and adult
BM of 500 top variably expressed genes. PC1 vs PC2 left and PC2 vs PC3 right plot. c)
Projection of FL CS16, FL CS22, FL 9pcw and CB on the adult BM UMAP. Size of dots
represents mapping-score and color of dots represents BM clusters. d) Quantification of
classified cells in all mapped developmental stages. €) Classification of FL CS22 derived
clusters on adult BM, colors represent BM derived clusters according to Sup. Figure 2a, and
the x-axis represents FL CS22 derived clusters. f) Quantification of classified cells in all
mapped developmental stages from (Roy et al., 2021). In total 90-95% of the cell from the
different stages mapped. (Early FL; first trimester, FL and fetal BM; second trimester.)

Sup. Figure3
Differential gene expression of CS22 FL and adult BM cells
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ab) PCA of pseudo-bulked clusters from FL CS22 and adult BM, of 500 top variably
expressed genes. Colors represent clusters and shapes represents sample type (circle: FL
CS22 and triangle: adult BM). a) PC1 vs PC2; b) PC2 vs PC3. c¢) Volcano plots of differently
expressed genes for pseudo-bulked clusters, x-axis display log2 fold change (FC) and y-axis
display -logl0 adjusted p-values. Positive FC: enriched in FL, Negative FC: enriched in
adult BM. d) Venn diagrams of downregulated genes in FL CS22 compared to adult BM
defined by fold change < -2 and an adjusted p-value of <0.05 for each population.

Sup. Figure4

Fetal coresignaturein B-ALL patient samples

a) B-ALL samples (Gu et a., 2019) before batch correction (left) and after batch correction
(right), showing top 500 variably expressed genes. Color coded according to sequencing
method. b) PC1 vs PC2 of MLL-AF4 B-ALL using the fetal core signature. Age group color
code is shown to the right. ¢) Heatmap of HOX gene expression in MLL-AF4 ALL. Top
rows show gender and age group respectively, color code is shown to the right. d) Each
leukemia type from the PCA plot in Figure 5d is shown separately. PC1 vs age. €) Heatmap
of 60 differentially expressed genes (up or down) separating PC1 for all leukemia types
investigated.
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METHOD

Sample preparation

Human FLs were donated from elective terminations of pregnancy after informed consent
and with the approval of the Ethics Review Authority and the Swedish National Board of
Health and Welfare. Fetuses were staged according to Carnegie Staging (CS) and were all
from first trimester of pregnancy (developmental stages CS16-9pcw). Single cell suspension
of the FL was obtained through mechanical disruption and dissociated through a 40um filter.
The cells were frozen in StemCellBanker (Amsbio) or in Fetal Bovine Serum (FBS) with
10% Dimethyl Sulfoxide (DM SO). Samples were stored at -150°C until day of experiment.
CB and adult BM (20-30 years old) data set were from (Sommarin et al., 2021).

Sample preparation and cell sorting

FL samples were thawed on the day of experiment, washed with Phosphate-Buffered Saline
(PBS) with FBS and stained with a panel of CITE-seq antibodies (Sup. table 2). In addition
each sample was stained with a Hashtag antibody to facilitate sample multiplexing, Fc
Receptor blocking reagent (Miltenyibiotec), CD45-Alexar00 (HI130, Biolegend), CD34-FITC
(581, Biolegend) and lineage markers (LIN: CD19-BV605 (SJ25C1, BD Bioscience), CD3-
PE-Cyanine5 (UCHT1, Biolegend), CD2-PE (RPA-2.10, Biolegend), CD16-BV421 (3G8,
Biolegend), CD14-PE-Cyanine7 (M5E2, Biolegend), CD235a-PE-Cyanine5 (GA-R2, BD
Bioscience)).These were incubated at 4°C for 30 min, washed and dissolved in PBS+2%FBS
(GE lifesciences) with 1/200 7-AAD (BD Bioscience). Up to 20 000 LIN'CD45'CD34" cells
were sorted from each sample using aBD FACSAriallu and loaded into the 10x genomics 3’
version 2 platform. The CB and adult BM data sets from (Sommarin et al., 2021) were
generated in asimilar way from LIN"CD45'CD34" cells.

Single-cell CITE-seq library generation and sequencing

After sorting, the samples were loaded on to 10x genomics 3 version 2 platform (10x
Genomics) and single-cell RNA-seq was performed according to the manufacturers
instruction with minor changes according to (Stoeckius et a., 2017) to allow for CITE-seq.
After revers transcription and cDNA amplification the resulting libraries were sequenced on a
NOVAseg (Illumina). Post sequencing the BCL files were processed using cellranger
mkfastq to produce FASTQ files, which were then processed using cellranger count to

perform alignment to Hg38, filtering, barcode counting and UMI counting. This resulted in
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the matrix files which were further analyzed in sequential steps using Seurat (Hao et al.,
2021) and Scarf (Dhapola et al., 2021).

Céll filtering and UM AP creation

The out-put from cellranger was loaded into Seurat (Hao et al., 2021) (V4), where the
samples were de-multiplexed using the HASH-tag antibody, and cell duplicates were
removed. Cells were then filtered based on UMI- and gene counts, to remove low quality
cells (Sup. Table3). Additionally, UMI counts, cell cycle scores, ribosomal- and
mitochondrial contamination were regressed out, using Seurat’s ScaleData function. Each
sample was treated separately, RNA reads were LogNormalized and ADT information was
CLR (centred-log ratio) normalized using the Seurat NormalizeData function. FL samples
from CS22 were integrated into a single data object by Seurat’s IntegrateData function. The
output data was then used to make a unified UMAP of the samples. The cells were clustered

using the FindClusters function with aresolution of 0.7, which resulted in 11 clusters.

ADT gating analysis

The CLR normalized ADT count data from Seurat was loaded into Python, were the CLR
normalized values were transformed by their antilog (base €) and then multiplied by 1000.
The values were then exported to fcs files using the write_FCS function of fcswrite. The FCS
files were loaded into FlowJo V10 (BD), where conventional gating was performed, using
internal negative controls to set the gates. The gated cells were exported as csv using the
export gate option in FlowJo, where upon the gated populations were loaded into Python
again. Here the ADT values from cells in the exported gates were matched to the original
datato identify the cell identities.

Populations (FL and adult BM) were defined according to the following immunophenotype:
HSC®®*F;  CD34'CD38°“CD45RA CD90'CD49F"; HSC®*: CD34'CD38"'CD45RA"
CD90"; MPP: CD34*CD38**CD45RA CD90’; LMPP: CD34"CD38™ CD45RA*CD90;
CMP*°'%:; CD34'CD38"CD10'CD45RA CD123", CMP™**: CD34'CD38'CD10 CD45RA"
CD135"; GMP P CD34'CD38'CD10°CD45RA'CD123";  GMP™P™®
CD34'CD38'CD10CD45RA'CD135"; MEP “P**: CD34'CD38'CD10 CD45RACD123’;
MEP“'*: CD34'CD38"CD10'CD45RA CD135; CLP®°*: CD34'CD38'CD45RACD10",
CLP""R: CD34"CD38"CD45RAIL7R"; CLP*": CD34'CD38'CD45RACD7".

Projection of samples onto reference UM AP
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Projection of cells onto the FL CS22 reference UMAP was done by using Scarf (Dhapola et
a., 2021). In brief the UMAP coordinates, HVGs and cluster information of the FL CS22
analysis in Seurat was loaded into Scraf, and by using the run_mapping function (with k=11)
the nearest neighbors of each cell projected was calculated. This was performed for FL CS16,
FL 9 pcw, CB and adult BM, the latter two from (Sommarin et al., 2021). The same analysis
was performed using the adult BM as a reference, with the same settings as for the FL CS22
and then projecting FL CS16, FL CS22, FL 9pcw and CB cells. To classify each projected
cell to a cluster the get target_classes function (threshold = 0.4) was used. The mapping
score was calculated using get_mapping_score, and the size of each cell in the reference map
was set proportional to the mapping score. The same analysis was performed using data from
(Roy et d., 2021).

Investigation of molecular differencesin primitive FL sub-clusters

To define the molecular differences between the HSC, MPP-1 and MPP-Il within FL CS22
the FindMarkers function of Seurat was used for each individual cluster (adjusted P value
<0.001, log2 fold change (FC) >|0.5]). These marker genes together with the cells from the
HSC, MPP-1 and MPP-I1 clusters were then used to make a subsetted cell-gene-matrix of the
scarf normalized values. Next, hierarchical clustering was performed using the clustermap
function from the seaborn package. The resulting dendrogram of genes were cut into nine

clusters.

CellRadar

To define the lineage affiliation of each gene cluster, the BloodSpot dataset ‘normal human
hematopoiesis was used (Bagger et al., 2016). A radar plot was generated using min-max
scaled median value of marker genes in each cluster. CellRadar (Dhapola et al. manuscript in

preparation, available here: https://github.com/K arlssonG/cellradar)

Differential gene expression testing

To perform differential gene expression analysis, each cluster of the FL CS22 and the adult
BM cells predicted to a FL cluster were pseudo-bulked into three replicates for each sample
and cluster, using the make bulk function of Scarf (Dhapola et a., 2021), this was
additionally performed on the ADT gated immunophenotypic populations. These pseudo-
bulk populations were then exported as csv and loaded into DEseg2 (Love et a., 2014).
DEseg? then performed differential gene expression comparing each cluster of FL CS22 to
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its corresponding predicted cluster in adult BM. Here, clusters DC-1 and Ly-IIl were
excluded in the analysis due to their low cell count (<60 cells). The following result file were
then analyzed for up- (FL signal) and down- (adult BM signal) regulated genes using the
adjusted p-value <0.05 and FC >|2| to make gene lists for each cluster, visualized in
volcanoplots by matplotlib.pyplot. Additionally, the DEseq2 normalized values were
exported for each cluster and loaded into GSEA (Subramanian et a., 2005) to analyze
hallmark gene sets (Liberzon et al., 2015). Gene sets with an FDR g-value of <0.05 were
considered significantly enriched/depleted (nr of permutations:1000, permutation type: gene-
Set).

Principal component analysis

To perform PCA on the clusters and the ADT-defined immunophenotypic populations the
pseudo-bulked data was loaded into DEseg2. Again, the DC-I and Ly-IIl clusters were
excluded due to their low cell count. Here, the data was transformed using the VST function
of DEseg2, after which the top 500 most variable genes were used in the prcomp function of
R to perform PCA. Finally, the data was visualized using ggplots2.

Definition of fetal derived gene signature

The significant genes (FC >|2| and adjusted p-value of <0.05) for each cluster of the DEseg2
differential testing were analyzed using the Venn tool of
(http://bioinformati cs.psh.ugent.be/webtools/Venn/). The clusters HSC, MPP-I, MPP-II and

Cyc were first compared to find which genes were in common. Next the clusters MEP, GMP

and DC-Mono were compared, and finally the Ly-1 and Ly-1I clusters. Clusters DC-1 and Ly-
Il were excluded in differential gene expression analysis due to their low cell count (<60
cells). Finally, the genes in common between the three comparisons were linked to find a
strict list of genesin common for all clusters. The gene names of these were exported as csv,

for further analysis.

Analysis of fetal derived genesignaturein FL and adult BM

To investigate the molecular differences between FL and adult BM within the single cell
data, the BM and FL datasets were combined by using the ZarrMerge function of Scarf. To
analyze the differences in HOX usage in the clusters, all HOX genes expressed in >10 cells
were used to create a heatmap using the plot_marker_heatmap function of scarf. To

investigate the expression of the fetal derived gene signature, the genes specific for FL was
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used to subset the combined FL-BM dataset. Next, using the clustermap function of seaborn
the cells of the FL-BM dataset were clustered using hierarchical clustering (Euclidean
distances and Ward linkage).

I nvestigation of the fetal derived genesignaturein pediatric ALL

To investigate the fetal gene signature in the ETV6-RUNX1 IPSC model publicly available
data from (Boiers et a., 2018) were downloaded. FPKM values were log-transformed using
log2 (FPKM +1) and then scaled and centered using the scale function.

To investigate the fetal gene signature in childhood ALL, a publicly available data set of
approximately 2000 patients was used (Gu et al., 2019). From this data set we focused on
patients with the following cytogenetic abnormality: KMT2A-AFF1, KMT2A-MLLT],
KMT2A-MLLT3, BCR-ABL1, ETV6-RUNX1 and high or low hyperdiploidy. The HTSeq
files of these were loaded into DEseq2 using the DESeqDataSetFromH T SeqCount function.
Next the counts function were used to get a DEseg2 dataframe. The counts were transformed
using variance stabilizing transformation by the VST function, and batch effects removed
with LIMMA::removeBatchEffect. Thereafter the gene lists from DE-analysis of FL and
adult BM were loaded in and using the getBM function of Biomart was used to translate the
gene names into hg37 ensembl IDs. The FL and adult BM specific ensembl IDs were used to
subset the transformed data, selecting only our genes of interest, excluding gender associated
genes. PCA was performed on the KMT2A-AFF1 translocation using the prcomp function,
calculating al principa components. PC1 was shown to capture the age differences in the
samples, and thus the top 25 genes and the lowest 25 genes from PC1 were used generate a
heatmap of the samples. To analyze all samples of interest PCA was again used, following
the same procedure as previously described. This resulted in another set of PCs, where again
PC1 described the age-related changes. Here the top 30 and the lowest 30 genes were used to
make the heatmap.
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Sup. Table 1. Gene list shown per cluster from heatmap in Figure 3e.
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Clusterl Cluster2 Cluster3 Clusterd Cluster5 Cluster6 Cluster7
CD74 HOPX TOP2A HIST1H1C | HBG2 HSPAS IL7R
HLA-DRA CD52 UBE2C HIST1H1D | HBA2 HSPS0B1 JCHAIN
HLA-DRB1 PRDX1 HMGB2 HIST1H4C | HBG1 CALR TMSB4X
HLA-DPA1 SPINK2 CENPF HMGN2 HBA1 FABPS CD99
HLA-DPB1 HLA-DRB5 PTTG1 STMN1 RANBP1 GYPC
HLA-DMA HLA-B KPNA2 HMGB1 YBX1 ITM2A
MDK TUBB4B PCLAF LDHA ACTG1
CTHRC1 SMC4 H2AFZ RAN TPM4
MLLT3 TUBA1B SRSF7 LAT2
ALDH1A1 TYMS CYCS TMSB10
KRT18 PCNA HSPAS8 LSP1
BST2 MCM7 HSP90AA1 LGALS1
CST3 HSPE1 CDK6
CFH PSMA7 IL2RG
SELENOP ACTB VPREB1
EMCN PTMA HEMGN
IFITM3 PGAM1 H3F3B
HLF UHRF1 SOX4
SUCLG2 IDH2 CXORF21
VIM LTB
NRIP1 ZCCHC7
LIMS1 ADA
NPR3 ACY3
MECOM CXCR4
LEPROT PRTN3
TNFSF10 IRF8
NCOA7 VPREB1
GIMAP7 Cluster8
HMGA?2 MPO
GNAI1 IGLL1
HSPB1 CLEC11A
GBP4 DLK1
IGFBP7
HSH2D
CcD7
HPGDS
MYC
PRSS57
MEG3
DLK1
Cluster9
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JPT1

H2AFV

DDX39A

HBD

GATA2

CNRIP1

CITED2

MS4A3
Sup. Table2: Cl TE-seq antibodies used.

Cat

Reactivity | Surfacemarker | Product Clone Isotype | number | Lot Company
Anti Totalseg- migG1l
human CD38 A0059 HIT2 k 94672 | B254149 | Biolegend
Anti Totalseg- migG1l
human CD90 A0060 5E10 k 94673 | B254151 | Biolegend
Anti CD117 Totalseg- migG1l
human (cKIT) A0061 104D2 k 94674 | B254153 | Biolegend
Anti Totalseg- migG1l
human CD10 A0062 HI10a k 94675 | B254154 | Biolegend
Anti Totalseg- mlgG2b
human CD45RA A0063 HI1100 k 94676 | B254155 | Biolegend
Anti Totalseg- migG1l
human CD123 A0064 6H6 k 94677 | B254157 | Biolegend
Anti CD127 Totalseg- migG1l
human (IL7RA) A0065 A019D5 k 94678 | B254159 | Biolegend
Anti Totalseg- migG2a
human CD7 A0066 CD7-6B7 k 94679 | B254161 | Biolegend
Anti Totalseg- migG2a
human CD71 A0067 CY1G4 k 94680 | B254162 | Biolegend
Anti Totalseg- migG1l
human CD105 A0068 43A3 k 94681 | B254163 | Biolegend
Anti CD201 Totalseg- migG1l
human (EPCR) A0069 RCR-401 k 94682 | B254164 | Biolegend
Anti Totalseg- rlgG2a
human CD49f A0070 GoH3 k 94683 | B254165 | Biolegend
Anti BAH1 Totalseg- migG1l
human (cMLP) A0071 BAH1 k 94684 | B254166 | Biolegend
Anti Totalseg- migG2a
human CD34 A0054 581 k 94671 | B254146 | Biolegend
Anti Totalseg- migG1l
human CD18 A0385 TSI/18 k 302121 | B270525 | Biolegend
Anti Totalseg- migG1l
human CD25 A0085 BC96 k 302643 | B271394 | Biolegend
Anti Totalseg- migG2b
human CD196 A0143 G034E3 k 353437 | B270546 | Biolegend
Anti Totalseg- migG1l
human CD62L A0147 DREG-56 |k 304847 | B272608 | Biolegend
Anti CD4 Totalseg- RPA-T4 migGl | 300563 | B268766 | Biolegend
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human A0072 k

Anti Totalseg- mlgG2a

human CD26 A0396 BA5b k 302720 | B261042 | Biolegend
Anti Totalseg- migG2b

human CD32 A0142 FUN-2 k 303223 | B263613 | Biolegend
Anti Totalseg- migG1l

human CD42b A0216 HIP1 k 303937 | B271616 | Biolegend
Anti Totalseg- migG1l

human CD45R0O A0087 UCHL1 k 304255 | B269954 | Biolegend
Anti Totalseg- migG1l

human CD9 A0579 H19a k 312119 | B271599 | Biolegend
Anti Totalseg- rligG2a

human Integrin B7 A0214 FIB504 k 321227 | B269330 | Biolegend
Anti Totalseg- migG1l

human CD93 A0446 VIMD2 k 336121 | B270926 | Biolegend
Anti Totalseg- migG1l

human CD61 A0372 VI-PL2 k 336423 | B271605 | Biolegend
Anti Totalseg- migG1l

human CD95 A0156 DX2 k 305649 | B269386 | Biolegend
Anti Totalseg- migG1l

human CD135 A0351 BV10A4H2 | k 313317 | B272437 | Biolegend
Anti Totalseg- mlgG2b

human CD11c A0053 S-HCL-3 k 371519 | B270802 | Biolegend
Anti Totalseg- migG2b

human CD52 A0033 HI186 k 316017 | B260031 | Biolegend
Anti Totalseg- migG2a

human CD36 A0407 5-271 k 96419 | B267789 | Biolegend
Anti Totalseg- migG1l

human CDh41 A0353 HIP8 k 303737 | B271597 | Biolegend
Anti Totalseg- migG1l

human CD48 A0029 BJ40 k 336709 | B260028 | Biolegend
Anti Totalseg- migG1l

human CD107A A0155 H4A3 k 328647 | B273007 | Biolegend
Anti Totalseg- migG1l

human CD35 A0167 E1l k 333407 | B269337 | Biolegend
Anti Totalseg- migG1l

human CD155 A0023 SKIL4 k 337623 | B269344 | Biolegend
Anti Totalseg- migG1l

human CD79% A0187 CB3-1 k 341415 | B270535 | Biolegend
Anti Totalseg- migG1l

human CD33 A0052 P97.6 k 366629 | B259970 | Biolegend
Anti Totalseg- migG1l

human CD56 A0084 QA17A16 |k 392421 | B273249 | Biolegend
Anti Totalseg- migG1l

human CD44 A0125 BJ18 k 338825 | B270931 | Biolegend
Anti Totalseg- migG1l

human CD11a A0185 TS2/4 k 350615 | B260299 | Biolegend
Anti Totalseg- migG1l

human CD54 A0217 HAS58 k 353123 | B269343 | Biolegend
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Anti Totalseg- migG1l
human CD70 A0027 113-16 k 355117 | B263558 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 1 A0251 94/2M2 k 394601 | B264730 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 2 A0252 94/2M2 k 394603 | B264729 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 3 A0253 94/2M2 k 394605 | B264728 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 4 A0254 94/2M2 k 394607 | B264726 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 5 A0255 94/2M2 k 394609 | B264725 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 6 A0256 94/2M2 k 394611 | B264724 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 7 A0257 94/2M2 k 394613 | B264723 | Biolegend
Anti Totalseg- LNH- migG1l
human Hashtag 8 A0258 94/2M2 k 394615 | B264722 | Biolegend

Sup. Table3: Samplesincluded in the study

Sample # Sorted cells | # Cells used in analysis
FL CS22 samplel 10 000 3040

FL CS22 sample2 10 000 3692

FL CS16 samplel 906 109

FL CS16sample2 | 244 34

FL 9pcw samplel 2213 297

FL 9pcw sample2 4946 842

28



https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474425; this version posted December 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

Bagger, F.O., Sasivarevic, D., Sohi, S.H., Laursen, L.G., Pundhir, S., Sonderby, C.K., Winther,
0., Rapin, N., and Porse, B.T. {2016). BloodSpot: a database of gene expression profiles and
transcriptional programs for healthy and malignant haematopoiesis. Nucleic Acids Res 44,
D917-924.

Bernt, K.M., and Hunger, S.P. (2014). Current concepts in pediatric Philadelphia
chromosome-positive acute lymphoblastic leukemia. Front Oncol 4, 54.

Boiers, C., Carrelha, J., Lutteropp, M., Luc, S., Green, J.C., Azzoni, E., Woll, P.S., Mead, A.J.,
Hultquist, A., Swiers, G., et al. (2013). Lymphomyeloid contribution of an immune-restricted
progenitor emerging prior to definitive hematopoietic stem cells. Cell Stem Cell 13, 535-548.
Boiers, C., Richardson, S.E., Laycock, E., Zriwil, A., Turati, V.A., Brown, J., Wray, J.P., Wang,
D., James, C., Herrero, J., et al. (2018). A Human IPS Model Implicates Embryonic B-Myeloid
Fate Restriction as Developmental Susceptibility to B Acute Lymphoblastic Leukemia-
Associated ETV6-RUNX1. Developmental cell 44, 362-377 e367.

Bujanover, N., Goldstein, O., Greenshpan, Y., Turgeman, H., Klainberger, A., Scharff, Y., and
Gazit, R. (2018). Identification of immune-activated hematopoietic stem cells. Leukemia 32,
2016-2020.

Copley, M.R., Babovic, S., Benz, C., Knapp, D.J., Beer, P.A,, Kent, D.G., Wohrer, S., Treloar,
D.Q., Day, C., Rowe, K., et al. (2013). The Lin28b-let-7-Hmga2 axis determines the higher
self-renewal potential of fetal haematopoietic stem cells. Nat Cell Biol 15, 916-925.
Dhapola, P., Rodhe, J., Olofzon, R., Bonald, T., Erlandsson, E., Soneji, S., and Karlsson, G.
(2021). Scarf: A toolkit for memory efficient analysis of large-scale single-cell genomics data.
bioRxiv, 2021.2005.2002.441899.

Doulatov, S., Notta, F., Eppert, K., Nguyen, L.T., Ohashi, P.S., and Dick, J.E. (2010). Revised
map of the human progenitor hierarchy shows the origin of macrophages and dendritic cells
in early lymphoid development. Nat Immunol 11, 585-593.

Elsaid, R., Soares-da-Silva, F., Peixoto, M., Amiri, D., Mackowski, N., Pereira, P., Bandeira, A,
and Cumano, A. (2020). Hematopoiesis: A Layered Organization Across Chordate Species.
Front Cell Dev Biol 8, 606642.

Gale, K.B., Ford, A.M., Repp, R., Borkhardt, A., Keller, C., Eden, O.B., and Greaves, M.F.
(1997). Backtracking leukemia to birth: identification of clonotypic gene fusion sequences in
neonatal blood spots. Proceedings of the National Academy of Sciences of the United States
of America 94, 13950-13954.

Galy, A., Travis, M., Cen, D., and Chen, B. (1995). Human T, B, natural killer, and dendritic
cells arise from a common bone marrow progenitor cell subset. Immunity 3, 459-473.
Ghosn, E., Yoshimoto, M., Nakauchi, H., Weissman, I.L., and Herzenberg, L.A. (2019).
Hematopoietic stem cell-independent hematopoiesis and the origins of innate-like B
lymphocytes. Development 146.

Greaves, M. (2018). A causal mechanism for childhood acute lymphoblastic leukaemia. Nat
Rev Cancer 18, 471-484.

Gu, Z., Churchman, M.L., Roberts, K.G., Moore, I., Zhou, X., Nakitandwe, J., Hagiwara, K.,
Pelletier, S., Gingras, S., Berns, H., et al. (2019). PAX5-driven subtypes of B-progenitor acute
lymphoblastic leukemia. Nature genetics 51, 296-307.

29


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474425; this version posted December 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hao, Y., Hao, S., Andersen-Nissen, E., Mauck, W.M., Zheng, S., Butler, A., Lee, M.J., Wilk, A.J.,
Darby, C., Zager, M., et al. (2021). Integrated analysis of multimodal single-cell data. Cell
184, 3573-3587.e3529.

Hoebeke, I., De Smedt, M., Stolz, F., Pike-Overzet, K., Staal, F.J., Plum, J., and Leclercq, G.
(2007). T-, B- and NK-lymphoid, but not myeloid cells arise from human CD34(+)CD38(-
JCD7(+) common lymphoid progenitors expressing lymphoid-specific genes. Leukemia 21,
311-319.

Hsu, J., Huang, H.T., Lee, C.T., Choudhuri, A., Wilson, N.K., Abraham, B.J., Moignard, V.,
Kucinski, 1., Yu, S., Hyde, R.K., et al. (2020). CHD7 and Runx1 interaction provides a braking
mechanism for hematopoietic differentiation. Proceedings of the National Academy of
Sciences of the United States of America 117, 23626-23635.

Ivanovs, A., Rybtsov, S., Ng, E.S., Stanley, E.G., Elefanty, A.G., and Medvinsky, A. (2017).
Human haematopoietic stem cell development: from the embryo to the dish. Development
144, 2323-2337.

Jacobsen, S.E.W., and Nerlov, C. (2019). Haematopoiesis in the era of advanced single-cell
technologies. Nat Cell Biol 21, 2-8.

Jardine, L., Webb, S., Goh, I., Quiroga Londono, M., Reynolds, G., Mather, M., Olabi, B.,
Stephenson, E., Botting, R.A., Horsfall, D., et al. (2021). Blood and immune development in
human fetal bone marrow and Down syndrome. Nature 598, 327-331.

Kim, I., Saunders, T.L., and Morrison, S.J. (2007). Sox17 dependence distinguishes the
transcriptional regulation of fetal from adult hematopoietic stem cells. Cell 130, 470-483.
Kondo, M., Weissman, I.L., and Akashi, K. (1997). Identification of clonogenic common
lymphoid progenitors in mouse bone marrow. Cell 91, 661-672.

Laurenti, E., and Gottgens, B. (2018). From haematopoietic stem cells to complex
differentiation landscapes. Nature 553, 418-426.

Li, Y.S., Hayakawa, K., and Hardy, R.R. (1993). The regulated expression of B lineage
associated genes during B cell differentiation in bone marrow and fetal liver. The Journal of
experimental medicine 178, 951-960.

Liberzon, A., Birger, C., Thorvaldsdottir, H., Ghandi, M., Mesirov, J.P., and Tamayo, P. (2015).
The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1, 417-
425.

Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology 15, 550.

Majeti, R., Park, C.Y., and Weissman, I.L. {(2007). Identification of a hierarchy of multipotent
hematopoietic progenitors in human cord blood. Cell stem cell 1, 635-645.

Manz, M.G., Miyamoto, T., Akashi, K., and Weissman, I.L. (2002). Prospective isolation of
human clonogenic common myeloid progenitors. Proceedings of the National Academy of
Sciences of the United States of America 99, 11872-11877.

Mirshekar-Syahkal, B., Haak, E., Kimber, G.M., van Leusden, K., Harvey, K., O'Rourke, J.,
Laborda, J., Bauer, S.R., de Bruijn, M.F., Ferguson-Smith, A.C., et al. (2013). DIk1 is a negative
regulator of emerging hematopoietic stem and progenitor cells. Haematologica 98, 163-171.
Mori, Y., Chen, J.Y., Pluvinage, J.V., Seita, J., and Weissman, I.L. {2015). Prospective isolation
of human erythroid lineage-committed progenitors. Proceedings of the National Academy
of Sciences of the United States of America 112, 9638-9643.

Notta, F., Doulatov, S., Laurenti, E., Poeppl, A., Jurisica, ., and Dick, J.E. (2011). Isolation of
single human hematopoietic stem cells capable of long-term multilineage engraftment.
Science 333, 218-221.

30


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.29.474425; this version posted December 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Notta, F., Zandi, S., Takayama, N., Dobson, S., Gan, O.l., Wilson, G., Kaufmann, K.B., McLeod,
J., Laurenti, E., Dunant, C.F., et al. (2015). Distinct routes of lineage development reshape
the human blood hierarchy across ontogeny. Science (New York, NY).

Palis, J. (2016). Hematopoietic stem cell-independent hematopoiesis: emergence of
erythroid, megakaryocyte, and myeloid potential in the mammalian embryo. FEBS Letters
590, 3965-3974.

Popescu, D.M., Botting, R.A., Stephenson, E., Green, K., Webb, S., Jardine, L., Calderbank,
E.F., Polanski, K., Goh, I., Efremova, M., et al. (2019). Decoding human fetal liver
haematopoiesis. Nature 574, 365-371.

Ranzoni, A.M., Tangherloni, A., Berest, I., Riva, S.G., Myers, B., Strzelecka, P.M., Xu, J.,
Panada, E., Mohorianu, 1., Zaugg, J.B., et al. (2020). Integrative Single-Cell RNA-Seq and
ATAC-Seq Analysis of Human Developmental Hematopoiesis. Cell Stem Cell.

Roy, A., Wang, G., Iskander, D., O'Byrne, S., Elliott, N., O'Sullivan, J., Buck, G., Heuston, E.F.,
Wen, W.X., Meira, A.R., et al. (2021). Transitions in lineage specification and gene regulatory
networks in hematopoietic stem/progenitor cells over human development. Cell Rep 36,
109698.

Seita, J., and Weissman, I.L. (2010). Hematopoietic stem cell: self-renewal versus
differentiation. Wiley interdisciplinary reviews Systems biology and medicine 2, 640-653.
Sommarin, M.N.E., Dhapola, P., Safi, F., Warfvinge, R., Ulfsson, L.G., Erlandsson, E.,
Konturek-Ciesla, A., Thakur, R.K., Béiers, C., Bryder, D., et al. (2021). Single-Cell Multiomics
Reveals Distinct Cell States at the Top of the Human Hematopoietic Hierarchy. bioRxiv,
2021.2004.2001.437998.

Starkova, J., Zamostna, B., Mejstrikova, E., Krejci, R., Drabkin, H.A., and Trka, J. (2010). HOX
gene expression in phenotypic and genotypic subgroups and low HOXA gene expression as
an adverse prognostic factor in pediatric ALL. Pediatr Blood Cancer 55, 1072-1082.
Stoeckius, M., Hafemeister, C., Stephenson, W., Houck-Loomis, B., Chattopadhyay, P.K.,
Swerdlow, H., Satija, R., and Smibert, P. (2017). Simultaneous epitope and transcriptome
measurement in single cells. Nature methods 14, 865-868.

Subramaniam, A., Talkhoncheh, M.S., Magnusson, M., and Larsson, J. (2019). Endothelial
protein C receptor (EPCR) expression marks human fetal liver hematopoietic stem cells.
Haematologica 104, e47-e50.

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A.,
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., et al. (2005). Gene set enrichment
analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proceedings of the National Academy of Sciences 102, 15545-15550.

Symeonidou, V., Jakobczyk, H., Bashanfer, S., Malouf, C., Fotopoulou, F., Kotecha, R.S.,
Anderson, R.A., Finch, A.J., and Ottersbach, K. (2021). Defining the fetal origin of MLL-AF4
infant leukemia highlights specific fatty acid requirements. Cell reports 37, 109900.

Velten, L., Haas, S.F., Raffel, S., Blaszkiewicz, S., Islam, S., Hennig, B.P., Hirche, C., Lutz, C.,
Buss, E.C., Nowak, D., et al. (2017). Human haematopoietic stem cell lineage commitment is
a continuous process. Nature cell biology 19, 271-281.

Wabhlster, L., and Daley, G.Q. (2016). Progress towards generation of human haematopoietic
stem cells. Nat Cell Biol 18, 1111-1117.

Yuan, J., Nguyen, C.K., Liu, X., Kanellopoulou, C., and Muljo, S.A. (2012). Lin28b reprograms
adult bone marrow hematopoietic progenitors to mediate fetal-like lymphopoiesis. Science
(New York, NY) 335, 1195-1200.

31


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

ight holder for this preprint

n perpetuity. It is made

ense @ di

D 4.0 Internatior@l licensg,.

gianted bioRxiv a |

N 1eines YNY

RNA seurat UMAP 1

® o ¢
D o &

'Y
L L

00000000000 -

@ c

€9ONH

HSC .Q.Q J

10

PC2: 22% variance

-10

o
c
— o
nerD_lD.. |”M_PD.
52LL3535585Y
0000C0O@0O@®
)
&
&
@
®o
L )
5 5 :

QoUBLIeA %/ | :£Dd

o

@)

5 S

10

PC1: 44% variance

0

-10

20

o o

—

aouellen %z2z :2od

_10_

20

20

1

igure

F


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

E'l%p!be!i‘?ﬂ?? T 3 g& Decémber 29, 2021. The copyright holder for this preprint

bioRRC Brkrint Noi: httgs!:-,-lgéls.g%llo.llol _ LRIBSEY
(whi ot ce¥ified-by-peer r is thg author/funder, who has g/aK BIRMY a [icense to display the preprint in perpetuity. It is made
XIX + ilable @r aCC-BY,KC-ND 4.0 International license.
& L J

Ll

b.

ADT-CD201

ADT-CDS0 ADT-CD49F

ADT-CD38

¥

Vi
ADT-CD

ADT-CD135
58

e

ADT-CD71

C HSC (CD49F) (n=209) MPP (n=663) LMPP (n=174)
Rest
° 23 Rest P A 2% MPP-|
&3 4§ MPP-I 22N mppal b Cye | e
F p: % 222 N 7% GMP ) 63%
/ . \S;E_.\\- ,Q\ 30.6% s A Ly-lI
HSC 565% 2o MPP-I \:\:—‘_;;i’ 84% MEP ‘I_ (:‘..:'5’ 63.8% GMP
26.1% 12‘4%Ly—l Ly-I
MPP-|
CMP (CD123) (n=1242) GMP (CD123) (n=1023) MEP (CD123) (n=989)
Rest
Rest §5% MPP-I
N MPP-| \g .,Cyﬁsc Ly-1 %/ MPP-II
17273, p0% . 104%
AN 27.9% | 6.1% P 28.4% y
AR ' gagly-! N GMP
\ = y ,\_,2/_“ 663%

MEP

26.6%
DC-Mono

CLP (CD7) (n=211)

Rest
7e% MPP-II
Ly S2%0 Ly-lil
34.6% 7.6%
> MP
[Tt
1 1
SR
d. & Group type
© ’é @ Cluster
Cate FEms 10 gq; A Gated
N O HSC (CD49F) @ Population
o5 @ O HSC (CD90) e n & P
8 0] O MPP 8 5 O HSC (CD49F) O HSC
S 5 £-Y O HSC (CD90)  © MPP.|
> ° 9 LMPP - 2A O MPP O MPP.II
2 oo & @ CLP (CD10) ® ® LMPP O Cye
© O CLP (IL7RA) =
h ? 5 A @ cLp(cD10) O Ly
o | ggee & wy  Ahg) SEEUR i
O AN © DC.Mono
a 0o o OCMP(CD135) & A® S} - 8 8;2(%%71)23 @ MEP
O MEP (CD123) S b Ecmssg @ GMP
_5 @ MEP (CD135) o MEP (CD153
@ GMP (CD123) ( )
Q | ©cMP(cD135) @ MEP (CD135)
o) @ GMP (CD123)
@] © GMP (CD135)
e 75 0 10 20
PC1: 54% variance

0
PC1: 63% variance

Figure 2


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

O

CS16-9pcw,
FL @

CITE-seq

e

Ui

T

1 i
A Ml

U AR

posted December 29, 2021. The copyright holder for this preprint
d bioRxiv a license to display the preprint in perpetuity. It is made
.0 International license.

L C.
o~ o~
% %
MPP-|
= =
D )
® ®
S 5 MPP-II
] ]
» 7]
§ <Zt MEP
x x
GMP
[ ]
DC-Mono
Ly-I
N o~
o o
<
s g Ly-Il
2 =)
= —
5 S Cyc
& 2
< <
Z b4 DC-I
4 F CIFLCS16
3 FL CS22
=
Ly-ll —ti
mm Adult BM
RNA seurat UMAP 1 70 20 30 20
d % cells in cluster
*100[ — FL clusters
o Cyc
@ 80 DC-1 f
o © DC-Mono . HSC
° e GMP NK cells HPC
9 60 HSC
S o Lyl CD8+ T cells cMP
‘o 40 o Lyl
g ° mgg—l CD4+ T cells . MEP
© 20 MPP-II
X ® Lyl
° 0 — ® Not mapped GNP
S Clusters
1%} ProM —. c1
I
C Myelocytes e C2
Monocytes e C3
BM clusters e C4
HSC c6
e NK cells — “HPC e O7
¢ CD8+ T cells _CMP ° (C:S
CD4+Teells | MEP
1
B cells ) | GMP
FL clusters oDC {; / st
HSC mDC Myelocytes
MPP-| Monocytes
MPP-II
PROCESS
g . HALLMARK NAME EATEGORY
BILE ACID METABOLISM metabolic
; CHOLESTEROL HOMEOSTASIS metabolic
HEME METABOLISM metabolic
OXIDATIVE PHOSPHORYLATION metabolic
UNFOLDED PROTEIN RESPONSE pathway

E2F TARGETS
G2M CHECKPOINT
MITOTIC SPINDLE
MYC TARGETS V1
MYC TARGETS V2

proliferation
proliferation
proliferation
proliferation
proliferation

MTORC1 SIGNALING

signaling

OO ==
~“Comnowvwowm

oo

HSC
MPP-II

Figure 3


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

. up

t holder for thigmirelrvit
etuity. It is made

Adult BM
data set

C. d . MPP-I MPP-II

PROCESS O 5,

HALLMARK NAME CATEGORY R v
ALLOGRAFT REJECTION immune
COAGULATION immune
IL6 JAK STAT3 SIGNALING immune
INTERFERON ALFA RESPONSE immune
INTERFERON GAMMA RESPONSE immune
INFLAMMATORY RESPONSE immune
APOPTOSIS pathway Primitive
HYPOXIA pathway > Ly
UNFOLDED PROTEIN RESPONSE pathway
E2F TARGETS proliferation / 20
G2M CHECKPOINT proliferation [
MITOTIC SPINDLE proliferation DC-Mono
MYC TARGETS V1 proliferation
MYC TARGETS V2 proliferation
P53 PATHWAY proliferation

g ANGPT1  HSPA1A
g BACH1 HSPA1B
5 cp7 HSPA6
a CHD7 IGF2BP1
CRNDE IGF2BP3
CTHRC1  IGFBP2
DLK1 ITGA4
FBLN1 LIN28B
GATD3A  MARCKS
GOLM1 TPM2

HEATR1 TRH

HIST1H2BH  XIST
HMGA2

0000
S50
ROY
S
)
w

§><><
juslos]
Bl ©O~N=NO

>
>
o
R

00000000000
; XXX
0> >HBHD
S gy
>
7]

Cell type
® BM


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

£

[T s 0 b [T

N
D

FBLN1

HSPA6

HSPA1A

HSPA1B

CcD7

CTHRC1

DLK1

ANGPT1

GOLM1

IGFBP2

IGF2BP3

LIN28B

CHD7

MARCKS

HMGA2

TRH

ITGA4

HEATR1

BACH1

IGF2BP1 I

~

1

o

-1
-2
=3

b.

Sample type

&?Jt&!ed December 29, 2021. T|
eEbloRBLv a license to displa
ND rvinternational license.

40
(0]
]
<
20
Sample type o
Adult BM
Fetal Liver

Control hIPSC

t
0

he copyright hdlder forathis pref
he preprintin perpetuity. It is m
[ ]

[ Y ]
h [ ]

....
.0
L ]
L ]
o % r
‘.

°
L ]
L ]

® % 8%°

% = 8°

-20 -10 O 10 20
PC1: 18% variance

ETV6-RUNX1 hIPSC

Cell type

HSC-like
IL7R+ prog
ProB

[ Age group
H HH HiEEEN 0-2
— - 2-16
i 16-40
>40
l 16
14
12
10
8
‘ | ;
4
H |
80 P
o o0 '
° o o°% > '.
60 % o.' °
-'..Q. ...... ° Type
L P « BCR-ABL1
2 ..-,". " o ETV6-RUNX1
© 40 b‘.so. °% 2 @ High hyperdiploid
2 S Petge o KMT2A-AFF1 (MLL-AF4)
Qe % © KMT2A-MLLT1 (MLL-ENL)
2. L/ © KMT2A-MLLT3 (MLL-AF9)
© ® Low hyperdiploid
20
0

-20 0 20
PC1: 18% variance

orint
ade

Age group
e 0-2
2-16
16-40
>40

Figure 5


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

a.

PC3: 8% variance

7AADLIN-

105

egl

review) is the
L o -

/doi.brg/10.1101/2021.12.
b A

105

author

funder
ilable u

10°

29.474425; this version post
, who has granted bic
nder aCC-BY-NC-N{:4.0

Rxiv a |
In

ed Decd

ernation

mber 29, 2031 The ¢
cense to display the
al license. : .

opyrigh
preprint

1t holder for this prep
in perpetuity. It is ma

int

de

2 . N s o =3
.1 |:>8 : >o“’ >5 1 _
O 1" ‘mrs; O O i o'] :
CD34 CD34 cpaa cD34 R
CD34*CD38* CD34*CD38* CcD34*CcD38*
CLP (CO10) , ] CLP (CD7) , JCLP (IL7R)
‘9 103 E
8 Q 10 3
|_I 104_ |_
[m)] 3]
2 < 10
0 i 4 %
- IID3 I IWO‘ ' ITOS 103 |D4 IDS m IWOZ I :04 I IWS
ADT-CD45RA ADT-CD45RA ADT-CD45RA
CD34*CD38*CD10- CD34*CD38*CD10-
- msj - C.
cMP _
S — © HSC (CD90) (n=621) MEP (CD135) (n=479)
8 ] 8 zs. Res&

T T o T Cc
E 10° 3 E IL——.—’?‘\ == oo /’,;:::'\‘ MEP:!Z o e y
< < =~ HSC 7,4?63%MPP-II \,(:~ / : 4 e MPP-I

4 42.4% NE
03 B 1.7
'.'o'| I lm3 I Im‘ st 0 10° 10t 10° 34.0% GMP MEE-]
ADT-CD45RA ADT-CD45RA MPP-|
CMP (CD135) (n=1631) GMP (CD135) (n=1236)
CD34*CD38- ‘CD34*CD38-CD90*
s Rest v Rest
5 5 TN 64 -|
"3 HSC (CDS0) "3 /,:’:\\-_’z/'l '::S‘,\“ MEF;a.wn B 2% ” y 26.1% [MRESZ
S S (“f:"-_?-\ P 161% GMP <N 15.4% GMP
0 o' [aROE: N ‘\\~.{> Yol L AN
(.I) bl LI) 3 {’/‘/ 218% 18.3% /i“’, ,\sz\::\\ 225
5 .l B MPP-| 1 g 42N DC-Mono A
< < HSC (CD49F)
o] WMmPP LMPP 03
T I I|D3 I 104 ' IWS "'O“ IWB I|04 IlDS
ADT-CD45RA ADT-CD49F
o e' Group type
&
o 104 @ Cluster
o Gate name A Gated
o o @ O HSC (CD49F) © ﬁ VN ]
® O HSC (CD90) S gl A Population
O MPP ks A, O HSC (CD49F) O HSC
. © LMPP g 2 NA O HSC (CD90)  © MPP-|
Q @ CLP (CD10) e ol @ O MPP O MPP-II
) k| o © ®e O CLP (IL7RA) QD o A © LMPP O Cyc
& O CLP (CD7) b N A @ cLP(cD10) O Ly
e ) © CMP (CD123) o O CLP(L7RA) @ Lyl
° O CMP (CD135) a 9 ocpcorny @ EA%DMono
O MEP (CD123) ® © CMP (CD123) g amp
Qo @ MEP (CD135) O CMP (CD135)
@) @® GMP (CD123) =101 O MEP (CD123)
8 © GMP (CD135) @ MEP (CD135)
® % @ GMP (CD123)
@ -151 © GMP (CD135)
-10 - 10

-5

0
PC2: 15% variance

5

0 5
PC2: 17% variance

SUP figure 1


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

_UMAP 2

RNA_seurat

RNA_seurat UMAP 2

=)

RNA_seurat UMAP 2

—h

% cells in cluster

% of projected cells

Adult BM © T T A Gate name
_ _ ® s 10 & O HSC (CD49F)
ioRxiv preprint di doi.org/10.110142021.12. @474425 this v@sion posted Decem £| er 2@3‘2021 The copyright holder Fyahisnamprint
hich was not ci _peer review) is he author/fginder, who has grantﬁloRx@a license to display the preprint i’ perpetmity. It is made
5 ! @/ailable under aCC-BY-NC-N ntern@loﬁ allicense. © LMPP
g g 4 8 " @ CLP (CD10)
< 20 .s A% O CLP (IL7RA)
o ? > Ay @ O CLP (CD7)
erehs gl & & A o o O CMP (CD123)
O .0l & A O8] L8 % O CMP (CD135)
o LW = i s & | OMEP(CD123)
Be 0‘3 A . @ MEP (CD135)
'Nu Ay -10 A A @ GMP (CD123)
© GMP (CD135)
De-l -20 -10 0 10 20 -10 0 10 Sample type
RNA_seurat_ UMAP 1 PC1: 53% variance PC2: 19% variance oL
A Adult BM
FLCS16 FL CS22 d.
CHSCH o~ HSC-I HSC-I
HSC- ) o HSCL -
MG . % ‘ Hscin ‘ HSCAI
%‘] gx MPPI o vpp ! e = HSC-lI
@ e D ' q ‘5 +3%® g -
MEPUI Jx o ¢ 3| - TR : MRl
B - o £
L A <.
0 ) > A MPP-Il
0 A 4 3
220> %4 MPP-Ill §
» TiRie oo , MEP-|
RNA_seurat_ UMAP 1 . | MEP-II
FL9pcw ., & ; -
HSCEL % (Myelocyte/Basophll)
«A%C-HD;; s )
do  “sflipes 5 bl h =
_
g e
>3
[0]
<”(’| . Ly-
©o 1l
& Ly-I
CFLCS16
Cyc-l = FL CS22
= ELBQpcw
i |
DE-1l De-i Syel == Adult BM
RNA_seurat_ UMAP 1 RNA_seurat_ UMAP 1 0 5 10 15 20 25 30 35 40
% cells in cluster
BM clusters
100 -
80 O HSC-I B GMP
O HSC-II E MB (Myelocyte/Basophil)
60 O HsC-lil @ DC-l
40 O MmPP-I O DC-II
O MPP-II & MEP-I
20 & MPP-Iil B MEP-I
0 OLwy-1 OcCyel
WLyl OCycll
H Not Mapped
FL CS22 clusters
40 M 1 Early FL
35 I FL
== Fetal BM
30 mm Pediatric BM
. Adult BM
25
20
15
10
5
e Q - = o o o T = o - =
2 £ § £ 3 & T 3 & 8§ 3
= s T
&)
a

SUP figure 2


https://doi.org/10.1101/2021.12.29.474425
http://creativecommons.org/licenses/by-nc-nd/4.0/

sted Decembe,
bioRxiv a licen

AA

9, 2021.

&

copyright holder for thi
display the preprint in perpetuity.
International license.

is prepRie

It i<DnEGE
MPP-I|
MPP-II
Cyc

Ly-I

Ly-Il
DC-Mono
GMP
MEP

00000000

Sample type

® FL
A Adult BM

a. b.
o AA 201
Cluster
2§5joRxiv preprint doi: https://doi.org/10.1101/2021.12.29. : this version pq
(which was not certified by peer review) is the author/funde has granted
available underaCC-BY-NC-ND 4.0
MPP-II °
3 @) O cye o 101
c 104 ©
8 O Lyl =
=
S @ Ly-Il g
® © DC-Mono o
Q @ GMP -~
& 9 @ MEP & 01
13} O
T o
Sample type
o 2N
A
-10 S A\ | A AdutBM
) =104
-10 0 10 20
PC1: 39% variance
SERPINB'I CXCR4 Ll s
"I $GNG11 CTHRC1 H., :DRB]
o oot 5 » s M o
CLEC2E, TUBBCALCRL CLEC2BLAT2 ‘ccTs Hign
3 ITeAd o 13’ L sPARcTUﬁA“PJ«Ans f
T w0 AHREN S e MAPSKS" g1y angeTt
a R SO PSMERH pa & CRHBP  FLT3: * pous L oo o
=] P e EisPacee =] Fupy BN Cokol % | Rasig T
‘é, 40 cyezrece: FRRFO7 o 40 DNTT 2 ‘-%TFGE Lillzm L o
e M"‘ul P@ARCKS HSPAS e’ HREER “TRINGT v oo A TRyC THRCT
- it D3 $IN28B T NLLASF PoDHe, ¢l sy ALCRL (GDEHD?
20 Rt ] JNPPSJMEISZ 20 CIORFB0 - ; ER?“DE HaPAo 3aMBL
B HOXE9 8 P1R14ALIN28B
7 sedd
o ] v & —
-10 -5 0 5 10 15 20 25 -100 -75  -50 25 00 25
Log2 FC Log2 FC
100 DNTT - AREG F:;l;‘)iuo%m;?;.‘ :M Alioa 100 DNTT CDY  FAM30A.SPI4 Eom | LTB
Hy aLng?:'mm HLA-DRA
%0 wooor FRE. HTEL T % apivs
[} 5 FFT:' RIA | marokstPPA® [}
= o E GA4 2 *i:’:;z LsP1
€ w0 FHI’.1 $LST3 | co7 > 60 LF
& HLAF |GHD’§§5 ?25%; GNG11 a " |E£D%REB1
o 3 25:5'[ Kan o ARPP21 KLsfsC ND3 JCHAIN
o 4 T 127124 3 7 o 40
g MSR53¢RL4 . Mg &pan) o
— _pg St A -
v AHNAK_ 1 %ﬁf&;m '
Lz LK1

Log2 FC Log2 FC
. FOSB  KLF6 , A1
100 ANXA1  FOS HLAB oM 100 AREG. wamusem., .igets o MEG DLK1
HLA- ELANE EREG_ S HSPDj_lCD‘
MALAH FAMIER nﬁ’\g| : g
i o) Ts‘s ANGPT1
80 HLA-C HUA-DRA 80 ;00079524' i “HSPA1B
9 208, : o Crne pc : MARCKSL1
% ﬁf’\'fﬁ? B1 3 3 SLEC124\.» .
> & ] S &0 osm AZU1
a : & IFI27}2
=) NEATT | IHSPD1 o
= i - IGF2BP1
o o ARRIGE .cxcRnsczzm o - o n bvhs
- NPg2 i DNTT LU SPA
7 ortip 1o, LEcagDEQ, gpra MARCKSL1 T AHNAK ookt fHDﬂstB
: FHLI FOSB S MDK GG 11 2 | Nranz JFMD?J
P 28k . 1B,
,TPDSZ.JRQ by DGTs Aeﬁ’f £THRC)
BEINCLCY i Y R W
-25 0.0 25 5.0 75
Log2 FC
ELANE  1gg2opaF OS.QUSPLB2ML 1 HBB At EREG FOS. L. HmGa1 DHRS®
100 ‘CXCRA, €% ‘ MEG3
NycB2 p EECAENMEAT
FAMSBRUT o b TE7
L cal
80 S10048 HMGA1 &0 SFcrs - DLK1
[} KLF6 < | fisppe ) APOE
> FOSB i 3 MsREg ¥
S e 1GHM MAFCBL'? 5 HSPOOAAL G S &0 oA - ml - JGF28P1
I AKRIC3 end) KRDZi#a o Iy NFassD * KEFOE o BAMBI
o . co1és o
o 40 orisies SC‘A-EP 3 ersa o 4 7 sTiB MErs2  FBLNI
o NPQfhpoar ST L E£ory HSPA1B Dkt O " NAZ o oniGF2Ps T ERRo05
- HERES 3 “HISTIH1D = £ %5%2 SR OONGeT2PSAT! |\
ENTT i 1TGA4 4 e R LNz
20 DJSGMHD 2k @fgus IGF2BP1 20 e i - HPM NP
S F13A1A NAG P e Q,RNDE QLEC}QACD'C .- ,CALCRJ.URlﬁchw 2
) LIN28B ey
0 n v
. 50 75 -100 -75 -50 -25 00 25 50 75
Log2 FC Log2 FC

-10 0

10

PC2: 20% variance

MPP-II

DNTT_Anxay MSRE3, | FOS MZB1 cprg

100 " AREG" FAM3O/

MAP3K8 . JDS* “

AVP
g LA
2 EMP1 3

60 AALADL
z FODHg J”“TGER‘g i
Q P}
o - N
= CS3
o 40 I}QERH?&;B
S C30RFs0 FUT7 B!
T ABQJSMIGHE olEA .

2 LRI ?

NEGR1
o T ,

?&mw@w )

ITGA4
. GCTBGNG11 DLK1
EIFSﬁHMGA' HSPA1B

ANGPT1 CTHRC1

. IRGs10HMGA2
* HISTIH1D

.4 EPRuSALCRL JGF2BP1
R BAMBI

Sl cok

1 LIN28B
“HSPA8

AC004687.1
AC006480.2
AC007952.4
AC020916.1
AC103591.3
AC245014.3
AKR1C3
AL136454.1
AL592183.1
AL731577.1
ANKRD28
ANXA1
AP002387.2
AREG
ASB13

AVP

B2M
C10RF21
CAT
CAVIN1
CBR3
CCz1B
CD74
CDKN2C
CLEC2B

CRHBP IFl44 PTGER4
DNTT IGHM PTMS
DUSP1 1SG20 RARRES3
EIF1AY KLF10 RGS1
EMP1 KLF4 RLN2
EPDR1 KLF6 S100A6
FAAP20 LITAF SCAND1
FAM30A LRRK1 SCD5
FHL1 MAP3K8 SEPTIN1
FLT3 MRPL23 SERPINB9
FOS MSRB3 SERPINE2
FOSB MTURN SQOR
HLA-A mzB1 SUN2
HLA-B N4BP2L1 TAP1
HLA-C NEAT1 TGFB1
HLA-DMA NPC2 TMEM160
HLA-DMB NPDC1 TNFSF13B
HLA-DPA1 NR4A2 TPD52
HLA-DPB1 ~ PKN1 TPGS1
HLA-DQA1  PPP1R15A  TSC22D3
HLA-DQB1  PROM1 VIiM
HLA-DRA PRR34-AS1 WAC-AS1
HLA-DRB1  PSMB8-AS1 ZBTB20
HLA-F PSMB9 ZFP36

IDS PTGER2 ZNF90
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